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Abstract

Underground buried pipes are extensively used in water and sewer networks to fulfil domestic and
agricultural demands. Leakage is a common issue associated with underground water networks
that occurs due to cracks and holes in pipes which can lead to economic, environmental, health,
and safety predicaments. Leakage can induce soil fluidisation resulting in severe consequences
to the urban environment where pipes are commonly buried in and supported by the ground.
Soil fluidisation is the process of transition of soil particles from solid-like to liquid-like be-
haviour that can eventually lead to the failure of the surrounding ground and buried utilities.
Understanding and predicting the initiation and propagation mechanisms of soil fluidisation
around a leaking pipe is of particular importance for risk assessment of ground and buried assets.
In addition, it is essential to determine the crucial parameters contributing to the fluidisation
process to prevent severe damage and fatal consequences.

There have been considerable studies in the field of soil fluidisation process; however, majority
of these research concentrated on the initiation of soil fluidisation around defective pipes,
lacking fundamental studies addressing the soil-fluid interaction during the progression of soil
fluidisation until it reaches the ground surface. The onset and progress of the soil fluidisation
mechanism are significantly detrimental in identifying the severity of pipe leakage, maintenance
of underground pipes, support of the ground, and transportation infrastructure. Therefore, a
thorough understanding of soil fluidisation due to leakage should be achieved via a robust
modelling method that properly addresses the influence of different soil and pipe parameters on
fluidisation phenomenon. Physical modelling is expensive and time consuming whilst analytical
modelling cannot be used to analyse complex problems. As such, often, numerical simulation is
the preferred approach. Meanwhile, numerical simulation of pipe leakage problems often entails
several challenges due to complexity of modelling associated with large deformations, soil-fluid
interaction, and mesh distortions associated with traditional numerical methods such as the

standard Lagrangian Finite Element Method (FEM). To overcome this, advanced computational
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approaches such as Material Point Method (MPM) can be used. This method has proven to be a
powerful technique in simulating large deformations in various multi-material and multi-phase
geotechnical and hydraulic problems.

In this research, the soil fluidisation mechanism induced by a pressurised leaking pipe embedded
in fully saturated soil is numerically modelled using MPM formulations, namely two-phase
single-point (2P-SP) and two-phase double-point (2P-DP) approaches. Additionally, advanced
inflow/outflow Boundary Conditions (BCs) are implemented in the double-point formulation to
prescribe a velocity-controlled inflow of water into the domain.

The capabilities of two MPM approaches to simulate the onset and progression of soil fluidisation
are presented and discussed. Displacement field and failure mechanism around a leaking pipe
are analysed in terms of change in pore water pressure and soil porosity. The results have
demonstrated that the 2P-SP MPM formulation is applicable for identifying the leak pressure
required for the initiation of the local fluidisation in the vicinity of the orifice. The results of
2P-SP MPM approach were compared against standard FEM for reference which revealed both
are not capable of capturing the post-local fluidisation mechanism due to numerical instabilities.
However, the 2P-DP MPM formulation has proven to be an effective tool in capturing the
progression of this phenomenon until it reaches the ground surface.

This thesis has successfully replicated an experimental pipe leakage problem using 2P-DP MPM
approach. The observed results and fluidisation mechanism are consistent with the experimental
data. The model is further developed to conduct an extensive parametric assessment of the
impacts of different soil and pipe parameters on the soil fluidisation process. It has shown that
the inflow velocity required for the onset and development of fluidisation decreases with the
increase in orifice size and soil porosity. The bed height increases the resistance of the soil bed
against fluidisation. Furthermore, the onset and progression of soil fluidisation are controlled by
the flow direction and the burial depth of the pipe.

The numerical model presented in this thesis provides useful information that buried utilities
companies and asset managers can utilise to improve and evaluate aspects associated with

maintenance, operations, and remediation of pipe leakage problem and the supporting ground.
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Chapter 1

Introduction

1.1 Background and motivation

Every city is maintained operationally using a network of water, energy, and sewer infrastructure.
With the expansion of cities, on one hand, and the advances in technology and engineering, on
the other hand, this infrastructure network undergoes continual expansion and transformation.
This continuous development of infrastructure systems, comprising both surface transportation
infrastructure and subsurface utilities, offers substantial opportunities for further prosperous
growth of urbanised cities’ economy, as well as health and wellbeing of society. An important el-
ement of these systems are underground pipelines which are critical components of infrastructure
in modern developed cities that are used for the transportation of water, sewage, gas and liquid
fuels (Liu, 2017; Dave and Solanki, 2020). Both in the United Kingdom (UK) and worldwide,
water main networks are considered the primary method to distribute potable water to citizens
safely (Giustolisi et al., 2006). According to DiscoverWater (2022), the length of the water mains
owned by water companies in the UK is approximately 347,636 km, mostly buried underground,
supported by the ground and buried underneath surface transportation infrastructure. Given their
significant role in urban systems, underground pipe networks need to be adequately maintained
throughout their designed life span. However, the anticipated and designed life span and the
performance of water networks can be adversely impacted by pipeline defects caused by several
factors, including but not limited to pipe aging, corrosion, material defects, excavation, external
loads, and internal pressure (Makar, 2001; Fang et al., 2011).

Among various reasons for pipe defects, pipe leakage is perceived to be a serious issue by

water-management authorities, i.e., 35% of the transmitted water in the world is wasted as a



1.1 Background and motivation

result of leakage (Hecke, 2020). For instance, the average water leakage is 24% in Europe
(EurEau, 2021). In the United Kingdom, this problem amounts to 3,113 million litres of water
that are lost daily (DiscoverWater, 2022). A leakage loss of 70% has been reported in the utilities
of lower Gross Domestic Product (GDP) countries (Barbosa, 2022). Beside the loss of valuable
fluids during transmission due to damaged pipes, water leakage in buried water distribution
mains may result in other severe problems such as water shortage, subsurface contamination,
and ground collapse (Xu et al., 2014; Peche et al., 2017; Karoui et al., 2018). Furthermore, water
leakage can have significant economic consequences that adversely influence under-represented
communities by damaging the structural integrity of the water networks and the quality of the
water to the customers (Rogers, 2014). According to the World Bank, the cost of water leakage
is valued at approximately $15 billion per year (Liemberger et al., 2008). In extreme cases, water
leakage can damage the structural integrity of buried pipes and the surrounding infrastructure
(Nath, 1983; Clarke et al., 2017). These negative consequences resulting from pipe leakage have
been reported all over the world (Colombo and Karney, 2002).

Soil fluidisation is one of the consequences of water leakage which occurs when soil particles lose
their interlocking forces and move freely within the pore (Richards Jr et al., 1990; Alsaydalani,
2010). Soil fluidisation and cavity formation in the leakage zone result from fluid seepage from
cracks, joint openings, and other forms of pipeline structural failure (Li, 2013). This process
results in reduction of bearing capacity and, subsequently, leads to surface subsidence usually in
form of sinkholes. For example, Figure 1.1 demonstrates a deadly sinkhole triggered by an aging
sewer pipe of 54-inches (1372 mm) diameter located in the industrial region of San Antonio,
United States, 2016. This 12-feet (3658 mm) wide sinkhole caused injury and death to multiple
civilians, as well as irreparable damage to several cars that collapsed into the sinkhole (Stelloh
and Bacallao, 2016). Figure 1.2 presents two severe cases of water leakage leading to ground
surface failure in the United Kingdom. The burst of a 42-inches (1067 mm) water main resulted
in damaging various city roads and houses in Birmingham, UK, in November 2016 (Figure 1.2a
and Figure 1.2b). Millions of litres of water caused the collapse of a traffic junction and flooded

around ten houses. Apart from the financial consequences relevant to infrastructural damage, this
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incident caused other severe socio-environmental impacts such as the disruption of businesses,
major transportation lines, and civil services. Another example is a serious water leakage case
in London, reported by the Telegraph (2022), that was caused by the burst of a 36-inches (915
mm) damaged water main (Figure 1.2c and Figure 1.2d). This case resulted in damaging fifty
properties and injuring four people.

As a result of the rapid increase in the reported cases of ground collapses triggered by leaking
pipes, sinkholes have been identified as a critical risk that can significantly damage underground
infrastructures and cause significant social and economic drawbacks (Ali and Choi, 2019). Thus,
understanding the dynamics and governing processes of underground pipe leakages, including the
soil-fluid interaction, is an essential factor for maintaining the infrastructure, and consequently
preventing the aforementioned disasters.

Pipelines are commonly buried underground, which hinders their visual inspection and the
observation of fluidisation caused by water leakages. Numerous laboratory studies have been
conducted to investigate the soil fluidisation mechanism around leaking pipes (Rogers et al.,
2008; Teeluckdharry, 2017). However, difficulties and uncertainties at the data acquisition phase
inhibited these studies from determining essential factors for interpreting the soil-fluid behaviour,
including the fluidising pressure and soil displacement aspects (Li, 2013; Cui et al., 2014). To
undertake more effective measures, further studies are required to fill knowledge gaps of the
soil-fluid behaviour, for example the transition to the post-fluidisation process under the above
mentioned circumstances (Zhu et al., 2018).

At the same time, considerable efforts have been made to develop numerical simulation of
the soil fluidisation around a leaking pipe through different approaches. This includes Finite
Element Method (FEM) analyses (for example the work by Zhu et al. (2018) investigating
the effects of various parameters including water pressure, crack lengths and location, and
soil layering on the flow regime. From previous experimental work, it has been observed that
once fluidisation occurs, a localised cavity forms near the leakage zone that is characterised
by large deformations. Due to the localised large soil displacements, standard FEM suffers

from mesh distortion and tangling (Wang et al., 2015), and it is not capable of simulating the
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entire mechanism. Accordingly, alternative methods are more suitable for the simulation of large
deformations. For example, Cui (2013) investigated the inhomogeneities of granular particle
behaviour in the soil fluidisation around a leaking pipe using coupled Discrete Element Method-
Lattice Boltzmann Method (DEM-LBM). However, for real-scale pipe leakage problems, DEM
is computationally expensive. Therefore, a thorough understanding of the soil fluidisation around
a leaking pressurised pipe should be established through an efficient numerical method that is
applicable to simulate such a “multiphase” large deformation problem (Bolognin et al., 2017).
Such methods should be capable of addressing the influence of different soil and pipe parameters
on the soil-leakage system and the evolution of the soil fluidisation mechanism with effective

computational time.
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Figure 1.1: Sinkhole in San Antonio, Texas caused by a buried pipe leakage (Cleve R. Wootson
Jr., 2016)
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(b) (d)

Figure 1.2: Sinkholes induced by water network leakages in the United Kingdom: (a, b)
sinkhole in Selly Oak, Birmingham, November, 2016 (Campbell and Belcher-BM, 2016); (c, d)
sinkhole in Islington, London, August 2022 (Telegraph, 2022)

1.2 Aim and objectives

The aim of this research is to accurately capture and simulate the fluidisation mechanisms of soil
due to leakage from a buried pressurised water pipe using an advanced computational modelling

method. To attain this aim, the following objectives were defined.

1. To conduct a comprehensive assessment of studies on soil fluidisation associated with
leakage from a pressurised water pipe, including experimental and numerical approaches,

and to identify the advantages and disadvantages of each method.
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2. To review soil fluidisation mechanism induced by a leaking buried pressurised water pipe,
as well as the parameters involved within these mechanisms and the role of soil-fluid

interaction and their overall effect on ground stability.

3. To develop a robust numerical model to capture the soil-fluid interaction associated with

water discharge from leaking pressurised water pipes.

4. To validate the proposed model against previous experimental and numerical studies
and compare its capability to other numerical methods in modelling the soil fluidisation

mechanism.

5. To employ the proposed model to investigate the impact of different soil and pipe properties
on the soil fluidisation process, such as the leakage pressure/velocity, the orifice size, the

bed height, the soil porosity, the soil cohesion, the leakage orientation, and the pipe depth.

1.3 Contribution to knowledge

This PhD makes advances in the field of simulating fluidisation through computational modelling
of ground and water flow from a leaking pipe. Soil fluidisation triggered by leakage from a
defective pressurised pipe exhibiting complex behaviour that involves multiphase interaction.
Therefore, this PhD focuses on developing an advanced numerical model, using Material Point
Method (MPM), capable of simulating the multiphase interaction associated with a leaking
underground water pipe. The fulfilment of the described objectives produced the following

novelty and contributions to the field of knowledge.

1. Developing MPM numerical models to simulate leakage from a pressurised water pipe
into the soil bed, in which the limitations of previous studies in capturing the initiation and

progression of the soil fluidisation mechanism were addressed and rectified.

2. Integrating and comparing the different multiphase MPM approaches to model the initiation

and development of soil fluidisation around the leaking pipe. In addition, advanced
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inflow/outflow Boundary Conditions (BCs) for simulating the water inflow to the domain

were implemented in the two-phase double-point (2P-DP) MPM formulation.

3. Investigating the effect of different soil and pipe parameters on the soil fluidisation phe-
nomenon. The model considers the impact of the leakage velocity, the orifice size, the
orifice location/depth, the bed height, the soil porosity and the soil cohesion on the soil
fluidisation mechanism. This will provide a strong tool for prioritising the controlling

parameters in leakage assessments.

4. The model developed in this study can be used as a prediction tool to estimate the signif-
icance and progress of fluidisation zone and to determine the critical state that leads to

ground failure.

1.4 Layout of the thesis

The thesis is divided into six chapters, starting with an introduction to put the research problem
into context, followed by reviewing the relevant studies, introducing the developed numerical
model for the pipe leakage problem, presenting parametric analysis and the obtained results,
research conclusions, and finally recommendations for future works. The content of the six

chapters of this thesis is outlined below:

Chapter 1 (this chapter) provides a brief background on the pipe leakage problem and states

the aim, objectives, and overview of the research;

Chapter 2 reports a critical and comprehensive review of the literature relevant to the soil-
fluidisation mechanism triggered by a leaking pipe. This chapter summarises the published
experimental and numerical modelling attempts available in literature conducted on soil-
leakage interaction, including the parameters that contributed to this phenomenon. This
helps in demonstrating the importance of current research and to identify the key findings

and the gaps in knowledge;
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Chapter 3 presents the developed numerical modelling approaches, i.e., two-phase single-
point Material Point Method (MPM) and two-phase double-point Material Point Method
(MPM), that were utilised to accomplish the aim of this research. The basis of the Material
Point Method (MPM) multiphase formulations is reviewed in this chapter, followed by a

description of the computational solution in each approach;

Chapter 4 investigates the capability of two-phase single-point MPM and two-phase double-
point MPM approaches in modelling the soil fluidisation mechanism around a leaking
pressurised water pipe. Moreover, a comparison between the MPM and Finite Element
Method (FEM) results is conducted to validate the advantages of the MPM model over the

FEM in the prediction of the fluidisation phenomenon initiation;

Chapter 5 presents and discusses the results obtained with the advanced two-phase double-point
MPM technique to study the initiation and progression of soil fluidisation induced by a
leaking pipe. This chapter also reports the validation of the MPM results against previous
experimental data. Parametric sensitivity analyses are then presented to investigate the

influence of different soil and pipe properties on soil fluidisation;

Chapter 6 summarises the conclusions derived from this study, the contributions to the literature,

and the suggestions for future works.



Chapter 2

Literature Review

2.1 Introduction

This chapter summarises the literature review of the previous experimental and numerical
research on soil fluidisation mechanism induced by pipe leakage. Key findings and identified

gaps in the literature are highlighted at the end of this chapter.

2.2 Background

Non-revenue water (NRW) refers to the water that is not delivered to intended consumers. These
water losses can be physical losses induced by pipe leakage or apparent losses due to inaccuracies
in metering, theft, or unmetered usage. Whilst water utilities in developed countries have systems
for monitoring these losses, majority of NRW losses occur due to physical leaks and breaks.
Water loss due to pipe leakage is a rising predicament in many urban areas. According to a survey
conducted by the Organization for Economic Co-operation and Development (OECD, 2016),
leakage rates range from 4% in Amsterdam to 65% in Mexico City. Pipe leakage is caused by
poor construction, deterioration, external loads, lack of maintenance, geological hazards, and
seasonal soil variations. According to the World Bank, the world’s pipe leakage amounts to
over 8 billion US dollars in loss annually (Kingdom et al., 2006). Furthermore, leaks may cause
damage to underground and surface infrastructure by weakening the surrounding soils (Waltham,
1993) which can cause significant financial damages or even fatal injuries (Rogers, 2014).

Previous studies have shown that pipe leakage may result in soil fluidisation when a sufficient

leakage rate is present (Alsaydalani, 2010; Li, 2013). Soil fluidisation due to underground pipe
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water leakage can mobilise and displace the surrounding soil particles, generating an underground
cavity in the leakage region (Guo et al., 2013). Under continuous leakage, the formed cavity
can further develop and propagate to the soil surface leading to ground failure (Tang, 2017).
Considering the potential severity of the pipe leakage problem, it is essential to understand the

water-soil interaction around a leak to maintain safety of urban infrastructure.

2.3 Fluidisation

The fluidisation mechanism is a multidisciplinary phenomenon occurring in different fields of
study including chemical engineering, ocean engineering, geology and civil engineering. In
chemical engineering, the fluidisation phenomenon occurs when solid particles are separated by
a flow of gas or fluid and transformed into a liquid-like state (Cathala, 1953). This phenomenon
has been investigated by different researchers in chemical engineering to regulate the behaviour
of reactors in chemical reactions (Taghipour et al., 2005; Al-Farraji, 2017). In the field of
ocean engineering, fluidisation has been proven as a useful navigable tool for the maintenance
of waterways at tidal inlets and harbour mouths (Weisman et al., 1988; Ledwith et al., 1990).
Weisman et al. (1988) observed that the flow emerging from perforations in source pipes can
fluidise a sand bed when a local boil of sand is induced by the greatest hydraulic pressure.
Similarly, fluidisation has been studied in geology, where upward forces exerted by fluid flowing
through a loose bed drag the grains deposited by gravity (Lowe, 1976). A significant number
of studies have been conducted on fluidisation in this field to explain tectonic movements
(Mourgues and Cobbold, 2006) and the formation of volcaniclastic materials (Gernon et al.,
2009). Nevertheless, soil fluidisation can be caused by fluid flow in different situations in
civil engineering. Soil fluidisation is defined as the process by which soil particles lose their
interlocking forces and turn into a viscous fluid or fluid-like state (Richards Jr et al., 1990). This
process initiates in the leak region as the effective stresses reduce to zero due to an increase in pore
water pressure. Usually, in urban underground applications, the fluidisation process can occur

when a soil bed is subjected to water flow. Leva (1959) stated that soil fluidisation occurs when
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the seepage flow is sufficient to drag the soil bed. Soil fluidisation occurs as the hydraulic gradient
reaches its critical value due to the increase in pore water pressure (Das and Sivakugan, 2018).

There are various cases where soil fluidisation can occur in the geotechnical field, for example, in
shaft construction during jetting works (Alsaydalani and Clayton, 2014). The post-construction
leakage around seepage barriers results in soil fluidisation which may reduce the bearing strength
and the stability of the foundations. Examples of these are the Navajo Dam (Dewey, 1988) and
Twin Buttes Dam (Bruce et al., 2006) in the United States. Both cases suffered postconstruction
cracking in seepage barriers. Tsinker (1988) showed that a driven pile might suffer from the
fluidisation phenomenon in the surrounding ground due to water flow. In addition, leakage from
a fractured (pressurised) water pipe into the surrounding soil may increase pore water pressures
and potentially lead to soil fluidisation (Awad and Karni, 2000; Noack and Ulanicki, 2008; van
Zyl et al., 2013). After reaching a certain threshold of the flow rate and pore water pressure,
the upward flow force at the pipe opening will dominate the weight of overlying saturated soil
(van Zyl et al., 2013) leading to soil movement where soil particles will fluidise (Alsaydalani and
Clayton, 2014). Despite the fact that soil fluidisation was studied extensively as mentioned, the
significant influence of pipe leakage on ground stability was not addressed clearly, in particular

the evolution of soil fluidisation with time was not shown.

2.4 Pipe Leakage

The extent of the underground water supply network throughout the world is countless. In the
United Kingdom, water companies are responsible for 347,636 kilometres of pipes (Discover-
Water, 2022). Water leakage in the distribution system is a rising and serious concern faced by
water companies (Ali and Choi, 2019). Leakage is the loss of treated water from the water supply
system including losses from industrial and domestic networks (OFWAT, 2022). Water loss due
to pipe leakage is a major issue for various countries around the world, with a global leakage rate
of 35% (Global Water Leakage Summit, 2008). Figure 2.1 shows the leakage rate by percentage

in water distribution systems in 24 European countries (EurEau, 2021). According to the water
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service suppliers across Europe (EurEau), the average value for water leakage is 24% and this

value for the United Kingdom is 23% which is about the average.
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Figure 2.1: Water leakage percentage across European countries [data retrieved from (EurEau,
2021)]

Pipe failures are the most common causes of leakage that are associated with pipe material,
environmental and operating conditions. Leakage from pipe cracks may fluidise the surrounding
soil when there is sufficient flow (van Zyl et al., 2013; Bailey and van Zyl, 2015). Table 2.1
presents the most important reasons of pipe breakage and the contributing parameters. Pipe
leakage can result from pipe properties (diameter, material, age, length and wall thickness),
excessive loading (internal and external), corrosion, degradation (internal and external) and

climate (temperature, groundwater level and soil) (Almeida and Ramos, 2010; Rezaei, 2016).
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Table 2.1: Pipe failure causes and the influence factors

Failure cause

Influence factor

Comments

Pipe properties

Diameter

Smaller diameter pipes with lower strength and wall
thickness are characterised by higher failure rate

(Andreou et al., 1987; Rajani and Kleiner, 2001).

Material

Pipe material affects strength properties and corrosion
resistance. Cast Iron is a strong and brittle pipe while
Ductile Iron is more resistant to breakage and corro-
sion (Makar, 2001). Polyvinyl chloride and polyethy-
lene pipes are vulnerable to corrosion by organic con-

taminants (St. Clair and Sinha, 2014).

Age

Pipe age contributes to its deterioration and failure
(Clark et al., 1982; Berardi et al., 2008). It is an indi-
cator of the service length, loading and environmental
exposure, manufacturing process and installation meth-

ods (Malm et al., 2012).

Length

The probability of  pipe failure in-
creases with the increase in pipe length

(Boxall et al., 2007; Yamijala et al., 2009).

Wall thickness

Thinner walls are highly influenced by external

stresses (Rgstum, 2000).
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Failure cause

Influence factor

Comments

Loading

Internal

Internal pressure including pressure transients may
result in excessive stresses leading to pipe failure

(Mora-Rodriguez et al., 2014).

External

Traffic and cyclic loading results in non-uniform stress
distribution around the pipe and ultimately pipe break-
age (Rajeev et al., 2014). External stresses from
the surrounding ground during construction works in-

crease the failure rate (Jenkins et al., 2015).

Corrosion

Internal

The water quality (pH, alkalinity, temperature, chlo-
rine residual, etc.) and interaction with the inter-
nal pipe contribute to the rate of internal corrosion

(Rajani and Kleiner, 2001; Yamini and Lence, 2010).

External

The soil-pipe interaction commonly deteriorates and
weakens the pipe (Doyle et al., 2003). The soil contam-
inants including sulfates and alkalis result in concrete
corrosion of pipes (Rezaei, 2016). The presence of
inorganic and organic acids accelerates external corro-
sion in metallic pipes (Liu et al., 2010). Pipe failure
is highly caused by the absence of cathodic protection

(Kleiner et al., 2003).
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Failure cause

Influence factor

Comments

Climate

Temperature

The pipe breakage rate exacerbates in severe winter
(Wols and Van Thienen, 2014) and the presence of
high-temperature changes between the water and sur-
rounding soil (Rajani and Tesfamariam, 2004). Frost
heave could lead to pipe failure by increasing the ver-

tical loads (Rajani and Kleiner, 2001).

Groundwater level

Groundwater lowering due to an extreme deficit of rain
may increase the ground differential settlements and

eventually break the pipes (Kakoudakis, 2019).

Soil

Soil behaviour is controlled by weather extremes
(Hu and Hubble, 2007). The ground movement
caused by soil shrinking or swelling results in pipe
degradation and failure (Gould et al., 2011). The pipe

depth and freeze or thaw vulnerability highly affect

the pipe breaks (Stuart, 2011).

Leakage can occur in various components of the water distribution systems depending on

the types of failures of pipes. The typical failure modes of water distribution pipes (Fig-

ure 2.2) are categorised into circumferential breaks, longitudinal breaks, joint failure, and holes

(O’Day, 1989; Jesson et al., 2017).

The circumferential failures often occur in smaller diameter pipes (< 200 mm) that are caused by

tensile forces including differential soil settlement, thermal contraction and expansion, inadequate

installation and external loadings (Mordak and Wheeler, 1988; Wengstrom Rd, 1993; Bruaset

and Sagrov, 2018). The internal pressure within the pipe can lead to circumferential breaks

when it is accompanied with external tensions (Rajani and Kleiner, 2001). Longitudinal fractures

are commonly observed in cast iron pipes (up to 600 mm diameter) as a consequence of radial

and transverse stresses resulting from internal pressure, traffic loads, ground forces and seasonal
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changes (Rajani and Kleiner, 2001; Kunkel et al., 2008). Joint pipe breaks including leakage,
fracture, disconnection, and gasket failure are mainly caused by tensile or compressive stresses.
Poor installation, corrosion, chemical degradation and ground movement can impose joint failure
(Mordak and Wheeler, 1988; Twort et al., 2001; Vreeburg et al., 2013; Ruchti, 2017). Holes
leaks (blowouts and pinholes) result from radial stresses associated with corrosion (Makar, 2001;
Rajeev et al., 2014). On average, circumferential breaks account for 70% of total pipe failures,

whereas the other 30% are longitudinal, joint and hole failures (Rajani et al., 1996).

Joint failure

! . Circunferential failures,
and kinds of corrosion damage

crack and burst

Longitudinal failures
Different forms of longitudinal cracks

Figure 2.2: Types of failure in pipes (Mora-Rodriguez et al., 2014)

There are several methods for leakage classification depending on pipe diameter, leakage pressure,
crack size, etc. According to Daoudi et al. (2005), leakage can be classified based on the leakage
flow rate into small leaks for a flow rate lower than 5 1/min and large leaks for a flow rate greater
than 5 I/min. Adedeji et al. (2017) categorised leaks into three groups specifically reported,
unreported, and background. Reported and unreported leakages are induced by the structural
failure of the pipe. The reported type of leakage to the water authority is normally surface
related; while the unreported leakage does not reach the ground surface but is detectable. On
the other hand, background leakage is hidden loss through creeping joints or small cracks along

a pipe (Adedeji et al., 2017). This latter type of leakage is difficult to detect; therefore, can
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concur continuously for a longer time. In this contribution, an overview of pipe leakage and
information necessary to understand the various causes and types of failure of pipe are presented
and analysed. A comprehensive review of the previous experimental and numerical studies
performed to understand the soil fluidisation mechanism due to pipe leakage is provided in the

next section.

2.5 Experimental studies on soil fluidisation around leaking

pipes

Previous experimental studies have focused on the soil fluidisation mechanism induced by a
pipe leakage (Germanopoulos and Jowitt, 1989; Lennon and Weisman, 1995; Awad and Karni,
2000; Lambert, 2001; Mukunoki et al., 2012; Pike et al., 2018; Latifi et al., 2022). These
existing studies further expanded understanding of soil-leakage problems through examining
effects of different soil and pipe parameters on soil fluidisation. Ledwith et al. (1990) performed
an experiment to examine the water pressure and flow rate required for the initiation and full
development of fluidisation. These experiments were conducted in sand with different grain
sizes (fine, medium and coarse) at varied bed heights (254 and 420 mm). Twelve different orifice
sizes, ranging between 1.59 mm and 6.35 mm, were drilled opposing one another in a pipe
with a diameter of 50.8 mm. The observations from this study demonstrated that significant
pressure head could be sustained in the soil bed without reaching the bed surface, even only in
the 420 mm soil bed.

Niven and Khalili (1998) investigated the fluidisation of granular material induced by a vertical
jet. The scour of granular soil was triggered by a vertically downward jet ultimately leading to
soil fluidisation. They studied the impact of granular material and jet diameters on the fluidisation
zone. Experiments were designed using five granular samples, including fine sand, medium to
coarse sand, coarse sand, very coarse sand and silty clayey sand. The jet diameter was varied
between 4 mm and 14 mm. The results showed that the fluidisation mechanism is defined by the

deposition of granular soil in the form of a circular ridge surrounding the fluidised region.
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(Niven and Khalili, 1998) observed that the fluidised profile progresses from an open stable zone
to cavity formation with the increase of jet depth as shown in Figure 2.3. Their analysis indicated

that a uniform fluidised zone is formed independently of the size of granular material and jet

diameter.
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Figure 2.3: Schematic representation of transition stages of the fluidisation zone (Niven and
Khalili, 1998)

Zoueshtiagh and Merlen (2007) studied the behaviour of a granular bed subjected to a vertically
flowing water jet. They evaluated the effect of bed height, orifice size, and flow rate on the
fluidisation mechanism. The experiment was conducted using a 240 mm diameter vertical
Plexiglas cylinder tank that is shown in Figure 2.4. A disk that formed the bottom of the tank
consists of interchangeable sub-cylinders with varied diameter (3, 15 or 35 mm). All experiments
were conducted in a fully saturated condition and a 210 u m grid was used above each sub-
cylinder to prevent grains from falling into the jet. Three distinct regimes of the granular bed

were observed depending on the flow rate. At a low flow rate, the bed behaved similar to a rigid
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porous medium and thus remained motionless (Regime 1). Local distortion of the granular bed
was recognised at higher flow rates (Regime 2). Zoueshtiagh and Merlen (2007) defined this
regime as the transitional stage where the local fluidisation is initiated around the jet. The bed
exploded and the fluidisation reached the bed surface as the flow rate was increased (Regime 3).
The authors defined the fluidised region as a cylindrical chimney in which the grains within
this zone moved vertically while the surrounding grains remained stable and behaved as a solid
skeleton. The investigations showed that the initiation of fluidisation and the diameter of the
chimney were independent of the size of the jet. Furthermore, the bed height significantly

influenced the flow rate required for the onset of soil fluidisation.
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Figure 2.4: Schematic diagram of the experimental setup Zoueshtiagh and Merlen (2007)

Alsaydalani (2010) adopted an experimental approach using a small-scale model to investigate
the soil fluidisation mechanism around a vertical jet emanating from a leak. Experiments were
carried out using a 1060 mm x 550 mm x 153 mm Plexiglas tank that was attached to the bottom
of an aluminium box, of dimensions 330 mm in length, 152 mm in height, and 105 mm in width.
In the box, the orifice was designed as an adjustable longitudinal crack that allowed flexibility
in the orifice opening. A soil bed measuring 600 mm x 300 mm x 146.6 mm was tested in all

experiments. The schematic representation of the experimental apparatus is shown in Figure 2.5
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which consisted of pressure gauges to record the upstream pressure of the orifice and sight tubes
to measure the excess pore water pressure in the soil bed. Particle Image Velocimetry (PIV) was
used to monitor the behaviour of the soil bed, particularly the movement of the granular particles

during the fluidisation process.
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Figure 2.5: Experimental setup for fluidisation study (Alsaydalani, 2010)

In the tests previously outlined, the leakage rate at the orifice into a granular soil layer was
incrementally increased until the initiation of internal fluidisation. It was observed that by
increasing the flow rate, the excess pressure in the soil bed increased up to a peak point.
Immediately after the peak, an abrupt drop in excess pore water pressure was observed which
was associated with the onset of fluidisation in the vicinity of the orifice. The experimental
sequence of the fluidisation mechanism is shown in Figure 2.6. The fluidised region progressively
enlarged with the increase in the flow rate until it ultimately reached the soil bed surface. This
study demonstrated that the onset of soil fluidisation is controlled by the flow rate, the size of the
particles, the particle shape, and the bed height. Four types of granular materials were studied:

Glass Ballotini, Leighton Buzzard-A, Leighton Buzzard-B, and Silica Sand. It was observed that
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the soil properties (i.e. size and shape) unlike the orifice size, strongly impacted the fluidisation
mechanism.

Experimental tests conducted by Alsaydalani (2010) compared the ratio of total head loss through
the orifice to that in the soil bed. The total head loss due to flow through the orifice was obtained
by estimating the difference between the head upstream of the orifice and the head in the orifice.
Alsaydalani observed that most of the energy losses occurred through the orifice (98% of the
total energy losses) while a relatively small amount (2%) dissipated through the soil bed. This
is consistent with Walski et al. (2006)’s experimental verification that total head losses due to
Darcy’s flow through the soil mass in the leakage problem are generally much smaller than that
in the orifice. Alsaydalani (2010) successfully investigated different parameters involved in
the soil fluidisation process such as particle size, particle velocity, cavity size and pore water
pressure distribution. However, essential factors for interpreting the soil-fluid behaviour including
the particle contact forces and the fluid-particle forces were not determined in the conducted
laboratory tests. The study focused solely on uniform granular material, highlighting the need
for further investigation into materials like widely graded material and clay to explore different
mechanisms. Furthermore, while water was used as the injection fluid in upward seepage flow
tests, future research could enhance the understanding by exploring different flow directions,

such as horizontal or downwards.
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Figure 2.6: Stages of fluidisation of granular material (Alsaydalani, 2010)

van Zyl et al. (2013) conducted a series of experimental studies on the fluidisation of a Glass
Ballotini bed induced by a vertical interchangeable jet with different diameters (2,4 and 8 mm).
The schematic of the experimental model is shown in Figure 2.7 where a Perspex tank of
dimensions 1000 mm x 200 mm x 500 mm was used for the tests. The interchangeable jet was
positioned at a 2 mm distance from the front face of the tank. The excess water pressure in the
soil bed was measured through the pressure tapings that were connected to sight tubes. The
authors expected a symmetrical fluidisation zone and thus the pressure tapings were drilled on
one side of the orifice centreline. All experiments were carried out on a saturated Ballotini with
a height of 400 mm. The bed was subjected to leakage at a controlled flow rate ranging between
220 1/h and 850 1/h recorded using an electromagnetic flowmeter. The progressive development
of the fluidised region and the pressure head within the bed were measured for the applied flow

rates.
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Figure 2.7: Schematic drawing of the experimental setup (van Zyl et al., 2013)

Furthermore, van Zyl et al. (2013) identified three zones in the vicinity of the leak: (a) a fluidised
zone with mobilised soil particles caused by the water that flows from the region of the leak
to the soil surface, (b) a mobile soil zone in which the particles are tightly packed, and (c) a
static zone that might move but very slowly. The three zones can be distinguished in Figure 2.8
with increasing in flow rate. Consistently, this study observed that most energy losses in the jet
occurred through the orifice. van Zyl et al. (2013) also concluded that in some cases substantial
pressure can be maintained within the leaking pipe without the fluidised zone reaching the
soil surface. In this study, it was noticed that the pressure head in the bed and the extent of
the fluidised zone were controlled by the flow rate rather than the orifice size. Additionally, it
was observed that the pressure—leakage behaviour of the orifice was slightly affected by the
surrounding idealised Ballotini. Nevertheless, further investigations are required for the latter

results validation.
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Figure 2.8: Development of the fluidised region with the increase in the flow rate (van Zyl et al.,
2013)

Bailey and van Zyl (2015) developed an experimental model to monitor the excess pore water
pressure and flow velocity in a uniform Glass Ballotini bed subjected to leakage from a vertical
water jet. The experimental setup is presented in Figure 2.9 which consisted of a Glass Ballotini
filled in a glass tank and Pitot tubes. A central inlet was drilled in the base of the tank representing
the orifice in a water-distributing pipe in addition to an outlet hole to drain the tank at the end of
the experiment. The Pitot tubes were utilised to measure the pore and dynamics pressures within

the Ballotini bed.
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The velocity vectors were plotted as shown in Figure 2.10. From the observation, the largest
velocities with a maximum of 0.524 m/s (in red) occurred in the fluidised region around the
jet. The velocities substantially decreased outside the fluidised zone. In the surrounding mobile
bed zone, the flow circulated down towards the orifice. Bailey and van Zyl (2015) found that
the highest pore water pressure observed in the fluidised region while this pressure decreased
rapidly outside the influence zone. Therefore, high energy occurred in the fluidised zone to then

decrease considerably in the surrounding mobile and static bed zones.
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Figure 2.9: Experimental model for internal fluidisation mechanism (Bailey and van Zyl, 2015)
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He et al. (2017) studied erosion of a saturated sand-bed triggered by a vertical upward jet through
an orifice. The authors examined the effect of the flow rate on the sand bed behaviour and
identified the critical fluidisation flow rate. The geometry of the developed experimental setup is

presented in Figure 2.11.
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Figure 2.11: Experimental model [after He et al. (2017)]

He et al. (2017) showed the different soil fluidisation stages associated with the increase in
leakage rate through an upward water jet into a granular soil bed by a set of experiments. These
are revealed in Figure 2.12 that included (a) no cavity, (b) a stable cavity in the vicinity of the
jet, (c) an unstable cavity, and (d) full fluidisation. The increase in the flow rate resulted in
the formation of a cavity that expanded vertically until eventually reaching the bed surface at a
critical flow rate. This observation was consistent with the findings of Alsaydalani (2010) for
the fluidisation process in granular material. Similarly, He et al. (2017) developed an analytical
model to identify the critical fluidisation leakage rate based on the equilibrium of forces and
Darcy’s law which used to predict the pore pressure distribution in experiments with different

sand-bed heights.
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Figure 2.12: Evolution of sand-bed erosion at different flow rates; (a) no cavity, stable cavity,
(c) unstable cavity and (d) full fluidisation (He et al., 2017)

Pike et al. (2018) conducted a series of experiments on the scouring of pipe materials at leaking
regions induced by soil fluidisation. The base experimental setup is presented in Figure 2.13
that consisted of a 110 mm unplasticised polyvinyl chloride (uPVC) pipe with a 45 © oriented
hole of a 3 mm diameter buried in an aluminum box filled with silica sand. Pike et al. (2018)
investigated the effect of the leak jet orientation, leakage discharge rate, soil particle size, pipe
material and sand cover depth on the scouring pattern around the leaking zone. It was observed
that the volume of pipe scouring was mostly affected by the leak orientation followed by leakage
flow rate, grain size, pipe material and cover depth (Figure 2.13b). A greater scouring rate was
observed with a high leakage discharge from a pipe buried in a deep soil bed with coarse soil
grains. In addition, uPVC and steel pipes are characterised by high erosion rates compared to the
high-density polyethylene (HDPE) pipe material. This study clearly shows the scouring damage

to buried pipes that might be triggered by soil fluidisation.
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Latifi et al. (2022) examined the parameters impacting the geometric properties of the formed
zones around a leaking pipe via experiments. The soil behaviour surrounding a 40 mm un-
plasticised polyvinyl chloride (uPVC) pipe with a longitudinal crack buried in a soil bed was
investigated using the experimental setup shown in Figure 2.14. A longitudinal crack was
artificially created with a length of 8 mm and a width of 1 mm. The stabilised dimensions of the
identified fluidised zone and mobile bed zone caused by pipe leakage were assessed at different
leakage pressure values and in different soil types (Figure 2.15) and it was observed that the
leakage zones were enlarged with the increase in the water pressure. Moreover, the effect of
different soil properties including the particle size, Atterberg limit, soil porosity, and hydraulic
conductivity were also assessed. The height and area of the obtained fluidised and mobile bed
zones were greatly affected by the soil gradation. The maximum height and the cross-sectional
area of the studied zones increased as the soil became finer. Also, the leakage water quickly
dissipated in highly permeable and coarser soils. The study performed by Latifi et al. (2022)
aided in the understanding of the effect of particular soil characteristics and leakage pressure on

soil-leakage interaction.
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Figure 2.15: (a) The observed fluidised and mobile bed zones around the leakage zone and (b)
schematic drawing of the fluidised zones caused by leakage (Latifi et al., 2022)

These studies demonstrate the considerable efforts undertaken by researchers to investigate and
understand the soil fluidisation process. However, changes in the flow regime, pipe-material
behaviour, and hydraulic fracturing increase the complexity of the interaction between the leaking
pipe and the surrounding soil (van Zyl and Clayton, 2005). The difficulties and uncertainties in
the data acquisition prevented these studies from determining essential factors for interpreting
the soil-fluid behaviour, including the soil effective stresses and fluidising pressure. Further
research is required to acquire a complete understanding of soil behaviour and the transition to
the post-fluidisation stage. Challenges associated with pipe leakage problems make analytical
and theoretical approaches to simulate the soil-fluid interaction difficult due to the heterogeneous
and discontinuous behaviour. Therefore, numerical simulations are highly recommended by (Cui
et al., 2012; Tang, 2017; Ibrahim and Meguid, 2020) to efficiently understand the complicated
soil-leakage system due to the possibility and repeatability of data acquisition under different

settings.
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2.6 Numerical studies on soil fluidisation around leaking pipes

Investigation of the soil fluidisation mechanism requires an understanding of the micromechanics
of the problem and resolving the soil-fluid interactions. Soil fluidisation around a leaking pipe has
also been studied using different numerical approaches with various assumptions. The continuum
approach and coupled discrete continuum modelling are the most applied numerical methods in
modelling the soil-leakage problem. In a pure continuum study, a single continuum is used to
simulate the solid and liquid phases with their collective properties. On the other hand, in the
Two-Fluid Model (TFM), the solid and fluid phases are considered as inter-penetrating continua
(Anderson and Jackson, 1967; Kuipers et al., 1992; Ibrahim and Meguid, 2021). Alternatively,
in a coupled discrete continuum approach, the fluid phase is interpreted as a continuum while
the solid phase is treated as a discrete Lagrangian. The Discrete Element Model (DEM) that
represents the solid phase is coupled with other methods such as Computational Fluid Dynamics
(CFD) (Tsuji et al., 1993) and Lattice Boltzmann Model (LBM) (Cook et al., 2004) that simulates
the liquid phase. The utilisation of coupled discrete approaches helps in a relatively more precise
simulation of the soil-fluid interaction compared to the continuum methods. However, DEM
is computationally expensive and timely expensive, particularly for large-scale problems (Han
and Cundall, 2013; Ibrahim and Meguid, 2020). Considerable efforts to numerically model the
soil fluidisation around a leaking pipe using different approaches have been made including
FEM analysis conducted by Zhu et al. (2018) to investigate the effect of different water pressure,
crack lengths and locations, and soil layering on the flow regime. From previous experimental
work, it has been observed that once fluidisation occurs, a localised cavity forms near the leak
area that is characterised by large deformations. Due to the localised large soil displacements,
FEM suffers from mesh tangling (Wang et al., 2015), and it is not capable of simulating the
whole mechanism. Alternative methods are suitable for the simulation of large deformations.
For example, Cui (2013) used the coupled Discrete Element Method-Lattice Boltzmann Method
(DEM-LBM) to capture the inhomogeneities of cohesive soil behaviour in the soil fluidisation

around a leaking pipe. In their studies, the developed two-dimensional (2D) numerical model
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demonstrated pipe leakage resulted in the formation of a local cavity near the pipe crack that
evolved continuously until it reached the surface of the soil bed. DEM is ideal for studying
micro-mechanical particulate soil behaviour, but it becomes computationally too expensive for
real-scale pipe leakage problems (Han and Cundall, 2013). Several point-based computational
approaches were developed in recent decades to model problems that involve large deformation
together with solid-fluid interaction. These are meshless numerical methods where a set of
points is defined to solve the solution independently or in combination with a background grid
that is used in the traditional finite element method (FEM) or finite difference method (FDM).
Furthermore, smoothed particle hydrodynamics (SPH), particle finite element method (PFEM)
and material point method (MPM) are numerical approaches that can be used to model soil-fluid
interaction. The different numerical methods that have been used to model soil-fluid interaction

during the past decades are reviewed in the following section.

2.6.1 Finite Element Method (FEM) coupled with Discrete Element Method

(DEM)

The Finite Element Method (FEM) have been robustly and extensively applied in various
engineering problems including geotechnical engineering (Zienkiewicz and Morice, 1971). In
this numerical method, the material geometry is modelled using a lagrangian finite element
grid. The model could be discretised into diverse types and shapes of elements depending on
the integration order (Bathe and Wilson, 1976). In addition, interpolation functions are used
to determine the state parameters at the nodes of the grid. Although FEM is widely used as a
valuable technique in different engineering fields, due to mesh distortions, the standard FEM
has serious challenges in simulating large deformation problems (Armero and Love, 2003). The
DEM method was developed to study the granular material that is represented as an assembly of
discrete particles (Cundall, 1971). Duran (2012) mentioned that DEM models can be categorised
into the original DEM model “soft-sphere”, and the “hard-sphere” that was initiated by Campbell
and Brennen (1985). In the original (soft-sphere) model, a dynamic process characterises

the particle-particle interaction with slight deformation allowance during collisions. In this
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model, different collisions and various contact behaviour can be treated which is applicable in
the geotechnical field (O’Sullivan, 2011). However, an impulsive process is assumed for the
particle-particle interaction in the (hard-sphere) model without particle overlap during contacts
(Deen et al., 2007). In contrast to traditional numerical methods including FEM, DEM is an
explicit technique that enables tracking particle interactions (Tang, 2017). The recent studies
have taken the advantage of DEM modelling in a continuum framework including the FEM for
solving engineering problems(Andrade et al., 2011; Guo and Zhao, 2014; Guo and Yu, 2016;
Wang and Sun, 2016). The FEM is employed to discretise the region and find the solutions
to boundary value problems, while DEM provides the local material behaviors at the nodes of
FEM mesh. This development helps in bypassing the phenomenological constitutive laws of
the FEM and overcoming the DEM challenge regarding the amount of discrete bodies (Pirnia
et al., 2020). Guo and Zhao (2014) applied FEM-DEM to simulate the nonlinear behaviour
of sand in saturated media. Furthermore, Pirnia et al. (2019) investigated the internal erosion
during a permeameter test using this multiphase method. However, the model was limited to a
small laboratory specimen due to the heavy computational cost associated with the FEM-DEM

method.

2.6.2 DEM coupled with Darcy fluid flow (DFF)

Coupled DEM-DFF method was initiated by Hakuno and Tarumi (1988) to study the fully
saturated soil characteristics in an undrained setting. In this method, the fluid-induced force
depends on the value of fluid pressure on each particle (Preece et al., 1999). DEM method is
used to update the particle locations in which permeability and pore pressure values can be
estimated from the change in volume fraction (Hakuno and Tarumi, 1988). The evolution of pore
pressure must be treated as a dynamic process that gives accurate results (Olivera Bonilla, 2004).
The liquefaction mechanism in the 3D model was studied by Meguro and Ravichandran (2000)
using the coupled DEM-DFF method. This method was also proved to be efficient in simulating

soil-fluid systems in laminar flow (Goodarzi et al., 2013). Tang (2017) used this technique to
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model the soil fluidisation around leaking pipes where a 3D model was developed to study the

deformational characteristics of soil particles.

2.6.3 DEM coupled with computational fluid dynamics (CFD)

CFD is based on the computational solution of the Navier-Stokes equations. The coupled
CFD-DEM method was developed by Tsuji et al. (1993) in which the fluid domain is split
into cells. At the cell scale, the Navier-Stokes equations are solved, and the volume fraction is
averagely estimated based on the DEM updated particle locations (Xu and Yu, 1997). The fluid
pressure and velocity are computed, and the drag force is then estimated and added to identify
the resultant force on each particle. The three-dimensional combination of DEM with CFD was
extended by Kawaguchi et al. (1998) to simulate the bed fluidisation in which the numerical
results were compatible with the experimental findings. In addition to simulating fluidised
beds (Kafui et al., 2002; Feng and Yu, 2006), DEM-CFD simulation can be used in seepage
flows (EI Shamy, 2002; Suzuki et al., 2007) and soil piping to understand the soil fluidisation

mechanism (Tao, 2018).

2.6.4 DEM coupled with lattice Boltzmann method (LBM)

The Lattice Boltzmann Method (LBM) is a numerical fluid simulation that divides the fluid
domain into a regular lattice (Chen et al., 1995). Fluid flow is simulated based on solving
the discrete Boltzmann equation instead of the Navier-Stokes equation (Chen and Doolen,
1998). Thus, LBM is considered an alternative method to DFF, CFD, and other conventional
macroscopic fluid models (Han et al., 2007). LBM is a microscopic method that can be used for
multiphase or a turbulent flow simulation with high resolution (Premnath et al., 2005). Cook et al.
(2004) highlighted that the coupled DEM-LBM technique can be efficiently used to simulate
fluid-particle interactions where it can accurately reproduce the physically realistic behaviour
of the erosion process. Lominé et al. (2013) used the coupled DEM-LBM method to simulate
the piping fluidisation in two dimensions. In addition, Cui (2013) and Li (2013) modelled

the leaking-soil interaction problem using DEM—-LBM method integrated with the Immersed
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Moving Boundary (IMB) scheme (Kwon and Hosoglu, 2008). They developed a 2D computer
code (FPS-BHAM) where soil and fluid are modelled following the soft-sphere DEM and LBM

approaches respectively.

2.6.5 DEM coupled with smoothed particle hydrodynamics (SPH)

Lucy (1977) and Gingold and Monaghan (1977)have developed a Smoothed Particle Hydrody-
namics (SPH) as one of the Mesh-free Particle Methods that is based on the Lagrangian approach.
This is a macroscopic fluid method in which the fluid phase is represented by finite discrete
particles with kernel function (Liu and Liu, 2003). This fluid technique is capable of capturing
large displacement or discontinuous materials (Morris and Johnson, 2009). Therefore, Li et al.
(2007) and Robinsona et al. (2013) employed this method for the solid-fluid simulation. Further-
more, the DEM-SPH technique has been used widely for fluid-structure interaction problems

(Wu et al., 2016).

2.6.6 Coupled Eulerian-Lagrangian (CEL) Method

The Coupled Eulerian-Lagrangian method has been developed to solve the limitation of the
classical Finite Element Method (FEM) in simulating soil-structure interaction issues involving
large deformation (Wang et al., 2015; Aubram et al., 2017). In the CEL technique, the Eulerian
approach is used to describe the fluid phase and the Lagrangian approach is applied to solid phase
(Mercier et al., 2015). Solid and fluid phases are separated by a Level-Set interfere function

(Osher and Sethian, 1988). CEL has been widely used for soil fluidisation (Donea et al., 1982).

2.6.7 Particle Finite Element Method (PFEM)

A Particle Finite Element Method (PFEM) uses an updated Lagrangian approach to represent
the motion of particles (nodes) in regions consisting of liquid and solid subregions (Ofate et al.,
2006). Nodes are identified as material particles that can move freely and detach from the liquid

and solid subregions. The nodes that define the discretised zone in the liquid and solid domains
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are connected by a background mesh where the governing equations are computed as in the

classical FEM.

2.6.8 Material Point Method (MPM)

The material point method (MPM) is a particle-based technique that models the continuum
by Eulerian meshes and Lagrangian points (material points, MP) that hold the physical char-
acteristics such as stress, load, strain, momentum, etc. (Al-Kafaji, 2013). In MPM, material
motion and deformation are represented by the movement of Lagrangian MP through the fixed
Eulerian meshes (Yerro et al., 2016). This numerical method is based on Newton’s principal
equations. It combines the advantages of Lagrangian and Eulerian approaches (Fern et al., 2017).
It is applicable for solving problems with large and small deformations (Sulsky and Schreyer,
1996; Nairn, 2003; Coetzee et al., 2005). It has been developed to simulate multi-phase and
soil-structure interactions. Jassim et al. (2013) and Yerro et al. (2016) show the application of
the MPM in saturated and unsaturated porous media respectively. The MPM hasn’t been applied
yet for simulating the soil fluidisation around a leakage pipe to predict the structural integrity of
the ground and buried utilities. However, based on conducted literature review, the MPM method
has proven to be the most suitable and efficient method in simulating the soil fluidisation around
leaking pressurised pipe. The advantages and disadvantages of different numerical methods
used to model soil-fluid interaction during the past decades are summarised in Table 2.1. This
includes DEM-DFF, DEM-CFD, DEM-LBM, DEM- SPH, coupled Eulerian-Lagrangian, PFEM
and MPM methods.

ragged2e
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Table 2.2: Summary of the different numerical methods that have been used for soil-water

interaction
Method Advantages Disadvantages
* Applicable for the mod-| e+ Require extremely fine
elling of internal  ero-| mesh for accurate results
sion (Pirnia et al, 2020)| (Hazay and Munjiza, 2016)
e C(Capable of capturing the | * Not applicable for large scale
macro-micro behavior of suffu- | problems (Owen and Feng, 2001)
FEM-DEM
sion in saturated soil (Hu et al., | « Challenges in calculating the
2022) interfacial interactions among the
multiphase flow with suspended
particles (Wang et al., 2022)
. Low computa- | * Limited to the fluid flow
tional  cost  (Li, 2013) | with low Reynolds number
* Rapid in terms of compu- | (Shafipour and Soroush, 2008).
tational time compared to the | * Not applicable for large
classical analytical methods | scale simulation model
DEM-DFF
(Goodarzi et al., 2013; Cui, | (Goodarzi et al., 2013)
2013) . Difficult to  describe
the fluidisation process
(Jensen and Preece, 2000)
* Require the determination
of additional parameters e.g.
permeability (Bear, 1988)
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Method Advantages Disadvantages
e (Capable of interpreting | ¢ Difficult to simulate the
the internal soil  fluidis- | fluid-particle interaction where
ation mechanism (Guo | the fluid flow simulation required
and Yu, 2016; Tao, 2018) | extremely fine cells (Li, 2013)
DEM-CFD
* CFD is effectively used to | ® High computa-
simulate soil fluidisation in | tional cost  (Hu, 1996)
combination with the kinetic | * Not applicable to all par-
granular flow approach Tang | ticle sizes (He et al., 2018)
et al. (2017)
* Higher efficiency com-| ¢ Large computational time and
pared to the CFD (Cui, 2013) | memory space for a large-scale
* Detailed lattice description | problem (Han and Cundall, 2013)
of soil particles (Li, 2013) | « Computationally expensive par-
* Results can be qualitatively | ticularly in three dimensions
DEM-LBM

validated experimentally and an-

alytically (Cui et al., 2014)

e Applicable for multi-
phase or turbulent flows
(Premnath et al., 2005)

e Owen et al. (2011) showed
its capability in simulating soil

fluidisation

(Han and Cundall, 2013; Cui
et al., 2014)
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Method Advantages Disadvantages

* Applicable for complicated |  Crespo (2008) mentioned that
geometries due to its La-| compared with mesh-based meth-
grangian nature (Crespo, 2008) | ods, SPH is more expensive and
* Simple where SPH is better | of lower computational accuracy.
than grid-based techniques in | *Complicated imple-
simulating material with large | mentation (Cui, 2013)

DEM-SPH
deformation (Bui et al., 2007) | « Useful only for laminar
* Reliable and flexible in | flow in which artificial viscosity
handling large deformation prob- | is assumed (Crespo, 2008)
lems (Morris and Johnson, 2009)
* Applicable to flows of large
Reynolds Numbers (Robinsona
et al., 2013)
* High accuracy in estimating | * Mesh distortion in large
the mechanical characteristics | deformation problems
such as shear stress to strain | (Priyadarshini et al., 2012)
and velocity (Donea et al., 1982) | « Requirement of frequent
* Interface between variable | re-meshing particularly

CEL materials can be easily deter- | in following large distor-

mined following the Lagrangian
approach (Priyadarshini et al.,

2012)

tion(Chenot and Massoni, 2006)

e Complexity in identify-
ing the boundary condi-
tions (Jain et al, 2015)

e Difficult to simulate the
soil-fluid interaction (Al-Kafaji,

2013)
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Method Advantages Disadvantages
e Suitable to model multi- | © Pressure oscillations at
physics problems including fluid- | the  fluid-solid  boundaries
fluid, fluid-solid or free sur-| (Cerquaglia et al.,, 2015)
faces (Cremonesi et al., 2020) | « Perturbations in the velocity
PFEM
* Mesh distortion problem is | field caused by remeshing (Ofiate
overcome by remeshing as the | et al., 2006; Cerquaglia et al.,
current mesh gets too distorted | 2015)
(Oniate et al., 2006)
* Capable of simulating multi- | * Computationally ~ more
phase flows and multi-material | expensive than FEM
interactions (Kashiwa, 2001) | (Kularathna, 2018)
* Applicable to large de-|e Possibility of error accu-
formation  problems  (Bar- | mulation due to the numerical
MPM
denhagen et al., 2000) | approximations, grid resolution,
* Avoids the Lagrangian | interpolation schemes, and
and Eulerian disadvantages | constitutive modelling (Sulsky
such as the mesh distortion | et al., 1994)
and advection errors respec-
tively (Zhang et al., 2008)
e Accurate and reliable for
real-scale problems (Ceccato
et al., 2018)

Although several numerical investigations have been undertaken to investigate soil-fluid interac-
tion, due to its complexity, little knowledge is available in regard to soil-pipe leakage problem.
This complexity is due to variation in the flow regime, pipe material, and soil characteristics

(van Zyl and Clayton, 2005). Therefore, a thorough understanding of the soil fluidisation around
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leaking pressurised pipe should be achieved via an efficient numerical method that is applicable
to simulate such a multiphase large deformation problem. This method should be capable of
addressing the influence of different soil and pipe parameters on the soil-leakage system and the

evolution of the soil fluidisation mechanism with effective computational time.

2.7 Parameters involved in soil-leakage interaction

Soil fluidisation associated with leakage from an underground water pipe is a complex phe-
nomenon that involves various interacting soil and pipe parameters. There has been a multitude
of studies related to the soil fluidisation process associated with pipe leakage. Considering all the
factors involved in the pipe leakage problem in a single study is practically impossible. There-
fore, this section aims to thoroughly discuss the influence of different contributing parameters
including pipe-material behaviour, flow rate, leakage pressure, orifice size, orifice position, bed
height, and soil properties (e.g., soil type, particle size distribution and shape, soil hydraulic
conductivity, and relative density) on the soil-leakage interaction based on the extensive literature

review.

2.7.1 Pipe-material behaviour

The pipe leakage behaviour, and particularly the pressure-leakage relation depends on the pipe
material performance and properties (van Zyl and Clayton, 2005). The leakage exponents (V)
are significantly dependent on the pipe material. For example, the variation in the pipe leakage
exponent for a pipe with round, longitudinal and circumferential cracks have been numerically
investigated by Cassa et al. (2010). It was concluded that an increase in the leakage exponent was
caused by the expansion of the longitudinal and circular cracks. However, the water loss remains
constant with the change in the size of the circular crack. Furthermore, the highest leakage
exponent extent was validated in longitudinal cracks due to stresses in lower pipe compared to

the circumferential cracks (Greyvenstein and van Zyl, 2007).
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Water leakage is highly influenced by the type of pipe material. Greyvenstein and van Zyl
(2007) mentioned that corroded steel pipes in contrast to HDPE pipes are characterised by
the highest leakage exponents (N; = 0.9) due to the weakness of the supporting materials as
a result of corrosion. In uPVC pipes, the leakage area will be reduced, and the crack will be
elongated due to the circumferential stresses (Greyvenstein and van Zyl, 2007). To investigate
the impacts of pipe material on the leak head-discharge relationships, different experiments were
conducted at the Water Engineering Laboratory of the University of Perugia, Italy by Ferrante
(2012). It has been concluded that a linear relationship exists between the leak area and the
head in an elastic material pipe. However, other approaches were required for elastoplastic and
viscoelastic materials such as polyethylene pipe where the leak head-discharge relationships
could be dependent on the behaviour of the pipe-material (Ferrante, 2012). In addition, the
strength of the pipe material influences the leakage behaviour as the pipe water pressure is taken
up by its wall (Farley and Trow, 2003). Recently, I[lunga (2016) established the relationship
between water leakage and the pipe-material behaviour in pressurised pipes with longitudinal
cracks. The authors observed that increases in the leakage pressure results in the expansion of
the longitudinal cracks and therefore, the water flow rate. This opposes the fixed orifice area
assumption that is considered in the orifice equation. Thus, it is essential to understand the effect
of pipe-material behaviour on the pipe leakage phenomenon that might affect the overall ground

stability.

2.7.2 Flow rate

Flow rate has a significant influence on the fluidisation process. Based on the flow rates,
Zoueshtiagh and Merlen (2007) defined three different regimes in granular soil bed. The first
regime occurs at relatively low flow rates where the soil bed behaves as a porous medium, and
thus stays motionless. The second regime occurs at a higher flow rate that resulted in local
deformation at the bed surface. This regime was considered a transitional zone from the first
regime to the fluidisation regime. As the flow rate was increased, the third regime occurs where

the local fluidisation was observed at the bed surface above the area of the injection hole.
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Alsaydalani (2010) studied the internal soil fluidisation caused by injecting fluid into granular
soil. The increase in flow rate resulted in the surrounding particles mobilisation around the
orifice and initiation of soil fluidisation. At high flow rates, the volume of the fluidised zone
increases significantly, which might appear at the soil surface (Teeluckdharry, 2017). According
to van Zyl et al. (2013), at a flow rate of 320 litres/h, the fluidisation area around the pipe is

divided into the fluidised, mobilised, and static zones (Figure 2.16).
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Figure 2.16: Three zones associated with fluidisation with a leak from an orifice
(van Zyl et al., 2013)

A fluidised zone includes fluid-like particles, with height independent of the orifice diameter but
affected by the flow rate (Alsaydalani, 2010). Furthermore, the fluidised zone is surrounded by a
wider mobilised zone in which the granular particles are partially mobilised. Most of the head
loss occurs in the fluidised and mobilised zones (Walski et al., 2006). The static zone surrounds
the mobilised zone, where the soil particles remain stable. van Zyl et al. (2013) observed that the
flow rate influences the distribution of the excess pore water pressure in the soil bed. In addition,

it affects the volume of the fluidised zone that extends rapidly before it stabilizes. Teeluckdharry
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(2017) showed that the flow rate controls the leakage paths in which high flow rates resulted in

greater water spread in the soil bed.

2.7.3 Leakage pressure

In the water distribution system, pipe leakage is greatly influenced by water pressure. Previously,

the effect of pressure on leakage by following the orifice equation (Eq. 2.1)was neglected.

g = CA\/2gh @2.1)

Where: g = flow rate, C; = discharge coefficient, A = orifice area, g = gravitational acceleration
and h = pressure head differential over the orifice. The leakage parameter was proven to be
proportional to the square root of the pipe pressure (Farley and Trow, 2003). However, van
Zyl and Clayton (2005) showed the significant impact of water pressure on leakage in water
distribution networks. Thus, the orifice equation was replaced by the following leakage exponent

(N1) power equation (Eq. 2.2) that was developed by Lambert (2001):

g=ChV (2.2)

Where: g = flow rate, C = leakage coefficient and & = pressure head. The leakage exponent and
fixed coefficient can be derived after assessing the leakage system while the pressure varies. This
method is commonly used in the leakage problem where the leakage exponent (N) can vary
between 0.5 and 2.79 (Farley and Trow, 2003). The typical variation in the leakage exponent
may be caused by different soil and pipe characteristics (Greyvenstein and van Zyl, 2007).
High-pressure results in expanding the leakage area and thus increasing the flow rate (Cassa and
van Zyl, 2014). The pore water pressure increases significantly as a result of the water leakage
into the soil bed leading to the initiation of the fluidisation zone (Bailey and van Zyl, 2015).
Alsaydalani (2010) proved that there was a linear relationship between the required pressure

to create fluidisation and the bed height above the leakage point. In addition, it was concluded
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that for fine granular material, a lower pressure is sufficient to create the onset of fluidisation
compared to coarser particles.

Cui et al. (2018), experimentally and numerically investigated the excess pore water pressure
distribution in a sand bed at different flow rate and water pressure. The authors observed that
cavity formation at the pipe orifice initiates after exceeding a specific flow rate and pressure peak,
which depends on the orifice diameter. This cavity expands to the soil surface due to the flow

effect under a constant pressure distribution in the fluidised zone (Cui et al., 2018).

2.7.4 Orifice size

The orifice size significantly affects the energy loss that occurs across the orifice. A higher value
of pressure head across the orifice is required for the occurrence of fluidisation associated with
a smaller orifice (Zoueshtiagh and Merlen, 2007). However, the distribution of excess pore
pressure in the soil bed is not dependent on the orifice size but influenced by the fluid flow rate
(Alsaydalani, 2010). Furthermore, the extension of the fluidised zone is not affected by the
orifice size (Zoueshtiagh and Merlen, 2007; van Zyl et al., 2013). This contradicts Tang et al.
(2017)’s study which showed an expansion of the eroded zone with an increase in orifice size.
Walski et al. (2006) and Alsaydalani (2010) stated that most of the pressure dissipation that
occurs across the orifice is converted to the velocity head compared to the pressure loss through
the soil. In addition, the onset of soil fluidisation is influenced by the flow rate rather than the
pressure across the orifice (Alsaydalani, 2010). However, at the same flow rate, a lower pressure
across the orifice is required to initiate the soil fluidisation in a larger orifice compared to that in

a smaller orifice, as shown in Figure 2.17.
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Figure 2.17: The variation in pressure (kPa) at the initiation of fluidisation with the change in
orifice size (mm) (Alsaydalani and Clayton, 2014)

van Zyl et al. (2013) observed that the pressure head across the orifice is inversely proportional
to its size and the crack shape in the pipe affects the flow rate. For instance, a rectangular crack
results in a lower flow rate compared to a circular crack under the same pressure and leakage
area (De Marchis and Milici, 2019). Previous studies have been limited to the effect of orifice
size on the initiation of soil fluidisation induced by pipe leakage. However, these studies did not
consider the impact of crack size on the post-local fluidisation mechanism until it reaches the

soil surface.

2.7.5 Orifice position

Tang (2017) studied the impact of the pipe defect position on the soil fluidisation mechanism. In
addition to the most common location of the pipe slot at the crown, Davies et al. (2001) have
reported other locations of the pipe defect shifting from the crown to the springline. The effect
of the changes in slot position on the water flow rate in the sand was experimentally studied
by Tang (2017). As the orifice position varied from the crown (90°) to the springline (0°), the

water flow rates and thus the soil fluidisation decreased with time (Figure 2.18). Therefore, the
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duration of the soil fluidisation mechanism increases as the slot position shifts from the crown to
the springline. Tang (2017) observed that the greatest area of the mobilised zone occurs when
the orifice is the invert of the pipe. Alsaydalani (2010) confirmed that in pipe leakage, soil
fluidisation may not appear at the bed surface if it is initiated around the orifice position, i.e.

leakage location in the pipe, or in the middle of the soil bed.
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Figure 2.18: The change in water flow rate, g,,, for different orifice positions, ¢, with time
(Tang, 2017)

2.7.6 Bed height

Alsaydalani (2010) studied the influence of soil height on the fluidisation mechanism. The author
concluded that the initiation of fluidisation in a thick soil bed requires a high flow rate due to the
high bulk unit weight of the thick soil bed (Zoueshtiagh and Merlen, 2007). Figure 2.19 shows
the influence of the sand bed height on the required pressure for the onset of fluidisation based
on the experimental study carried out by van Zyl et al. (2013). In contrast to Darcy’s flow, a
nonlinear direct proportional relationship between the fluidisation pressure and the bed thickness

was observed.
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Tang (2017), in contrast with previous research (Philippe and Badiane, 2013; Cui et al., 2014),
confirmed that a greater soil bed height requires higher water velocity to initiate soil fluidisation.
This results from an increase in the resisting forces in the sand body. In addition, the propagation

time of soil fluidisation to reach the top surface depends on the soil bed thickness (Tang, 2017).
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Figure 2.19: The variation in pressure (kPa) at the initiation of fluidisation with the change in
bed height (m) and particle size (mm) (Alsaydalani and Clayton, 2014)

2.7.7 Soil properties

In addition to pipe characteristics, surrounding soil properties are important in the fluidisation
mechanism due to the particle-fluid interaction. Few studies have been conducted on the effect of
soil properties such as soil type, particle size distribution and shape, soil hydraulic conductivity
and relative density on water leakage. Further, the impact of other geotechnical properties of

soil, such as density and fines content on the leakage discharge must be investigated.
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2.7.7.1 Soil type

Walski et al. (2006); Zoueshtiagh and Merlen (2007); van Zyl et al. (2013); Cipranié and
Sekuli¢ (2015) have thoroughly studied the significant impact of the granular soil on the leakage
phenomenon. It was concluded that head losses between the orifice and the soil surface depend
on the soil properties, such as hydraulic conductivity (Walski et al., 2006). A parameter denoted
by the ‘orifice/soil (OS) number’ that is the coefficient between the orifice and soil head losses,
was introduced by Walski et al. (2006). It has been observed that at a high flow rate in a low
hydraulic conductivity soil, such as clay and silt, the orifice/soil number will be low; the soil
head loss dominates over the orifice head loss (van Zyl and Clayton, 2005). This contradicts the
study conducted by Walski et al. (2006) which did not consider the effect of soil properties on
water leakage. In his studies, Alsaydalani (2010) observed that the onset of fluidisation requires
sufficient input energy to overcome both the orifice and soil head losses. This coincides with
experimental results obtained by Zoueshtiagh and Merlen (2007) that studied the soil fluidisation
mechanism in the sand and glass grain.

The complex relationship between soil type and a leaking phenomenon was investigated by
Greyvenstein and van Zyl (2007). The soil particle interaction with the pipe opening and
hydraulic fracturing are the main causes of the non-linear relationship between the flow rate
and the head loss. In addition, Latifi et al. (2017) established the relationship between water
leakage on specific soil characteristics including the liquid limit, plastic limit, and plasticity index
that depends on the soil type. For instance, it was observed that soil with a high fine content
characterised with high plastic limit could lead to lower water leakage proving the inevitable

influence of the surrounding soil properties on water leakage from pipes.

2.7.7.2 Particle size distribution and shape

Soil fluidisation due to pipe leakage depends on particle size distribution (PSD) and form (Kezdi,
1969; Alsaydalani and Clayton, 2014). In terms of water leakage from pipes, water flows into the
soil bed may result in the fluidisation of fine particles. The strength of the soil bed against the

fluidisation mechanism is linearly related to its particle size distribution (Latifi et al., 2017). The
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stability of the soil depends on its grading, which affects its density and hydraulic conductivity.
Well-graded soil is characterised by lower hydraulic conductivity and thus making it more stable
against soil fluidisation due to its good particle interlocking (Latifi et al., 2017). Alsaydalani
(2010) observed that in a coarser-grained soil, initiation of fluidisation required higher flow rates
compared to finer-grained soils. In addition, he observed the impact of PSD on the excess pore
water pressure in the soil bed. The finer-grained soils are characterised by high fluidisation
potential due to the higher pore water pressure generation (Latifi et al., 2017).

Latifi et al. (2017) mentioned that as particle roughness decreases, the pore water pressure
generation in the granular bed increases and a lower flow rate is required for the onset of

fluidisation in low sphericity particles (Alsaydalani and Clayton, 2014).

2.7.7.3 Soil hydraulic conductivity

Soil hydraulic conductivity depends on the soil void ratio, pore size, and fabric (Knappett and
Craig, 2020). According to Lambe and Whitman (1969), the proportional relationship between
the soil hydraulic conductivity and the square of the particle size based on the Kozeny-Carman
equation. The variation in soil hydraulic conductivity results from a change in particle size
distribution that influences the soil fluidisation mechanism (Alsaydalani and Clayton, 2014).
Flow velocity is derived from the soil hydraulic conductivity based on Darcy’s law (Richards
and Reddy, 2007). Teeluckdharry (2017) showed experimentally that the leakage paths are
insensitive to the soil’s hydraulic conductivity that is defined as the soil’s capability to allow water
movement through its pores. The hydraulic properties of soil, such as hydraulic conductivity, will
significantly impact the leakage paths (van Zyl and Clayton, 2005). In low hydraulic conductivity
soil, the water leakage will be less visible at the ground surface as opposed to the granular
soil of high hydraulic conductivity. Richards and Reddy (2007) observed that high hydraulic
conductivity soil is more sensitive to cavity formation due to the risk of fabric failure. This results
in the movement of soil fines through the soil, which is known as suffusion. In contrast, Tang
(2017) mentioned that high hydraulic conductivity soil is characterized by low soil movement

due to the rapid dissipation of pore-water pressure.
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2.7.7.4 Soil relative density

The impact of the relative density (loose and dense) on the soil response before and at the
initiation of soil fluidisation has been recently studied (Tehrani et al., 2018; Akrami et al., 2022).
The previous experimental investigations conducted by Alsaydalani and Clayton (2014) focused
only on dense granular soil. However, Tehrani et al. (2018) performed an experimental study on
the fluidisation of saturated silica sand with three different initial relative densities. It has been
observed that dense sand with high relative density (DR = 88%) resulted in a greater fluidised
zone as shown in Figure 2.20. A similar finding was reported by Akrami et al. (2022) that noticed
a considerably larger failure extent in finer sand with high relative density. Further studies are
required to investigate the effect of relative density on the soil fluidisation mechanism in different

types of soil.

Figure 2.20: Sand vertical displacement (U,) profile during the soil fluidisation for (a) loose soil
with DR = 31%, (b) medium dense soil with DR = 61%, dense soil with DR = 88% (Tehrani
et al., 2018)
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In summary, soil fluidisation due to water leakage from a pipe is a complicated phenomenon
that involves careful and comprehensive consideration of various pipe and soil parameters.
Previous investigations conducted by Lambert (2001); Alsaydalani (2010); Ilunga (2016); Tang
(2017) successfully studied the influence of pipe properties including the material behaviour,
flow rate, water pressure, orifice size, crack location and bed thickness on the initiation of soil
fluidisation due to pipe leakage. The change in the water flow rate and pressure result in different
flow regimes of different extents (Farley and Trow, 2003). There is a contradiction between
previous studies regarding head loss in the granular soils and across the orifice. In granular soil,
Greyvenstein and van Zyl (2007) showed the dominance of the soil head loss on the head loss
across the orifice, while Walski et al. (2006) did not consider the soil impact on the leakage
discharge and thus considered the head loss across the orifice as a major loss. On the other hand,
the soil influence on the fluidisation phenomenon due to water leakage from pipes has not been
thoroughly addressed. Previous studies focused on limited soil parameters including the soil
type, particle size distribution, hydraulic conductivity, and soil relative density (Zoueshtiagh
and Merlen, 2007; Greyvenstein and van Zyl, 2007; Philippe and Badiane, 2013; Teeluckdharry,
2017; Tehrani et al., 2018). Further work is needed to investigate the impact of different pipe

and soil characteristics on the development of soil fluidisation around a leaking pipe.

2.8 Key gaps of knowledge

Although various numerical and experimental investigations have been performed for the sake
of understanding the pipe leakage problem, still little is known about the soil-pipe leakage
interaction due to the complex nature of the problem. This complexity results from the variation
in the flow regime, pipe material, and soil characteristics (van Zyl and Clayton, 2005). Based on

the conducted literature review, the following key gaps of knowledge can be identified.

* Previously, most of the studies were focused on particular parameters involved in the
internal soil fluidisation mechanism such as the effect of leakage rate, pipe materials,

orifice size and water pressure in granular and poorly graded sand (van Zyl and Clayton,
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2005; Alsaydalani, 2010; Cui et al., 2014; Bailey and van Zyl, 2015; Tang, 2017). However,

the influence of soil properties has been relegated in the literature.

The soil parameters including the soil density, fine content, and gradation are expected to
highly influence the soil-leakage interaction (Rogers et al., 2008). These are not addressed

properly in the previously conducted experimental and numerical research.

Most of the previous studies performed the soil-leakage experiment using soil with mono-
disperse grain sizes (Alsaydalani, 2010; Bailey and van Zyl, 2015; Tang, 2017). There is a
lack of multi-scale simulations of granular soil in soil fluidisation phenomenon around

leaking pressurised pipe.

There is a contradiction in the study of head loss through the soil and the orifice. On the
one hand, the head loss through the soil is considered much smaller compared to that in
the orifice (Walski et al., 2006). On the other hand, Teeluckdharry (2017) showed the
significant influence of soil properties on the leakage rate. Thus, they proved that water

head loss through the orifice is dominated by the head loss through the soil.

Recent experimental studies simulated the soil-leakage interaction using a vertical jet of
water (Alsaydalani, 2010). However, this does not precisely resemble the real horizontal

water flow from a longitudinal or circumferential crack in pressurised pipes.

Numerical simulations are highly recommended to understand the complicated soil-leakage

system due to the possibility and repeatability of data acquisition under different settings.

Cui (2013); Li (2013) suggested that the micro-structural characteristics and inhomo-
geneities of the granular particles in the soil fluidisation around leaking pipe are difficult to
determine using the continuum numerical methods. Accordingly, a numerical method was
developed based on the DEM approach that can capture these properties and thus the local
rheology. However, DEM is computationally expensive and requires a large computational

time, especially for large-scale problems (Han and Cundall, 2013).
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* There is a lack of a proper numerical simulation of soil fluidisation around leaking pres-
surised pipe that is capable of analysing different parameters together such as the flow rate
and leakage relevant soil parameters. This is essential in understanding the influence of

pipe leakage on ground stability.

Efficient simulations are needed for a buried water pipe enabling the detection, evaluation,
and monitoring processes of the pipe leakage. Thus, a cumulative analysis of different pa-
rameters such as the leakage location, diameter, flow rate, leakage pressure, and Reynolds
number in addition to the soil permeability, grain size, density, fine content, angle of fric-
tion and other factors that complicate the actual interpretation of this issue is needed to fi-
nalize this study (Li et al., 2007; Guo et al., 2013; van Zyl et al., 2013; Tang et al., 2017). The
pipeline leakage problem should have early detection and repair, through knowing the initial
pipe defects causes, to avoid ground collapse (Tang et al., 2017). Therefore, a numerical ap-
proach considering all the involved parameters must be developed to simulate the soil-leakage
problem that is essential for the safety of pipeline utilisation. Previous approaches focused
on particular leakage parameters independently such as pipe size, flow velocity and fluid pres-
sure (Rogers et al., 2008; Alsaydalani, 2010; Cui et al., 2014; Teeluckdharry, 2017). However,
the new developed model will properly study the overall pipe leakage issue covering different
soil and pipe properties together. This includes orifice size, leakage rate/pressure, orifice location,
bed height, soil cohesion, soil porosity, soil density and soil porosity. The conducted simulation
will help identify the influence of pipe leakage on ground stability, prioritising the maintenance
of the water network and evaluating the risk of water leakage on the adjacent infrastructure.
Numerically simulating the development of soil-fluid interaction around leakage pipe, with a
focus on the effect of soil and pipe properties on this mechanism is the most efficient method to
adopt. It will help in early quantifying and assessing the leakage loss before it approaches the
surface. This will be applicable and efficient in water, construction, insurance, and other utility

companies.

57



2.9 Summary

2.9 Summary

The critical literature works conducted on soil fluidisation due to pipe leakage were thoroughly
reviewed in this chapter. First, an overview of soil fluidisation and pipe leakage has been
introduced. Second, the experimental studies conducted on soil fluidisation induced by a leaking
pipe were discussed in detail. Moreover, the previously investigated numerical simulations of
soil fluidisation around a leaking pipe using different approaches were presented. Finally, the
effect of different pipe and soil parameters involved in the soil fluidisation mechanism triggered
by a pipe leakage has been reported based on the related published literature. In general, previous
studies have been limited to capturing the onset of the soil fluidisation induced by pipe leakage;
while other works only presented the results of the analysis without focusing on understanding
and investigating the fluidisation mechanism around a leaking pipe. The review has shown that
little effort has been devoted in the previous investigations to analyse the effect of different soil
and pipe parameters mainly on the post-local fluidisation mechanism until it reaches the soil
surface. All of the key findings and gaps of knowledge have been summarised and linked to the

objectives of this research.
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Chapter 3

Methodology

3.1 Introduction

In this chapter, the research methodology adopted for this study is presented, followed by a
review of the basis of the Material Point Method (MPM). Then, the frameworks of the two-phase
(2P) MPM approaches available for modelling soil-fluid interaction problems are defined in
terms of the concept and computational solution. The implementation of the advanced in/outflow
boundary conditions (BCs) into the double-point approach for simulating the water inflow to the
domain is described. Finally, the numerical procedure adopted in this research is provided at the

end of this chapter.

3.2 Research methodology

In geotechnical problems, it is common to encounter soil-fluid interaction in which the solid
phase is coupled with the fluid phase (Jassim et al., 2013). The properties of each phase are
described by specific equations (Zienkiewicz and Shiomi, 1984; Verruijt, 2009), and previous
studies showed the limitation of Discrete Element Method (DEM) and Finite Element Method
(FEM) in simulating soil fluidisation around a leaking pipe. The DEM method, based on
discrete mechanics, can capture the inhomogeneities of the granular particles in soil fluidisation
phenomena around a leaking pipe. However, DEM is computationally expensive and requires a
large computational time, especially for simulations of large-scale problems.

Soil fluidisation is characterised by large deformations of the ground (Martinelli et al., 2017).

These deformations are not feasible to predict with traditional approaches such as FEM due to
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mesh tangling. Even though remeshing techniques solve this issue to a certain degree, some
accuracy issues still arise from projecting field variables between meshes in successive stages
(Wang et al., 2015). This has prompted the development of particle-based numerical techniques
such as the Material Point Method (MPM), which is applied in this research. The different steps
of the research methodology are presented in Figure 3.1. It highlights the actions required to
simulate the soil fluidisation around a buried pressurised water leaking pipe using a multiphase

MPM approach to meet the research objectives.
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Figure 3.1: Overview of the research methodology followed in this research work

3.3 The Material Point Method: basic concept

The Material Point Method (MPM) is a particle-based method in which the time-dependent
continuum where bodies are represented using a set of Lagrangian Material Points (LMPs)
accompanied by a conventional finite element computational mesh (Martinelli and Rohe, 2015).
The MPM was developed by Sulsky et al. (1994) for the purpose of modelling dynamic defor-
mation in a solid medium. This process is an extension of the Particle-In-Cell (PIC) method,
that was initiated by Harlow (1964) for implementation in fluid mechanics. The Lagrangian

MPs are occasionally referred to as ’particles’, however despite what the name implies, they
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represent a part of a continuum rather than individual solid particles. A schematic representation
of the discretisation of the media (continuum body) into MPs is presented in Figure 3.2. The
MPs move through a fixed Eulerian mesh that is used to solve the main governing equations
(i.e., momentum balance). These MPs convey the stress, strain, mass, energy, momentum,
and other material parameters of the continuum. The size of the mesh can affect the obtained
results similar to the Finite Element Method (FEM), but the Eulerian mesh is only utilised for
formulation purposes without carrying any permanent information. The use of the background
mesh decreases the computational cost compared to other meshless methods such as Smoothed
Particle Hydrodynamics (SPH) (Fern and Soga, 2016). In addition, the boundary conditions
can be defined on this mesh, which is also an advantage compared to SPH. The continuum
in MPM complies with the basic conservation thermodynamical laws (Fern et al., 2019) that
include mass, momentum, and energy conservation. The MPM weak and discrete formulation
1s consistent with the equation of the classic FEM (Sulsky and Schreyer, 1993). The Material
Point Method (MPM) utilizes a mapping technique consisting of two primary steps (Sulsky
et al., 1994; Fern et al., 2019). First, the Grid-to-Particle Mapping transfers information from the
computational grid to particles by interpolating values like velocity and stress from grid nodes to
corresponding particle locations. This interpolation can be performed using various techniques,
including linear or higher-order interpolation. Second, the Particle-to-Grid Mapping updates grid
values by interpolating particle-based information, such as velocity or mass, back to the grid
nodes employing different interpolation methods. This process ensures a precise representation
of material behaviour on the grid, enabling the application of conventional numerical approaches
for solving equations, including partial differential equations.

One time step of the MPM computational cycle is illustrated in Figure 3.3. In the first stage,
MPs properties are transmitted to the mesh nodes; in the second stage, accelerations at each node
are determined after solving the momentum balance equations; in the third stage, the obtained
velocity fields at nodes are mapped back to MPs; and in the final stage, the position and state
parameters of MPs are updated. At the end of the last stage, the computational mesh is reset to

its initial alignment (Martinelli and Rohe, 2015). The MPM incorporates the advantages of both
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Lagrangian and Eulerian approaches while eliminating most of their drawbacks, including the
mesh distortion and the advected quantities (Sulsky et al., 1994; Zhang et al., 2007; Fern et al.,
2017). There are some disadvantages associated with MPM related to the application of moving
boundary conditions, multiphase interaction, and large rotation problems (Bandara and Soga,
2015). Also, errors in spatial discretization might accumulate and affect the required continuity
(Kashiwa, 2001; Zhang et al., 2008). MPM is computationally more expensive than FEM due to
the dual discretisation framework (MPs and computational mesh) (Kularathna, 2018). The final
drawback of the MPM approach is the cell crossing instability in which material points cross an
element’s boundary in the computational mesh leading to unphysical instability (Yerro, 2015).

This can particularly occur in a problem involving a large deformation.

Void
P sota [?| ©

e Material point
O Continuum body
O Node

Grid / Cell

Figure 3.2: Schematic representation of the spatial discretization of MPM (Fern and Soga,
2016)
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B T T
(3) Map velocity field to MPs (4) Update position of MPs

Figure 3.3: The computational strategy of MPM (Fern and Soga, 2016)

3.4 MPM multi-phase approaches

The Material Point Method (MPM) has shown to be a powerful technique in simulating and
solving various problems in geotechnical and hydraulic fields, such as the study of granular
flow (Wigckowski, 2003; Phuong et al., 2014), landslides and slopes (Beuth et al., 2011; Yerro
et al., 2014), columna collapse (Andersen and Andersen, 2010; Martinelli and Rohe, 2015), pile
installations (Phuong et al., 2014), dike failure (Coelho et al., 2018), internal erosion (Yerro

et al., 2017; Murphy et al., 2020), and soil liquefaction (C. di Prisco et al., 2022). MPM has
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3.4 MPM multi-phase approaches

been applied to solve large deformation problems and multi-phase processes in saturated and
unsaturated porous media (Abe et al., 2014; Yerro et al., 2015; Zhao and Liang, 2016).

The two-phase MPM formulation has been developed to model the soil-fluid interaction in
saturated soils based on studies in continuum mechanics lately applied in Finite Element Method
(FEM) (Terzaghi, 1943; Zienkiewicz et al., 1999). There are two distinct formulations for
simulating the solid-fluid (two-phase) interaction in saturated porous media; two-phase single-
point (2P-SP) approach and two-phase double-point (2P-DP) (Ceccato et al., 2018). The 2P-SP
adopts one set of Material Points (MPs) (Zabala and Alonso, 2011; Jassim et al., 2013) while the

2P-DP consists of two sets of MPs as shown in Figure 3.4.

Single-point approach Double-point approach

O

Figure 3.4: Schematic diagram of different multi-phase MPM approaches [after
Yerro et al. (2015)]

- | Liquid-phase

|:| Solid-phase

2-phase
(e.g. saturated material)

3.4.1 Two-phase single-point MPM approach

3.4.1.1 Concept

In the two-phase single-point (2P-SP) formulation, the porous medium is simulated based on
the macroscale continuum approach, where the saturated soil is defined by the solid skeleton
kinematics using one set of material points (MPs) (Zabala and Alonso, 2011; Jassim et al.,
2013). As shown in Figure 3.5, each MP represents a portion of the saturated media, and this
media moves as a unit with the solid phase (i.e., Lagrangian description of the soil motion).
The information from the liquid phase is also carried by the MPs using an Eulerian approach.
In 2P-SP formulation, each MP satisfies the solid mass conservation, but the liquid flow may
alter the total mass. This framework usually assumes the validity of Darcy’s law; hence it is not

valid when liquid flow is very rapid and non-laminar. The 2P-SP formulation is not appropriate
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when dealing with the interaction between free water and porous water since the first one has no
representation in the domain. The 2P-SP approach has proved to be an efficient technique for
modelling geotechnical problems such as slope collapse (Soga et al., 2016) and the CPT (Cone

Penetration Testing) testing (Ceccato et al., 2016).
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Figure 3.5: Scheme of the two-phase single-point formulation [after Yerro and Rohe (2019)]

3.4.1.2 Computational solution

The two-phase single-point (2P-SP) formulation is based on specific physical laws, including
momentum balance and mass balances (Jassim et al., 2013). The dynamic momentum balances of
both the liquid phase and mixture (solid and liquid) are solved at the nodes based on (Eq. 3.1) and
(Eq. 3.2), respectively. This approach considers all the dynamic terms in which the acceleration
of the solid skeleton (ag) and the acceleration of the pore liquid (az) are the main unknown
variables. These terms play a crucial role in accurately simulating fluid-solid interactions and
porous materials. They enable the modelling of the coupling between the fluid and solid phases,
ensuring mass conservation, capturing dynamic behaviour, and maintaining energy conservation
within the system (Fern et al., 2019). Neglecting these inertia terms would result in inaccurate
simulations and unrealistic material responses. The mass conservation of the solid and liquid

phases in addition to their constitutive relationships are expressed in (Eq. 3.3) and (Eq. 3.4).
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Eq. 3.3 is solved to update the volumetric concentration of liquid (porosity).

prap =V, —f'+pb (3.1)

nspsas+npprar = V.o + pymb (3.2)
DS

Df:L — ngV.vg (3.3)

DSSW;LL nsV.ws+n V.vp
D = - (3.4)
t

D5(.)/D; represents the material time derivative following the motion of the solid phase that can

be expressed as ¢
D>(.) d(.)
=— V(.
D 4 TYO)

Where, pgs is the solid density, py is the liquid density, p,, is the mixture density, ng is the
volumetric concentration ratio of solid, n is the volumetric concentration ratio of liquid (p,, =
nsps +nrpr), vs is the solid velocity, vy is the liquid velocity, f¢ is the drag force, o is the
Cauchy stress tensor, and €, 1 is the volumetric strain of the liquid phase.
The flow in this formulation is assumed to be laminar; therefore, the drag force ( fd ) 1s solved
based on Darcy’s law (Eq. 3.5).

_onpug

i = . (v — vs) (3.5)

Where, uy is the constant liquid viscosity and k7, is the constant intrinsic permeability.

In the 2P-SP formulation, the solid mass is automatically conserved as the solid mass of each
MP remains constant. This is not the case for the liquid where the liquid mass in MPs can vary
depending on the change in porosity. In this approach, the liquid is considered to be weekly
compressible, and the fluxes resulting from the change in spatial variations in liquid mass are
ignored, as shown in (Eq. 3.4). The latest assumption might have some impact on the solution in
problems that have a high gradient of porosity.

A Galerkin method is used to obtain a semi-discrete form of the field equations (Eq. 3.1) to

(Eq. 3.4). Time integration is performed using an explicit time stepping algorithm. More details
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about the implementation of these methods, in the context of the 2P MPM approach, are provided
in Appendix A.l. In each time step, the solution scheme follows the following steps (Yerro,

2015; Ceccato et al., 2018).

1. Map the variables (such as positions, velocities, mass, material properties, state variables,

etc) required to solve the governing equations in the mesh from the MPs to the nodes.
2. Calculate the nodal acceleration for solid (ag) and liquid (ag ).

3. Update the velocity and momentum of the material particles from the obtained acceleration

for solid and liquid phases.

4. Compute the nodal velocities from the resulted nodal momentum and then calculate the

strain rate.

5. Update the excess pore pressure and effective stresses based on the solved liquid and solid

constitutive laws at the MPs.

6. Update the displacement and location of MPs based on the solid velocity.

3.4.2 Two-phase double-point MPM approach

3.4.2.1 Concept

Two-phase double-point (2P-DP) formulation (Bandara, 2013; Abe et al., 2014; Martinelli, 2016;
Cao and Neilsen, 2021) uses two sets of MPs to represent the solid phase and the liquid phase
separately; these are so-called solid material points (SMPs) and liquid material points (LMPs).
The 2P-DP is based on the mixture theory, which assumes that each point in a body’s space
consists of a finite number of MPs that represent the mixture’s constituents. The 2P-DP approach
takes full advantage of the Lagrangian description for soil and liquid phases (Abe et al., 2014;
Martinelli and Rohe, 2015). In the 2P-DP framework, the volume fractions theory (Truesdell
and Toupin, 1960) is used to simulate the solid-liquid interaction. The SMPs and LMPs are used

to compute the velocities of the solid skeleton and water independently, and they are allowed to
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move separately and overlap, as shown in Figure 3.6. The LMPs can denote the free water as
well as the pore water. If the SMPs and LMPs coincide in the same element in the computational
mesh, the element is understood as saturated material; hence SMPs account for the pore water in
the soil skeleton. The mechanical behaviour of the dry soil, saturated soil, free water, and pore
water can all be represented in the 2P-DP MPM framework.

The 2P-DP approach has been efficiently employed in modelling soil fluidisation (Bolognin et al.,
2017), development of crater development around a damaged pipeline (Martinelli et al., 2017),

submerged column collapse (Martinelli and Rohe, 2015), and various geotechnical simulations.
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Figure 3.6: Scheme of the two-phase double-point formulation [after Yerro and Rohe (2019)]

3.4.2.2 Computational solution

The 2P-DP double-point approach used in this research is the one proposed by Martinelli (2016).
The main governing equations are the momentum and mass balances for the solid and liquid
phases. This approach, similar to the 2P-SP formulation, considers all the dynamic terms in
which the acceleration of the solid skeleton (as) and the acceleration of the pore liquid (ay) are
the main unknown variables. Contrary to the two-phase single-point, the mass conservation of
both solid and liquid phases is automatically fulfilled in the double-point formulation (Ceccato
et al., 2018). The solid and liquid momentum balances are solved based on Eq. 3.6 and Eq. 3.7,

respectively. The momentum balance for solid is regarded in this formulation instead of the
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mixture one. The solid (Eq. 3.4) and total (Eq. 3.8) mass balances and their respective constitutive

equations are solved at the MPS.
nspsas = V.65 + f4 + ngpsh (3.6)

niprar = V.61 — f4 +nrpLg 3.7

DLevole B nsVos+n Vo + (vp —vs).Vng

3.8
D, L (3.8)

Where: Gy is the partial stress for the solid phase (65 = 6’ +ngoy),

Oy, is the partial stress for the liquid phase (67 = ny0p),

o'is Terzaghi effective stress tensor, o is the liquid stress tensor that is equivalent to pore
pressure (p) in saturated material, f¢ is the drag force, g is the gravitational acceleration, and
D"(.)/D; represents the material time derivative following the motion for the liquid phase that

can be expressed as .
D(.) d(.)
— == V(.
b a4 VO

In contrast to the 2P-SP formulation, the liquid phase in the 2P-DP approach can change from
porous liquid to free fluid. This transition results in important changes in the flow regime as
well as the volumetric concentration ratios. Thus, the generalised drag force (%) in Eq. 3.5 is
updated to account for the high flow regime resulting in Eq. 3.9.

2
_npmHL

fd (v —vs) +[3nL3pL|vL—vS| (v —vs)+or.Vng 3.9)

Where: f3 is the non-Darcy flow coefficient that is estimated based on Eq. 3.10.

f=—r (3.10)
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Where: ny is the volumetric concentration ratio of the liquid and ki, is the intrinsic permeability

that is calculated based on the Kozeny-Carman equation (Bear, 1988).

The liquid mass balance of the 2P-DP formulation is expressed in Eq. 3.8 and comprises all the
convective terms. Contrary to the 2P-SP approach, the liquid fluxes due to the spatial variation
of liquid mass are considered.

In the 2P-DP MPM approach proposed by Martinelli (2016), the transition between the solid-like
or liquid-like state of the solid-liquid mixture is distinguished at the element level through
a maximum porosity threshold n,,,, (i.e., critical porosity). n,,, can be associated to the
characteristic maximum void ratio of the soil. When the porosity is lower than n,,,,, the solid-
liquid mixture is considered saturated soil (i.e., solid-like state). In a solid state, the effective
stresses at the SMPs are calculated consistent with the material constitutive model associated
with the solid skeleton; the porous liquid (represented by LMPs) is assumed weakly compressible,
consistent with Eq. 3.8 and an imposed water bulk modulus. The liquid deviatoric stress is set to
zero.

If the saturated mixture experiences an increase in porosity (e.g., triggered by the injection of
water in the system), the intergranular contact between the soil grains can eventually vanish, the
effective stress becomes zero, and the mixture fluidises. This transition from solid to liquid-like
behaviour is assumed to happen when porosity reaches the threshold 7n,,,,. Consequently, when
the porosity of the mixture is larger than n,,,,, the solid-liquid mixture is considered in a liquid
state, and its momentum balance is described by the Navier-Stokes equation. The stresses at the
SMPs (i.e., effective stress) are imposed to be zero, while the stresses at the LMPs are updated
assuming that its constitutive behaviour is a Newtonian fluid. Consistently, the deviatoric part of

the stress tensor of the liquid Oy, 7, is computed using the following Eq. 3.12.

Odev,L = 2.uL8dev,L (3.12)
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Where: uy is the liquid viscosity that considers the solid concentration ratio of the mixture and
€4ev, 18 the deviatoric component of the liquid strain rate.

The liquid viscosity is, in fact, an equivalent viscosity (U.q) assumed to depend on the volumetric
concentration ratio of the solid material within the saturated mixture using the following Eq. 3.13

(Beenakker, 1984).

5 _ . 2
uey =1+ 3750 +5.2 (A ) (3.13)

where ﬁ§ .; represents the interpolated element solid concentration ratio.

It is important to note that when the mixture is in a solid state, the effective stresses can vanish,
but the state of the mixture changes to liquid only if the porosity is larger than n,,,,. Finally,
liquid pressure in a LMP is also set to zero if belongs to a free surface.

The 2P-DP computational cycle follows the following steps (Ceccato et al., 2018; Fern et al.,

2019).

1. Map the variables (such as positions, velocities, mass, material properties, state variables,

etc) required to solve the governing equations in the mesh from the MPs to the nodes.
2. Calculate the nodal acceleration for solid (as) and liquid (ag ).

3. Update the velocity and momentum of the material particles from the obtained acceleration

for solid and liquid phases.

4. Compute the nodal velocities from the resulted nodal momentum and then calculate the

strain rate.

5. Update the liquid stress and effective stresses based on the solved liquid and solid constitu-

tive laws at the LMP and SMP respectively.
6. Identify the free surface LMPs.
7. Update the displacement and location of MPs based on the solid velocity.

Both 2P-SP and 2P-DP formulations are generally integrated explicitly and consider a weakly

compressible liquid. The SP formulation is only applicable to a laminar flow as the drag force
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considers the validity of Darcy’s law. In contrast, the drag force implemented in the 2P-DP
approach accounts for the gradient of the concentration ratio, laminar flow (in a low-velocity
regime) and non-linear flow (in a high-velocity regime). Therefore, the use of the 2P-DP
formulation is vital when the flow velocity is high, and the spatial variability of concentrations is
significant (Ceccato et al., 2018). In addition, an important feature of the 2P-DP formulation
compared to the 2P-SP approach is the capability of capturing the interaction between the porous
media and free water. This is an essential aspect in various geotechnical problems, such as
erosion, scouring, and fluidisation. The number of MPs required to discretise the saturated
media in the 2P-DP formulation is significantly higher (at least double) compared to the 2P-SP

approach. This will inevitably impact computational time.

3.4.2.3 Inflow/Outflow Boundary Condition

For the numerical study of soil response under pressurised leaking pipes, it is necessary to
account for inflow and outflow BCs in the 2P-DP approach that can ensure consistent water
flow through the orifice and a constant water head at the ground surface, respectively. The
inflow/outflow boundary conditions (BCs) developed by Zhao et al. (2019) have been used here
as a basis to model BCs.

In this analysis, the inflow and outflow zones are attached to the original model (Figure 3.7) to
allow LMPs to enter and leave the computational domain. In the inflow region (Figure 3.7a,
in green), a constant velocity is prescribed to the LMPs. Zero acceleration is prescribed at the
inflow nodes that are shared with the regular elements of the computational region to maintain
the imposed velocity field at the boundary, applied to the computation of the governing equation.
The momentum balance equations are not solved in the inflow/outflow boundary elements. When
an inflow element becomes empty, new LMPs are introduced at the Gauss point locations to
refill the inflow elements. The momentum balance equations are only solved at the nodes shared
between inflow and non-inflow elements, and the momentum is transferred from MPs in the
inflow elements to the MP in the adjacent elements. On the other hand, outflow elements are

indicated in Figure 3.7b, in red. The LMPs that enter the outflow elements are consistently
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removed. The nodes shared between outflow elements and computational region have a constant
pressure (zero) boundary condition and a zero pressure is defined at the LMPs on the free water
surface.

It is worth mentioning that the in/outflow elements are not treated as part of the calculation
domain boundaries, but instead as boundaries used to feed or remove MPs from the domain. In
other MPM works, the water flow is modelled using a large water reservoir (Bolognin et al.,
2017; Martinelli et al., 2017). However, the water level decreases as water flows throughout the
model leading to a progressive drop of the total head at the inflow boundary. The use of the
in/outflow BCs enables the modelling of constant velocity flows and optimizes the computational

cost by simplifying the geometry and reducing the number of MPs in the system.

73



3.5 MPM simulation process

(i+2) ™ time step (7+2) * time step
f Flow difection @ Liguid material points * Flow direction o Liquid material points
Inflow Elemnent & Added liquid material points B gutflow Element Removed material points

(a) (b)
Figure 3.7: Schematic of (a) inflow BC and (b) outflow BC

3.5 MPM simulation process

In this research, MPM two-phase approaches are used to investigate the soil-fluid interaction
mechanisms associated with a buried pressurised leaking water pipe embedded in a fully saturated
soil bed. All analysis presented are performed with an in-house version of the open-source
Anura3D MPM software (Anura3D, 2022). An overview of the main numerical procedure

adopted in the present study is illustrated in Figure 3.8.
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Figure 3.8: Flowchart illustration of the implemented MPM simulation

3.6 Summary

In this chapter, the research methodology, including the Material Point Method (MPM) adopted
in the following chapters, has been discussed in detail. The two distinct MPM formulations for
modelling the solid-fluid (two-phase) interaction problems were described and compared. In
the two-phase single-point (2P-SP) approach, one set of MPs is adopted, and in the two-phase
double-point (2P-DP) approach, two sets of MPs are considered. This chapter also introduced the
advanced inflow and outflow boundary conditions (BCs) employed in the double-point approach
to prescribing velocity-controlled inflow of material points (MPs) to the domain. Furthermore,

the numerical procedures of the developed MPM simulation were provided in this chapter. In this
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study, soil fluidisation induced by a leaking pressurised water pipe embedded in fully saturated

soil is simulated using the two MPM approaches.
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Chapter 4

Capability of Different MPM Approaches

in Modelling Soil Fluidisation

4.1 Introduction

The aim of this chapter is to present capabilities of two-phase single-point (2P-SP) and two-phase
double-point (2P-DP) Material Point Method (MPM) approaches to simulate the initiation and
evolution of soil fluidisation around a leaking pipe. First, the description of the numerical model
developed in each approach is presented. Then, the results are presented and discussed, where
the displacement field and failure mechanism around the leaking pipe are analysed in terms of

the soil porosity. Finally, the conclusions are summarised at the end.

4.2 Numerical model

The main objective of this study is to develop a validated MPM model that captures the key
features of the soil fluidisation around a leaking pipe. The initial step in developing a model is
conducting a thorough literature review of the recent numerical and experimental studies to study
the requirements to build a robust MPM simulation. This is focused on previous studies that
investigated soil-water interaction associated with pipe (see Sections 2.5 and 2.6). In particular,
the numerical model presented below is mainly inspired by the work form Alsaydalani (2010),
who successfully studied the soil fluidisation mechanism due to a localised flow in granular soil.
Alsaydalani performed a two-dimensional flow experiment to interpret the internal fluidisation

mechanism of the sand bed using the experimental apparatus that is shown in Figure 4.1. A
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submerged soil bed with a range of different materials was connected to a water inlet pipe
through an orifice ranging from 0.234 to 0.92 mm. The change in the pore water pressure along
the soil bed was monitored using standpipes connected to the center line of the soil bed, as shown

in Figure 4.1.
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Figure 4.1: Experimental setup for internal fluidisation mechanism by Alsaydalani (2010)

The numerical simulation of soil fluidisation induced by a leaking pipe is conducted using
two Material Point Method (MPM) formulations presented in the previous chapter, i.e., two-
phase single-point (2P-SP) formulation and two-phase double-point (2P-DP) formulation with
a two-dimensional model used in each approach. A fully submerged sand bed is connected
to a pressurised inlet pipe through an orifice. As the aim of this research at this stage is to
study the soil fluidisation around the leaking pipe, only the orifice is modelled and not the
whole pipe. This approach significantly simplifies the model and reduces the computation time.
The soil and water parameters used in the numerical model are extracted from the experiment
conducted by Alsaydalani (2010), listed in Table 4.1.The dilation angle is prescribed as zero
in the developed model to promote numerical stability and simplifies modelling by avoiding

complexities associated with volumetric expansion. This assumption is supported by previous
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studies (Fern et al., 2019; Bolognin et al., 2017; Feng et al., 2021) that validate the use of a
dilatancy angle of zero for granular materials within the Material Point Method. Nevertheless, it
is crucial to recognize that the applicability of this assumption varies and should be carefully
assessed based on the specific material and simulation requirements.

Table 4.1: Material parameters of the model, equivalent for the silica sand and water (* parame-
ters only required for the double-point formulation) (Alsaydalani, 2010)

Material Parameter Symbol Unit Value
Initial porosity no - 0.45
Density soil Ps kg/m? 2660
Liquid density P kg/m? 1000
Intrinsic permeability k m? 4.0 x 1071
Water bulk modulus K; kPa 50000
Water viscosity Uy kPa.s 8.905 x 10~
Kp-value Ko - 0.44
Effective Poisson ratio v’ - 0.3
Effective Young’s modulus E’ kPa 69000
Effective Cohesion c’ kPa 1.0
Effective friction angle o’ degree 34
Dilatancy angle 74 degree 0

Soil grain diameter* D, mm 0.9
Maximum soil porosity* Mnax - 0.50

4.2.1 Two-phase single-point (2P-SP) model

In this section, a two-dimensional MPM model designed to study the capability of the 2P-SP
approach to simulate the soil fluidisation around a leaking pipe is presented in Figure 4.2. The
utilisation of a 2D modelling approach provides computational efficiency while offering valuable
insights into the fundamental behaviour of the system. The soil bed is 500 mm in height and

1000 mm in length, and an empty space is modelled at the top of the soil bed that allows the
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top vertical displacement of the material. The size of the empty space is chosen to be 100 mm,
which is greater than the maximum expected displacement of the MPs at the surface. An orifice
with a width of 100 mm is positioned in the middle of the soil base. Note that the size of the
orifice is larger than in previous experimental and numerical studies (Alsaydalani, 2010; Cui,

2013), which is selected to reduce the computational cost.
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Figure 4.2: Discretised domain employed in the single-point modelled problem where ‘p’ is the
applied water pressure, ‘H’ is the height, ‘L’ is the length, ‘O’ is the orifice, and ‘E’ is the empty
space

A two-dimensional mesh comprising 2124 three-node triangular elements has been used as the
computational grid. At the beginning of the simulation, three MPs are assigned within the filled
elements with a nominal element sized at 0.025 m (Figure 4.2). A homogeneous saturated soil
layer is considered, and soil behaviour is modelled using the Mohr-Coulomb elastic-perfectly
plastic constitutive model (MC), which is simple and serves as a first-order model. Mohr-
Coulomb is a failure criterion that is used to predict the shearing behaviour of soil and, thus, the
soil deformation. The water bulk modulus is decreased by 40 times with respect to the real one to
optimise the computational time. The influence of reducing the bulk modulus is analysed later in
Chapter 5. The intrinsic permeability (k) is assumed constant throughout the 2P-SP simulation.

Material properties are summarised in Table 4.1. Solid and liquid displacements on the left
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4.2 Numerical model

and right sides of the model are fixed in the horizontal direction, whilst the bottom boundary is
fully fixed in both horizontal and vertical directions. A vertical fixed boundary is also applied
at the top of the model to avoid MPs leaving the mesh. A strain-smoothing algorithm is used
to reduce the kinematic locking (Al-Kafaji, 2013). Stresses are initialised via an earth pressure
coefficient at rest (Kp) procedure, and pore pressures are initially hydrostatic. The water leakage
at the orifice is modelled by removing the vertical liquid fixity in the crack where excess water
pressure is applied to the nodes. In each simulation, constant water pressure ranging from 5-15
kPa is applied at the orifice through the calculation.

First, a sensitivity analysis is performed to study the effect of the number of elements at the orifice
(i.e., mesh-size dependency) on solution accuracy leading to the development of a validated
MPM model that captures the soil fluidisation mechanism. The boundary conditions (e.g.,
fixities) in MPM are generally imposed at the mesh nodes. If nodes are affected by a fixity,
the deformation of the MPs located in the surrounding elements is constrained. Note that if
the corners of the orifice are fixed, therefore, all elements surrounding those corners will then
be affected by these boundary conditions. If the mesh is too coarse, the excess water pressure
cannot be properly transmitted. Therefore, a parametric analysis of the number of elements at
the orifice is performed to identify the minimum mesh size required to accurately capture the
inflow condition.

The impact of the element size in the orifice on the ratio of the transmitted water pressure is
investigated by varying the number of elements at the orifice between one and ten elements. A
parametric analysis is conducted with three different imposed excess water pressure (EWP) of 5,
8 and 10 kPa through a 100 mm orifice. The mesh dependency for the ratio of the transmitted
water pressure with respect to the applied excess water pressure at the orifice is plotted in
Figure 4.3. The ratio of the transmitted water pressure in the modelled problem is expected to be
equal to one imposed at the boundary as the energy loss through the orifice is not considered.
In this numerical model, the ratio of the transmitted water pressure through the orifice is 0.40
when only one element is considered. This ratio increases significantly to 0.9 when the number

of elements increases to four. This simulation further investigates the impact on the ratio of
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4.2 Numerical model

transmitted water beyond four elements, however, a constant ratio is observed beyond this value.
The obtained results are consistent for different imposed excess water pressure. The mesh
dependency reduces as the mesh is refined with a reasonable transmission of water pressure.
Therefore, four elements are considered at the orifice in all the presented simulations to optimise

the computational effort while maximising the accuracy of the results.
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Figure 4.3: Effect of the number of elements at the orifice on the transmitted water pressure
under different imposed excess water pressure (EWP)

4.2.2 Two-phase double-point (2P-DP) model

A similar problem is modelled using the two-phase double-point (2P-DP) approach (Figure 4.4).
In this model, the fluid flow is induced by applying a constant water flow through the orifice,
and the in/outflow boundary conditions (BCs) introduced by Zhao et al. (2019) are used. The
implementation of inflow/outflow Boundary Conditions (BCs) have helped the simulation of
constant velocity flows and optimised the computational cost compared to other methods of
modelling water leakage such as water reservoir (see Appendix B). Furthermore, inflow and
outflow zones are included in the model to allow the Liquid Material Points (LMPs) to enter and
leave the computational mesh. The length of the soil bed is 2000 mm. In the inflow element
(Figure 4.4, in green) ensure a constant free water table (pressure zero at the water surface) by
automatically removing those LMPs that enter the outflow zone. Water elements (Figure 4.4, in

blue) represent those elements initially filled with LMPs representing free water. The saturated
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4.2 Numerical model

soil region (Figure 4.4, in purple) is initialised by placing both Solid Material Points (SMPs)
and LMPs to represent the two-phase media. The inflow velocities prescribed in the 2P-DP are
used to target the equivalent pressure as the 2P-SP analysis. Thus, both models of the two MPM
approaches considered in this study are equivalent despite using different MPM frameworks and
boundary conditions.

The soil bed is set to be a fully saturated homogenous layer and a linear elastic-perfectly plastic
Mohr-Coulomb constitutive model (MC) is used to model the constitutive behavior of soil
(solid-like state). Mohr-Coulomb is a simple failure criterion that predicts the shearing behavior
of soil and thus the overall soil deformation. The free water is modelled with a Newtonian fluid
model, while the porous water is assumed linear elastic. The material parameters (Table 4.1) and
the orifice size (100mm) are the same as those used in the single-point approach. The intrinsic
permeability (k) is set as a function of the diameter of the solid grains (D)) and the solid porosity
(n) with the Kozeny-Carman formula (Bear, 1988). In this formulation, the maximum porosity
(nmay) 1s used as an additional parameter to differentiate between the solid and liquid state of
the mixture. This parameter is determined based on the provided maximum void ratio from
Alsaydalani (2010)’s experiment. The model comprised of 3510 three-node triangular elements
with an element size of 0.025 m. Six MPs per element (three LMPs and three SMPs) are initially
assigned to the saturated soil domain, and six liquid MPs are assigned to the free water and
inflow elements. Solid and liquid displacements are constrained in the normal direction and free
in the longitudinal direction in the lateral boundaries. The bottom of the saturated soil region
is fully fixed except for the orifice region in which LMPs are allowed to move vertically. The
effective stresses are initialised via the Ky procedure, and pore pressures are initially hydrostatic.

The prescribed flow velocity ranges from 1073 m/s to 10~2 m/s.
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Figure 4.4: Discretised domain employed in the double-point modelled problem

In a similar approach to 2P-SP, a parametric analysis is conducted using the 2P-DP to study the
influence of the element size at the orifice on the results obtained. For this numerical model,
special attention to the corners of the orifice is required (Figure 4.5). Due to the boundary
conditions of the two nodes located at the corners between the base of the soil bed and the
inlet (Figure 4.5, red nodes), the mobility of the MPs located in the neighboring elements is
restricted by this boundary condition (zone of influence of corner nodes). In particular, if a
LMP is moving vertically from the inflow zone with a prescribed inflow velocity (v;) enters an
element containing one of the corner nodes; it will artificially slow down. This means that v; is
not fully transmitted to the soil. The comparison of Figure 4.5a and Figure 4.5b illustrates that
the smaller the elements in the orifice, the smaller the zone of influence restricted by the corner
nodes (Figure 4.5b).

To fully understand the effect of the zone of influence of the corner boundaries in the inflow liquid
velocity (v;), a parametric analysis is performed, varying the number of elements at the orifice
between one to ten elements. In this analysis, the LMPs are prescribed with three different inflow

velocities (v;) of 0.001, 0.005, and 0.010 m/s through a 100 mm orifice. The mesh dependency
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for the ratio of the transmitted water velocity at the orifice (v,) with respect to the inflow velocity
(v;) at the inflow BC is shown in Figure 4.6.

In the model, the energy losses through the orifice are not considered. Thus, the flow velocity at
the orifice (v,) is expected to be equal to the applied inflow velocity (v;). The water velocity at
the orifice (v,) is measured by averaging the velocity of the material points passing the orifice
region. The obtained results are in agreement with the parametric analysis performed in the
2P-SP simulation where four is the required optimal number of elements allowing up to the
ratio of 0.9 for the transmitted water velocity. As stated previously, increasing the number of
elements beyond four does not significantly improve the results but impacts and increases the
computational cost. To optimise the computational time while having reasonable results, all

models presented in this study consider four elements at the orifice.
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Figure 4.5: Schematic of the effect of (a) two elements and (b) four elements at the orifice on
the MPM simulation
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Figure 4.6: Effect of the number of elements at the orifice on the transmitted water velocity
under different inflow velocities (v;)

4.3 Results and discussion

This section presents and discusses the results obtained with the 2P-SP and 2P-DP MPM
approaches. The capabilities of the two approaches to simulate the soil fluidisation mechanism
are investigated and compared in terms of vertical soil displacements, excess pore water pressures,

and porosity developed during the initiation of fluidisation and post fluidisation.

4.3.1 Two-phase single-point (2P-SP) MPM results

In this section, results obtained with the 2P-SP approach are presented. The MPM results of
fluidisation initiation are compared with the Finite Element Method (FEM) results for validation
purposes. Note that at this stage of the problem, only small deformations are developed in the
soil. The MPM model (geometry and material parameters) is replicated using the standard FEM
using ABAQUS FEA software suite. A two-dimensional mesh consisting of 800 four-nodded
quadrilateral elements is used in the model discretisation where constant water pressure is applied
at an orifice of 100 mm width that is connected to a saturated soil bed.

Figure 4.7 shows the excess pore water pressure distribution in the soil bed subjected to an excess

water pressure of 10 kPa at a 100 mm orifice after 2s of simulation based on the 2P-SP MPM
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(Figure 4.7a) and FEM (Figure 4.7b) results. It is demonstrated that the pore pressure is highly
accumulated in the vicinity of the orifice, which quickly dissipates, moving up the soil bed away
from the pressure source. Figure 4.8 presents the change in the excess pore water pressure after
2s of MPM and FEM simulations at different heights in the soil bed for different applied water
pressures (p= 5 kPa to 15 kPa). It is observed that the excess pore water pressure increases
correspondingly with the increase in the applied pressure at the orifice. As the controlled water
pressure is increased from 5 kPa to 14.5 kPa, the excess pore water pressure expands within the
soil bed. Beyond these values, the excess pore water pressure at 25 mm above the orifice drops
from a peak of 12.4 kPa to 11.2 kPa, corresponding to an applied pressure of 14.5 kPa and 15
kPa, respectively. However, an approximately steady state of the excess pore water pressure
is noticed near the soil surface. This is due to the localized nature of the problem. The slight
difference between the MPM and FEM results is regarded as a consequence of the location
difference in data acquisition. This inconsistency in the location of the reference points induces
variations in pore pressure.

Based on the previous experimental (Alsaydalani, 2010) and numerical (Cui, 2013) studies, the
onset of fluidisation that occurred in the vicinity of the orifice is associated with a peak in excess
pore water pressure that is attributed to the uplift mechanism of the soil bed above the pipe orifice.
In the presented example, an applied pressure of 14.5 kPa results in a peak excess pore water
pressure. Thus, 14.5 kPa is defined as the minimum pressure that is required for the onset of soil
fluidisation. This is followed by an abrupt drop in the excess pore water pressure in the vicinity
of the orifice. Both 2P-SP MPM and FEM approaches identified the required water pressure for
the onset of soil fluidisation (14.5 kPa). Although the orifice size and the applied water pressure
are not exact values as in the previous studies, a consistent fluidisation process is recognised in
this study with the 2P-SP MPM and FEM results. The observed mechanism is consistent with
the previous experimental (Alsaydalani, 2010) and numerical (Cui, 2013; Li, 2013) solutions.
Results showed that for higher values of applied water pressure, i.e., post-fluidisation conditions,
no equilibrium can be reached in the FEM solution due to the large deformation and mesh

tangling.
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Figure 4.7: Excess pore water pressure distribution in a submerged soil bed based on (a) MPM
and (b) FEM results where an excess water pressure (10 kPa) is imposed at an orifice
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cross-section considering different applied pressures. FEM versus single-point MPM results

Figure 4.9 shows the soil vertical displacement after 2s of simulation for two different applied
pressures (p=10 and 14.5 kPa). Displacements are relatively small (maximum of 0.15 mm) in
the vicinity of the orifice before the onset of fluidisation at an applied water pressure of 10
kPa (Figure 4.9a). These soil displacements increase at the onset of fluidisation to 0.3 mm at
an applied water pressure of 14.5 kPa (Figure 4.9b). The uplift mechanism in the soil bed is
attributed to the peak in pore pressure where the soil is lifted in an upward direction above the
orifice leading to the formation of the fluidised zone. The angle of the mobilised zone is 61°
as drawn from the edge of the orifice to the soil surface along the boundary of the distributed
zone (Figure 4.9b). The inclination angle of the wedge is consistent with Alsaydalani (2010)
and Cui (2013), that used the same soil parameters. In addition, the resulting angle is expected
theoretically based on the angle of shear failure that is related to the angle of internal friction of

the soil (34°), 1.e. [45° + (34/2)] = 62°.
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Figure 4.9: Soil vertical displacement after 2s of simulation in a submerged soil bed where an

excess water pressure of (a) p=10 kPa or (b) p=14.5 kPa is imposed at the orifice

The 2P-SP MPM calculation crashes before reaching quasistatic conditions when the applied
pressure on the orifice is just beyond the pressure that triggers global fluidisation (p=14.5 to 15.0
kPa). Figure 4.10 shows the vertical displacement distribution immediately prior to termination
of calculation for p=16 kPa. During the uplift mechanism, MPs are dragged vertically through

the computational mesh, and elements near the orifice may become empty resulting in numerical
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instability in this scenario. This causes the formation of unrealistic voids within the continuum
that affects the continuity of the stress and strain fields (Yerro, 2015). The empty elements near
the orifice also cause a disconnection between the boundary nodes (where the pressure p is
applied) and the actual soil, which means that the applied pressure will not dissipate into the soil
bed. This numerical issue has been previously addressed by the addition of virtual MPs (Beuth,
2012). Virtual MPs are integration points with a small mass that are added in the empty elements
to enhance the continuity of the solution. However, another limitation of the current 2P-SP
model that prevents the calculation from proceeding after the fluidisation onset is that a unique
linear elastic-perfectly plastic constitutive law (Mohr-Coulomb) is considered to describe soil
behaviour. This is not realistic at the post-fluidisation stage when solid grains are not in contact,
and the soil has a liquid-like behaviour. Therefore, the inability of the constitutive model to
transition from ‘solid-like’ to ‘liquid-like’ behaviour leads to the calculation to crash. In the next
section, the ability of the SP-DP approach to simulate the progression of the onset of fluidisation

is discussed.
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Figure 4.10: Soil vertical displacement during the post-local fluidisation mechanism in
submerged soil bed where an excess water pressure of 16 kPa is imposed at the orifice
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4.3.2 Two-phase double-point (2P-DP) MPM results

In this section, the results obtained with the double-point approach are presented. The 2P-DP
approach distinguishes between the solid-like and liquid-like behaviour of the soil (represented
by the SMPs) based on the maximum porosity value n,,,,. In order to visualise the state of the
soil, Figure 4.11 shows the porosity field at the maximum development of fluidisation for two
different inflow velocities.

Figure 4.11a considers an inflow velocity of 103 m/s, which is equivalent to a water pressure
of 14.5 kPa that was identified as the pressure required for the onset of soil fluidisation in the
2P-SP simulation. In this case, the maximum porosity (7, = 0.50) is only reached locally in
the vicinity of the orifice, indicating that the fluidisation starts but does not progress.

If the prescribed inflow velocity increases to 10~2 m/s, the fluidisation mechanism progresses
and reaches the surface. This is demonstrated in Figure 4.11b, where the porosity field is
presented at the time of maximum fluidisation. The liquid-like zone (represented by those SMPs
with the maximum porosity) connects the orifice with the top of the model. At this point, the
fluidised zone forms an inclined wedge-shaped failure surface that breaks through the soil surface.
Afterwards, the fluidised zone is consequently dragged away by the LMPs flow along the soil
surface.

The soil fluidisation mechanism is associated with an uplift mechanism of the soil bed (due
to the reduction in effective stress) above the pipe orifice (maximum of 80 mm), as shown in
Figure 4.12. The prediction from the MPM simulation shows a good qualitative agreement with
the previous experimental study conducted by Alsaydalani (2010), who observed that the soil
fluidisation is attributed to an uplift mechanism of the grains in the fluidised region of the soil.
These results qualitatively show the 2P-DP MPM formulation’s capability in identifying the soil
fluidisation mechanism induced by a leaking pressurised water pipe. Some drawbacks of the
2P-DP MPM approach include some numerical instabilities that originate due to grid crossing
and volumetric locking. These instabilities can reduce the accuracy of the results, including the

pore pressure distribution in water. A proper strategy needs to be identified in the extension
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of this study to minimise the numerical noise. Also, the possibility of having artificially dry
elements in the saturated soil can create spurious oscillations. The later noise has been minimised

by increasing the number of SMPs.
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Figure 4.11: Soil porosity after 2s of simulation at the SMPs (a) at the onset of fluidisation

considering an inflow of 103 m/s and (b) when the fluidisation reaches the surface considering
an inflow velocity of 1072 m/s
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Figure 4.12: Soil vertical displacement after 2s of simulation at the SMPs when fluidisation
reaches the surface (inflow velocity of 1072 m/s)

4.4 Summary

This chapter demonstrates and compares the capabilities of the two-phase single-point (2P-SP)
and two-phase double-point (2P-DP) MPM formulations to simulate the progression of soil
fluidisation associated with a buried and pressurised leaking water pipe embedded in fully
saturated sand. The results show that the 2P-SP formulation is applicable for identifying the
leak pressure required for the initiation of the local fluidisation in the vicinity of the orifice.
However, it is not capable of capturing the post-local fluidisation mechanism due to the formation
of empty elements near the orifice and the inability of the constitutive model to represent the
transition from solid-like to liquid-like behaviour. The 2P-DP MPM formulation, together
with the use of in/outflow boundary conditions, can capture the evolution of soil fluidisation
around a leaking pipe until it reaches the soil surface. The MPM results demonstrate how
vertical soil displacements, excess pore water pressures, and porosity develop during the onset of
fluidisation and post-fluidisation. It can be observed that the excess pore water pressure close
to the orifice drops at the onset of fluidisation. The results are qualitatively consistent with
previous experimental and numerical works. The 2P-DP MPM model is further expanded for
this application in Chapter 5 to study the effect of different soil and pipe parameters on the soil

fluidisation mechanism around a leaking pipe.
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Chapter 5

Implementing the Proposed 2P-DP MPM

Approach for Modelling Pipe Leakage

5.1 Introduction

In this chapter, the two-phase double-point (2P-DP) Material Point Method (MPM) technique
is considered to investigate the soil fluidisation mechanism around a leaking and pressurised
water pipe embedded in fully saturated soil. In the model, the inflow water velocity leading to
the initiation and evolution of soil fluidisation around the leaking pipe is identified based on
the changes in soil porosity and soil bed expansion ratio. This chapter demonstrates that the
MPM results are consistent with published experimental studies. Finally, a parametric study is
undertaken to investigate the influence of different parameters, including the orifice size, bed
height, soil porosity, soil cohesion, leakage direction, and pipe depth, on the soil fluidisation

process.

5.2 Numerical model

The 2P-DP MPM model presented in this section is also inspired by the experiments conducted
by Alsaydalani (2010). A similar problem to the model presented in Chapter 4 is simulated with
the same material parameters. The two-dimensional model is shown in 5.1, where a saturated
homogeneous soil bed is connected to an inlet pipe through an orifice. The soil bed is 300 mm in
height and 1500 mm in length. A sensitivity analysis was conducted to examine the effect of the

length of the soil bed on the solution. A careful increase in the bed length was considered to
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minimise boundary condition effects. An orifice with a size of 10 mm is located at the middle of
the soil base. As the focus of this study at this stage is to investigate the soil behaviour around
the leaking pipe, only the orifice is modelled and not the whole pipe. Note that the width of
the smallest modelled orifice is 5 mm, which is 15 times larger than previous experimental and
numerical studies (Alsaydalani, 2010; Cui, 2013). The smaller the orifice, the finer the mesh
is required to discretise the domain, and the higher the computational cost. For instance, the
physical time for simulating a model with the smallest orifice (5 mm) is compared to that of the
largest orifice (15 mm) using an Intel Core i7 at 2.50 GHz CPU with 8 GB RAM. The model with
a 5 mm orifice consists of 5,153 linear triangular non-structured elements; where the minimum
element size is 0.00125 m and increases towards the edges of the model up to 0.033 m. On the
other hand, the model with a 15 mm orifice consists of 2,415 elements ranging from 0.00375
m to 0.033 m. The computational time decreases by 94% from 162 hours to 10 hours, when
changing the orifice size (0) from 5 mm to 15 mm. A parametric analysis is presented in the
results section to study the effects of the orifice size.

The water flow is injected through the orifice by applying an upward constant fluid flow at the
inflow BC. In the inflow elements (Figure 5.1, in green), a prescribed velocity (v;) is assigned to
the Liquid Material Points (LMPs). An empty domain, which does not have any MPs, is attached
to the bottom of the inflow elements to avoid the effect of the boundary conditions on the inflow
elements. At the top of the model, the outflow region (Figure 5.1, in pink) defines a constant free
water table consistent with the experiment from Alsaydalani (2010) by removing those LMPs
that enter the outflow elements. Free water zones (Figure 5.1, in blue) include elements initially
filled with only LMPs. A saturated soil domain (Figure 5.1, in light brown) is initialised by
placing both SMPs and LMPs to represent the saturated medium. The model consists of 4,753
linear triangular non-structured elements. A mesh is refined around the orifice to better capture
the size of the crack and the inflow process. The minimum element size is 0.0025 m increasing
towards the edges of the model up to 0.033 m (more details on mesh sensitivity analysis are
presented in Appendix C). Six MPs per element (three LMPs and three SMPs) are initially

assigned to the saturated soil domain, and six LMPs are assigned to the free water and inflow
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elements. A sensitivity analysis of different types of boundary conditions, i.e., fixed and contact
boundary conditions, on the accuracy of results is conducted (see Appendix C). Mechanical

fixities are applied at the boundaries as follows:

» At all boundaries except for the orifice region, solid and liquid displacements are con-

strained in the normal direction and are free in the longitudinal direction.

* At the orifice region, LMPs are allowed to move vertically. The nodes located at the

corners between the base of the soil bed and the inlet pipe are fully fixed.
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Figure 5.1: Geometry of the MPM model (unit: millimetres)

The bulk modulus of water considered in the simulation is 50000 kPa which is 40 times lower
than the real bulk modulus to increase the critical time step and optimise the computational
time with the explicit MPM integration scheme. This does not have a significant influence on
the results as it is still considerably larger than the effective bulk modulus of the solid matrix.
In order to analyse the effect of bulk modulus of water, the original model is compared with a
higher bulk modulus of 25000 kPa (reduced by 20 times). The computational time required to
analyse the problem with lower bulk modulus of water is 10 hours compared to 97 hours for

the problem with higher bulk modulus of water, which is almost 10 times faster. This is due to
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the critical time step dependence on the bulk modulus of the material, therefore, the higher the
bulk modulus, the larger the critical time step (Liang, 2010). However, the observed fluidisation
mechanism in both cases is consistent in terms of the porosity distribution and ground movement.
This approach of reducing the water bulk modulus to speed up the simulation has been used
previously by Liang (2010) and Martinelli et al. (2017). According to Liang (2010), the increased
compressibility of water has marginal impacts on the results as the speed of sound is over ten
times greater than the maximum flow speed. In addition, a lower bulk modulus of the water is
reasonable to incorporate the possible inclusion of air and, therefore, higher compressibility of
the water (Ceccato, 2015; Ceccato et al., 2016). Thus, it is concluded that using a reduced water
bulk modulus by a factor of 40 is an acceptable approximation.

As described in Chapter 3, the 2P-DP MPM formulation considered here is consistent with the
one proposed by Martinelli (2016), in which Darcy’s law is generalised with a non-linear term
(Ergun, 1952) to account for laminar and steady flow in high-velocity regime. The soil intrinsic
permeability (k) is updated using the Kozeny-Carman formula (Bear, 1988) which depends on
the solid grain diameter (D)) in addition to soil porosity (7). Lastly, the maximum soil porosity
(nmay) that differentiates the solid and liquid states of the mixture is determined based on the
provided maximum void ratio from Alsaydalani (2010). A strain-smoothing algorithm is also
applied to reduce the kinematic locking (Al-Kafaji, 2013). The effective stresses are initialised
via an earth pressure coefficient at rest (Ky) procedure, and pore pressures are initially hydrostatic.
In each simulation, a constant inflow velocity (v;) is prescribed at the orifice throughout the

calculation.

5.3 Results and discussion

The results obtained with the 2P-DP MPM approach are presented below. First, the soil fluidisa-
tion mechanism for a reference scenario is discussed. Then, the effects of orifice size, soil-bed
height, and soil porosity on the soil fluidisation process are investigated through parametric

analysis.
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5.3.1 Soil fluidisation mechanism

Soil fluidisation initiates when the drag forces exerted by an upward fluid balance the gravitational
forces of the bed. This process loosens the soil packing, which results in increasing the soil’s
porosity. In this research, by using the 2P-DP MPM approach, the transition between solid-like
and the liquid-like response of the soil is based on the porosity threshold value n,,x ; 1 < Ry
has a solid-like behaviour, while when n > n,,,, the soil is fluidised. Therefore, tracking the
evolution of porosity in the soil mass (SMPs) is an efficient approach to representing the soil
state in the model.

A set of numerical models subjected to different inlet velocities through a 10 mm orifice is
simulated to investigate the onset and development of soil fluidisation mechanism. The porosity
distribution at different inlet velocities after 2s of simulation through the centreline of the soil
bed is plotted in Figure 5.2. It is observed that the soil porosity increases with the increase in the
inflow velocity (v;) and increases faster in those points located closer to the orifice (i.e., 0.05 m
above the orifice). The maximum soil porosity (7,5, = 0.50) corresponds to critical porosity.
When v; increases from 0.002 m/s to 0.020 m/s, the soil porosity immediately above the orifice
exceeds (for the first time) the maximum porosity, indicating that fluidisation has initiated at the
orifice. The porosity across the bed height remains constant and equal to the initial value of 0.45.
As v; increases, the fluidised zone expands and develops upward through the soil bed. When
v; reaches to 0.040 m/s, the first point situated above the orifice (0.05 m) reaches the critical
porosity, which is considered the onset of soil fluidisation in the vicinity of the orifice (i.e., onset
or initiation of soil fluidisation of the soil bed).

At the initiation of soil fluidisation, the particles above the orifice are mobilised and moved with
the leakage of water. This was identified by Alsaydalani (2010) as an ‘internally fluidised zone’
where the soil within this region was uplifted, while those outside the region remained steady
(Figure 5.3a). Similarly, Figure 5.3b shows the distribution of the porosity after 2s of the MPM
simulation across the whole domain for v; = 0.04 m/s; the fluidised zone localised around the

orifice is clearly distinguished in red. Finally, when the v; increases up to 0.10 m/s, the fluidised
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zone reaches ground level (i.e., surface fluidisation). Figure 5.3c demonstrates the movement of
the fluidised region beyond the extent of the orifice to the ground surface. The LMPs flow along
the ground surface and are consequently dragged away from the fluidised zone.

The inflow velocity required for the initiation of soil fluidisation is also identified by monitoring
the soil bed expansion ratio, which is the ratio between the final soil-bed height H and the
initial bed height Hy (Taghipour et al., 2005). The soil fluidisation initiates when the expansion
ratio exceeds a value of one resulting in a significant heave of the bed (Chen et al., 2011). The
heaving of the soil bed occurs when the upward drag force applied by the water exceeds the
bulk weight of the soil. In the numerical model, the soil bed expansion starts when v; = 0.040
m/s, as noticed in Figure 5.4, which is in good agreement with the porosity results. The soil bed
heaves significantly (10%) by the time the fluidisation reaches the surface at an inflow velocity of
0.10 m/s. The soil fluidisation mechanism is associated with the uplift of the granular materials
above the orifice, and this was recognised by Alsaydalani (2010) as shown in Figure 5.5a. The
vertical soil displacement for v; = 0.040 m/s based on the MPM simulation is presented in Figure
5.5b; displacements are relatively small (maximum of 1.0 m) in the vicinity of the orifice at
the onset of fluidisation. The MPM prediction is consistent with the experimental result by
Alsaydalani (2010). It is worth mentioning that Alsaydalani (2010) assessed the effect of orifice
size on the onset of the soil fluidisation mechanism. It was concluded that the fluidisation zone
is not influenced by orifice size under tested conditions. The inclination angle of the mobilised
zone measured from the MPM result is 63° (Figure 5.5b), which is consistent with Alsaydalani
(2010)’s experiment using the same soil properties (Figure 5.5a). Furthermore, the obtained
angle is expected theoretically based on the angle of shear failure that depends on the angle
of friction of the soil (34°), i.e., [45°+34/2] = 62°. The soil displacements increase as the
fluidisation reaches the soil surface to 10 m at an inlet velocity of 0.10 m/s (Figure 5.5c). The
uplift mechanism in the soil bed occurs when the soil is lifted in an upward direction above
the orifice leading to the formation of the fluidised zone. Previous studies (Zoueshtiagh and
Merlen, 2007; Montella et al., 2016) have described the significant uplift as a chimney, which is

a narrow zone of upward movement of water and soil. The upward progression of the fluidised
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region results in the entire erosion and instability of the soil in the chimney. Overall, these results
qualitatively validate the observations from previous experimental results.

The fluidisation mechanism is also attributed to an abrupt drop in the effective stress where
the contact forces between the grains vanish. The effective stress at different inflow velocities
through the centerline of the soil bed is plotted in Figure 5.6 after 2s of simulation. It is found
that the effective stress decreases with the increase in the inflow velocity (v;) and drops faster at
the vicinity of the orifice. When v; increases from 0.002 m/s to 0.040 m/s, the effective stress at
0.05 m above the orifice decreases to zero, indicating the onset of the soil fluidisation at which
the leakage force exerted by the upward flow balances the bulk weight of the soil. When the v;
increases, up to 0.10 m/s, the effective stress across the bed height becomes null at the point
where the fluidisation reaches the ground surface.

It is worth noting that this study focuses on the initiation and progression of the fluidisation
mechanism up to the ground surface. Once the fluidised zone reaches the bed surface, the
simulation becomes unstable, and the post-fluidisation mechanism (i.e., behaviour after the
fluidisation reaches the ground surface) cannot be analysed. A possible explanation for the
numerical instabilities is that the 2P-DP MPM approach used here considers the liquid as weakly
compressible, which can generate pressure oscillations when simulating nearly incompressible
pressurised flows (Kularathna and Soga, 2017; Yamaguchi et al., 2020; Kularathna et al., 2021;

Sotowski et al., 2021).
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Figure 5.2: Porosity distribution at different inflow velocities (v;) through the centreline of the
soil bed
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Figure 5.4: Change in soil bed expansion ratio with different prescribed inflow velocities at a 10
mm orifice
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Figure 5.6: Effective stress at different inflow velocities (v;) through the centreline of the soil
bed

5.3.2 Parametric study

5.3.2.1 Effect of orifice size

Five simulations with different orifice sizes (5.0, 7.5, 10.0, 12.5, and 15.0 mm) are conducted
to investigate the effect of orifice size on the soil fluidisation process induced by a pressurised
leaking water pipe. The numerical results of the porosity at different inflow velocities through
the centreline of the soil bed for different orifice sizes (o) are plotted in Figure 5.7. Consistent

with the results presented in the previous section, the onset of soil fluidisation is determined
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when the SMPs at 0.05 m above the orifice fluidises (n > n,,,,), while surface fluidisation is
determined when all SMPs through the centreline of the soil bed are fluidised (n > nyqy).

The inflow required for the onset (v;,) and surface fluidisation (v;5) in models with different
orifice sizes are presented in Figure 5.8. The vertical lines represent the accuracy of the inflow
velocity that is calculated based on ranges of values of soil porosity (Figure 5.8). It is observed
that the inflow velocity triggering the onset of the soil fluidisation (v;,) decreases with an increase
in the orifice size. As the orifice size increases from 5 mm to 15 mm, v;, decreases from 0.08
m/s to 0.02 m/s. It is of interest to note that the inflow flow rate is a function of the orifice area
multiplied by the inflow velocities. The critical flow rate to initiate soil fluidisation decreases
considerably from 1440 1/h to 1080 I/h, corresponding to an orifice size of 5 mm and 15 mm,
respectively. The inflow velocity inducing the surface fluidisation (v;5) decreases from 0.16 m/s
to 0.08 m/s as the orifice size increases from 5 mm to 15 mm. Therefore, the larger the orifice
size, the smaller the inflow velocities required to trigger the onset and surface fluidisation. These
results are consistent with the analytical predictions developed by Tang et al. (2017) in their
study of sand erosion caused by an upward water jet. If the orifice is large enough, the soil
fluidisation progresses rapidly and reaches the surface at minimal leakage velocity. In contrast,
smaller orifices provide less water flow to fluidise the soil bed.

The range of orifice sizes considered in this study is at least 15 times larger than the experimental
study used for reference (Alsaydalani, 2010), which used an orifice size (o) of 0.336 mm. This is
selected to reduce the computational cost of the models as smaller orifice requires finer mesh to
discretise the domain. From the numerical results, a second-order polynomial trendline for the
inflow required for the onset of soil fluidisation (v;,) is plotted in Figure 5.8. This trendline is

represented using the following Eq. 5.1.

Vie = 0.00030% —0.01290 4 0.136 G.D

Where, v;, is in m/s, and o is the orifice size in mm. Note that Eq. 5.1 is specific for the

material properties and soil bed height considered in the MPM model, which are consistent with
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Alsaydalani (2010), and it is not a generic expression. The experimental results from Alsaydalani
(2010) indicate that v;, = 0.12 m/s was required to initiate soil fluidisation through a 0.336 mm
orifice. This value is derived after deducting the velocity loss measured through the orifice.
Based on Eq. 5.1, the predicted inflow velocity causing the initiation of soil fluidisation (v;,) for
an orifice size of 0.336 mm is 0.13 m/s (Figure 5.8), which is very similar to the experimental
results reported by Alsaydalani (2010). This exercise further validates the consistency of the
model with the available data.

The change in expansion ratio H/H( with the inflow velocity for different orifice sizes is presented
in Figure 5.9. The larger orifice size results in more heaving of the soil bed at the same inflow
velocity. This is in agreement with the experiment conducted by Weisman and Lennon (1994) in
the development of fluidiser systems. As the orifice size increased, the soil fluidisation occurred
rapidly at minimal leakage velocity. An increase in the orifice opening leads to a lower expansion
ratio at the onset of fluidisation. The final expansion ratio as the fluidisation reaches the ground
level is not significantly affected by the orifice size. Therefore, the orifice size mainly affects the

initiation of the soil fluidisation process.
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Figure 5.7: Porosity distribution at different inflow velocities (v;) through the centreline of the
soil bed with different orifice sizes (0)
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5.3.2.2 Effect of soil-bed height

Five numerical models with different soil-bed heights are simulated to explore the effect of bed
height on the soil fluidisation mechanism. To eliminate the effect of boundary conditions on the
fluidisation zone, the ratio length/height of the soil bed is kept constant for all simulations. Thus,
four simulations with different bed heights of 300, 400, 500, 600, and 700 mm are conducted
with a soil-bed length of 1500, 2000, 2500, 3000, and 3500 mm, respectively. Figure 5.10
presents the change in the inflow velocity needed for the onset (v;,) and surface (v;;) fluidisation
at a 10 mm orifice with the change of the bed height. In this model, the inflow velocity leading
to the initiation of the soil fluidisation (v;,) increases with an increase in the soil bed height.
As the bed height increases from 300 mm to 700 mm, v;, increases from 0.04 m/s to 0.10 m/s.
Similarly, the water velocity at the orifice required to observe surface fluidisation (v;;) increases
considerably from 0.10 m/s to 0.40 m/s, corresponding to a bed height of 300 mm and 700 mm,
respectively. Thus, the velocity required to induce surface fluidisation significantly increases
with the bed height.

The variation in the expansion ratio H/Hy with the inflow velocity is plotted for different bed
heights in Figure 5.11. The thicker the soil bed, the lower the expansion ratio H/Hj at the same
inflow velocity. As the height of the soil bed increases, higher leakage velocity is required
to initiate soil fluidisation. The effect of the soil-bed height is not significant in terms of the
expansion ratio at the onset of fluidisation. However, the thicker the soil-bed height results in a
lower expansion ratio when the fluidisation reaches the surface. This agrees with the previous
study conducted by Tang et al. (2017) that concluded a thicker soil bed is characterised by more
resistance of the mobilised soil region. Therefore, a larger inflow velocity is required to fluidise

the above soil bed.
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5.3.2.3 Effect of soil porosity

Four models with four different initial soil porosity (0.30, 0.35, 0.40, and 0.45) have been
conducted to explore the effects of soil porosity on soil fluidisation induced by a leaking pipe. In
this simulation, the intrinsic soil permeability (k) depends on the solid grain diameter (D)) and
the soil porosity (n) (Bear, 1988). Alsaydalani and Clayton (2014) stated that permeability, and
therefore soil porosity, can be expected to have a large effect on the water flowing into the soil
bed. Water seepage in the soil bed with higher porosity is easily dissipated, which can expedite
soil bed fluidisation at the lower inflow velocity. For example, an inflow velocity (v;,) of 0.10
m/s at a 10 mm orifice in a soil bed with 0.30 initial porosity is sufficient to initiate the soil
fluidisation (Figure 5.12a). For higher soil porosity (0.45), the soil fluidisation is initiated at a
lower inflow velocity (v;,) of 0.04 m/s. Soil fluidisation initiates under a lower inflow velocity in
a higher porosity soil bed. Similarly, the inflow velocity (v;s) required to develop fluidisation
reaching the bed surface decreases with an increase in the soil porosity. The inflow velocity
inducing the surface fluidisation (v;;) decreases from 0.16 m/s to 0.10 m/s as the soil porosity
increases from 0.30 (Figure 5.12b) to 0.45 (Figure 5.12¢). Thus, the inflow velocity required
for the onset (v;,) and surface (v;;) fluidisation decreases linearly with the increase of the soil
porosity. Hence, soil porosity is an essential parameter in soil fluidisation, and lowering the soil
porosity can effectively improve the stability of the soil bed.

The effect of porosity on the surface heaving at the onset of fluidisation is also investigated.
Figure 5.13a shows the change in soil-height expansion ratio as the inflow velocity increases in
the soil bed with different initial soil porosity. The inflow velocity that induces soil fluidisation
(vio) 1s determined when the soil bed expansion ratio H/H( exceeds one. Water can easily flow
through the soil when the soil porosity is large, and soil-bed fluidisation is initiated at a lower
inflow velocity, as shown in Figure 5.13a. This higher water velocity results in an increase in the
expansion ratio. On the other hand, flow is more difficult through the lower porosity soil because
of the lower permeability. The higher the porosity of the soil bed, the lower the expansion ratio at
the same leakage velocity. The expansion ratio is lower as the soil fluidisation reaches the surface

in highly porous soil. Figure 5.13b and Figure 5.13c demonstrate the vertical soil displacement
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as the fluidisation reaches the soil surface in the soil bed with an initial soil porosity of 0.30
and 0.35, respectively. The soil vertical displacements in lower porous soil are relatively high
(maximum of 0.06 m) compared to the vertical displacements that occurred in highly porous
soil (maximum of 0.05 m). Chen et al. (2011) stated that the driving force exerted by the water
on the solid skeleton decreases as the soil porosity increases, and this decrease in driving force

makes the soil bed more difficult to heave.
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5.3 Results and discussion

5.3.2.4 Effect of soil cohesion

The cohesion of soil is a measure of the internal resistance to erosion that is a complementary
parameter of the soil friction forces (Nouwakpo, 2010). To study the effect of soil cohesion on
soil fluidisation induced by a leaking pipe, seven simulations with varying soil cohesion values
ranging from 1 kPa to 50 kPa have been modelled. It is worth noting that a cohesion value of 50
kPa can be realistic for certain cohesive soils, considering factors such as mineral composition,
compaction, and clay content. Figure 5.14a shows the inflow velocity for initiation (v;,) and
surface (v;s) fluidisation at a 10 mm orifice for different cohesion values. As expected, higher
inflow velocity is required for the onset (v;,) and full development (v;s) of fluidisation in more
cohesive soil. As the soil cohesion increases from 1kPa to 50 kPa, v;, increases from 0.04 m/s
to 0.12 m/s. The results in Figure 5.14b and Figure 5.14c show the full development of soil
fluidisation represented by those SMPs with the maximum porosity. For a soil bed with the
lowest cohesion value (1 kPa), a wider fluidisation region at minimal inflow speed is observed
(Figure 5.14b). For the soil with larger cohesion (50 kPa), the propagation of the fluidised zone
is slower and is observed at higher leakage velocity (Figure 5.14¢). This shows the significant
effect of soil cohesion on the evolution of soil fluidisation that can provide internal resistance to
material fluidisation (Rogers et al., 2008; Brunier-Coulin et al., 2016).

The change in the expansion ratio versus the inflow velocity in a soil bed with different cohesion
values is plotted in Figure 5.15. The higher the material cohesion, the lower the bed expansion at
the same leakage velocity. The cohesion between soil particles stabilises the soil layer above
the fluidised region by increasing the resistance of the soil bed (Philippe and Badiane, 2013).
The effect of the cohesion parameter on the expansion ratio at the onset of fluidisation is not
significant. However, the final expansion ratio at surface fluidisation increases by 2% when the
effective cohesion increases from 1 kPa to 5 kPa. Beyond these values, the final expansion ratio

is independent of the cohesion value.
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Figure 5.15: Change of soil bed expansion ratio at different inflow velocities in soil bed with
different effective cohesion (c’)

5.3.2.5 Effect of leakage direction

Two numerical simulations have been conducted using the 2P-DP MPM approach coupled with
the use of inflow/outflow boundary conditions, to investigate the effect of leakage direction on the
fluidised regime and soil behaviour. A pipeline with a diameter of 50 mm is embedded at a burial
depth (H)) of 150 mm below the ground surface in a saturated soil bed. Two cases are studied
considering the locations of the orifice located at the crown (upward leakage) and springline
(lateral leakage) of the pipe with the (o) fixed at 10 mm. The MPM models of both cases are
presented in Figure 5.16, where the pipe is replaced by an equivalent square with a 50 mm long
side. The model designed to study the impact of the upward leakage where the orifice is located
at the crown of the pipe is presented in Figure 5.16a. A similar problem is modelled to interpret
the effect of the lateral leakage, demonstrated in Figure 5.16b. The inflow/outflow boundary

conditions (BCs) were tested to model a lateral leakage as shown in Appendix E. The porosity
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5.3 Results and discussion

field at the onset and surface fluidisation for the two scenarios at different inflow velocities (v;)
is compared in Figure 5.17. An inflow velocity (v;,) of 0.25 m/s at a 10 mm orifice in a soil
bed subjected to an upward leakage is required to initiate the soil fluidisation (Figure 5.17a).
For lateral leakage, the soil fluidisation is initiated at a higher inflow velocity (v;,) of 0.04 m/s
(Figure 5.17c¢). Soil fluidisation initiates under a lower inflow velocity in a soil bed subjected to
an upward leakage. Similarly, the inflow velocity (v;s) required to develop fluidisation reaching
the bed surface increases with the lateral leakage. The inflow velocity inducing the surface
fluidisation (v;5) increases from 0.05 m/s to 0.09 m/s as the leakage direction changes from
upward (Figure 5.17b) to lateral leakage (Figure 5.17d). Thus, the inflow velocity required for
the onset (v;,) and surface (v;;) fluidisation increases linearly with the change of leakage direction
from crown to springline. In addition, the area of the fluidised zone increases as the leakage
direction changes from upward to lateral flow. Hence, orifice location is an essential factor in
soil fluidisation, and determining the leakage location can effectively improve the interpretation
of the fluidisation mechanism.

Alsaydalani (2020) experimentally investigated the impact of lateral water flow from an imper-
meable vertical surface on the failure mechanism of a granular bed using the Particle Image
Velocimetry (PIV) technique. The sequences of failure were observed in horizontal leakage under
an increasing flow rate, as presented in 5.18, are as follows: (1) outward movement (horizontally
and vertically upwards) of soil particles away from the orifice, (ii) cavity formation in the vicinity
of the orifice, (iii) cavity enlargement, and (iv) surface fluidisation. Consistent behaviour is
observed in the MPM simulation presented in Figure 5.17¢ and Figure 5.17d. As the inflow rate
increases, the fluidised zone expands horizontally and vertically upwards through the soil bed.
This expansion primarily occurs horizontally in the leakage direction. However, as the fluidised
zone develops away from the orifice it gradually propagates upwards to reach the soil surface.
The influence of leakage direction on the soil bed expansion at the onset of fluidisation is also
investigated. Figure 5.19 plots the change in bed-height expansion ratio as the inflow velocity
increases with different leakage directions. Water can easily flow upwards through the soil

subjected to an upward leakage, and soil-bed fluidisation is initiated at a lower inflow velocity,
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as shown in Figure 5.19. This higher water velocity results in an increase in the expansion ratio.
However, upward flow is more difficult through soil subjected to lateral water leakage. In an
upward leakage, the expansion ratio is higher at the same leakage velocity. The final surface
heave as the fluidisation reaches the ground level in lateral leakage is higher than the surface
heave that occurs in upward leakage. It is inferred from this section that the change in the orifice
location from the crown (upward leakage) to the springline (lateral leakage) of the pipe plays a

significant role in the development of the soil fluidisation triggered by a leaking pipe.
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Figure 5.16: Geometry of the MPM model of soil bed subjected to (a) upward leakage and (b)
lateral leakage where Hp is the pipe burial depth (unit: millimetres)
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Figure 5.19: Change of soil bed expansion ratio is soil bed subjected to different flow directions

5.3.2.6 Effect of pipe depth

The effect of pipe depth on the fluidisation of the soil bed is studied by varying the pipe burial

depth (H),) for different leakage directions; upward and horizontal flow through a 10 mm orifice.

5.3.2.6.1 Upward leakage

Four simulations with different embedded depths of pipe of 50, 100, 200 and 300 mm are
modelled with an orifice located at the crown (upward leakage) of the pipe. The change in
the inflow velocity required for the onset (v;,) and surface (v;;) fluidisation at a 10 mm orifice
with the change of the pipe depth is shown in Figure 5.20 and Figure 5.21. The 300 mm burial
depth resulted in a greater fluidised zone than the shallower burial depths, as shown in Figure
5.20. This agrees with the experimental study conducted by Pike et al. (2018) that observed

the intensity of the soil movement is increased in a pipe with greater cover depth. As the pipe
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depth increases from 50 mm to 300 mm, the inflow velocity inducing the soil fluidisation (v;,)
increases linearly from 0.01 m/s to 0.04 m/s. Similarly, the inflow velocity required to expand
the fluidisation zone reaching the soil surface (v;s) increases considerably from 0.02 m/s to 0.10
m/s, corresponding to a pipe depth of 50 and 300 mm, respectively. Therefore, the shallower
the pipe depth, the lower the water velocity required to induce fluidisation, and the smaller the
influence on the surrounding soil in the fluidisation developing stage. However, the deeper the
pipe burial depth, the higher the inflow velocity needed to initiate fluidisation, and the greater
the fluidised zone.

The variation in surface heave versus the inflow velocity in a soil bed subjected to an upward
leakage with different pipe depths is illustrated in Figure 5.22. The greater the pipe depth, the
lower the bed expansion at the same water velocity. As the pipe depth increases, higher leakage
velocity is required to induce soil fluidisation. The expansion ratio at the onset of fluidisation is
not significantly affected by the depth of the pipe. However, as the burial depth increases from
50 mm to 100 mm, the final expansion ratio at surface fluidisation increases by 6%. Beyond

these values, the final surface heave is not significantly affected by the pipe depth.
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Figure 5.21: Upward inflow velocity through a pipe located at different burial depths at the
onset of fluidisation and when the fluidisation reaches the bed surface
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Figure 5.22: Change of soil bed expansion ratio through a pipe located at different depths
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5.3.2.6.2 Lateral leakage

Four simulations with different embedded depths of pipe of 50, 100, 200 and 300 mm are
modelled with an orifice located at the crown (upward leakage) of the pipe. The change in the
inflow velocity required for the onset (v;,) and surface (v;;) fluidisation at a 10 mm orifice with
the change of the pipe depth is shown in Figure 5.23 and Figure 5.24. The 300 mm burial depth
resulted in a greater fluidised zone than the shallower burial depths as shown in Figure 5.23. This
agrees with the experimental study conducted by Pike et al. (2018) that observed the intensity of
the soil movement is increased in a pipe with greater cover depth. As the pipe depth increases
from 50 mm to 300 mm, the inflow velocity inducing the soil fluidisation (v;,) increases linearly
from 0.01 m/s to 0.04 m/s. Similarly, the inflow velocity required to expand the fluidisation zone
reaching the soil surface (v;s) increases considerably from 0.02 m/s to 0.10 m/s, corresponding
to a pipe depth of 50 and 300 mm, respectively. Therefore, the shallower the pipe depth, the
lower the water velocity required to induce fluidisation, and the smaller the influence on the
surrounding soil in the fluidisation developing stage. However, the deeper the pipe burial depth,
the higher the inflow velocity needed to initiate fluidisation, and the greater the fluidised zone.
The variation in surface heave versus the inflow velocity in a soil bed subjected to an upward
leakage with different pipe depths is illustrated in Figure 5.25. The greater the pipe depth, the
lower the bed expansion at the same water velocity. As the pipe depth increases, higher leakage
velocity is required to induce soil fluidisation. The expansion ratio at the onset of fluidisation is
not significantly affected by the depth of the pipe. However, as the burial depth increases from
50 mm to 100 mm, the final expansion ratio at surface fluidisation increases by 6%. Beyond
these values, the final surface heave is not significantly affected by the pipe depth.

The effect of burial depth on the soil fluidisation triggered by lateral leakage from an orifice
located at the springline of the pipe is shown in Figure 5.23 and Figure 5.24 for different pipe
depths: 50, 100 and 150 mm. The depth of the modelled pipe is limited to 150 mm to avoid
the effect of the lower boundary condition during the development of fluidisation. It can be
observed that the deeper the pipe, the higher the leakage velocity required to initiate fluidisation.

In the presented simulations, an inflow velocity (v;,) of 0.02 m/s is required to induce the soil
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fluidisation in a pipe buried 50 mm below the ground level (Figure 5.23a). This value increases
linearly to 0.04 m/s with the increase of pipe depth from 50 mm to 150 mm (Figure 5.23e).
The deeper the buried depth of the pipe, the slower the development of the fluidised zone that
occurred at higher water velocity. However, the greater the pipe depth, the greater the fluidised
zone induced by lateral leakage.

The influence of the pipe depth on the expansion ratio versus the inflow velocity is plotted in
Figure 5.25. Soil-bed fluidisation is initiated at a lower water velocity through the soil bed
subjected to lateral leakage from a pipe located at a shallower depth. The deeper the pipe
depth, the lower the surface heave at the same leakage velocity. As the soil fluidisation is fully
developed, the expansion ratio is higher in the soil bed with greater pipe depth. For example, the
expansion ratio increases by 8% as the pipe depth increases from 50 mm to 150 mm. Thus, the
greater the depth of the pipe, the greater the effect on the soil bed. This shows the significant

impacts of the leakage location and pipe depth on the fluidisation process.
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Figure 5.24: Lateral inflow velocity through a pipe located at different depths at the onset of
fluidisation and when the fluidisation reaches the surface of the soil bed
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Figure 5.25: Change of soil bed expansion ratio through a pipe located at different depths
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5.4 Summary

In this chapter, the onset and development of soil fluidisation induced by a pressurised and
leaking water pipe embedded in fully saturated soil are simulated using the two-phase double-
point (2P-DP) MPM approach coupled with the use of inflow/outflow boundary conditions. This
formulation captures the transition from solid to liquid behaviour resulting from the fluidisation
mechanism considering a threshold porosity; beyond this value, the material is considered a
Newtonian fluid. The MPM results capture the initiation and evolution of soil fluidisation and
soil bed expansion changes during the infiltration process. As the leakage velocity increases, the
soil porosity close to the orifice increases until it exceeds the maximum porosity at the onset
of fluidisation. Soil fluidisation results in a significant soil bed expansion that increases with
the propagation of the fluidised zone. Based on this analysis, an equation is proposed to predict
the inflow velocity at which fluidisation starts to verify the numerical model against previous
experimental works. Furthermore, the MPM model is used to investigate the impacts of the
orifice size, soil bed height, and soil porosity on the soil fluidisation mechanism around a leaking

pipe. Based on the numerical simulations, the following key points are concluded:

* An increase in orifice size can considerably decrease the inflow velocity resulting in soil
fluidisation. However, the surface fluidisation mechanism is not significantly affected by

the orifice size.

* The inflow leakage velocity required for the onset and evolution of soil fluidisation
significantly increases with an increase in the soil-bed height. The impact of the soil-bed
height is higher compared to the effect of orifice size, hence, it is more effective to increase

the pipe burial depth to reduce fluidisation risk.

* Soil porosity is a significant parameter in soil fluidisation, and the decrease in soil porosity
can effectively strengthen the stability of the soil bed. Thus, soil with lower porosity

should be used around underground pipes.
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5.4 Summary

* The inflow leakage velocity required for the onset and evolution of soil fluidisation

significantly increases with an increase in soil cohesion.

* A higher leakage velocity is required for the soil fluidisation induced by lateral leakage
compared to upward leakage. The shallower the pipe depth, the lower the inflow ve-
locity required for the onset and development of fluidisation, but the greater the ground

displacement.

These results contribute to the understanding of the consequences of pipe leakage in pressurised
water pipes and support identifying the most important parameters contributing to the initiation

and propagation of soil fluidisation.
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Chapter 6

Conclusions and Future Research

This chapter summarises the main outcomes of the conducted research. These outcomes corre-
spond to the general and detailed objectives outlined in Chapter 1. In addition, some potential
directions for future research are suggested to pursue and expand on, the work carried out in this

research.

6.1 Research outcomes and conclusions

This study proposes a novel approach for numerical simulation of soil fluidisation around buried
and pressurised leaking water pipe using the Material Point Method (MPM). The primary focus
of this study is to advance knowledge in understanding of soil fluidisation progression induced
by a leaking buried pipe, and to determine critical state that leads to a ground failure as well
as identifying the role and importance of contributing parameters. The key achievements and
conclusions of this study are as follows.

In Chapter 2, a comprehensive review of the literature on soil-fluid interaction associated with
leaking pipes and other related experimental and numerical studies was conducted, it was
demonstrated that the mechanism of soil fluidisation is still not fully understood. Previous
studies have focused on investigating the initiation of soil fluidisation induced by pipe leakage.
However, limited studies focused on progression of the fluidisation mechanism until it reaches
the soil surface 1.e. post fluidisation. There are relatively fewer studies concerned with the effect
of different soil and pipe parameters on the pipe leakage and soil fluidisation problems.

In Chapter 3, the numerical modelling methodology was discussed, including an overview of the

Material Point Method (MPM). MPM is proven to be a powerful numerical tool among traditional
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and commonly used numerical methods in simulating large deformation in multi-phase problems.
Therefore, this method is applied to investigate and achieve the aim of this research through
modelling the soil fluidisation triggered by leaking pressurised pipes. Different multiphase
MPM approaches, including the concept and the solution procedure for two-phase single-point
MPM and two-phase double-point MPM, were presented and discussed in detail in this chapter.
Additionally, the implementation of developed inflow/outflow Boundary Conditions (BCs) into
the double-point approach was provided in this chapter. This enabled the modelling of constant
velocity flows and optimised the computational cost by simplifying the geometry and reducing
the number of material points (MPs). The numerical process of the conducted simulation using
the MPM two-phase approaches was presented in this chapter.

In Chapter 4, the capabilities of the two-phase single-point and double-point MPM formulations
to simulate the onset and progression of soil-fluid interaction around a leaking pipe have been
demonstrated and compared. The two-dimensional model used in each formulation was presented
in which the soil and water parameters were extracted from a previous experimental study
conducted by Alsaydalani (2010). The results were compared against standard finite element
analysis for reference and to highlight the advantages of MPM. The following conclusions can

be drawn based on the results of the numerical simulations.

* The pore pressure is highly accumulated in the vicinity of the orifice in a soil bed subjected
to a leaking pressurised buried pipe. This quickly dissipates, as it is moved upwards

through the soil bed and away from the pressure source.

* The onset of fluidisation that occurred in the vicinity of the orifice is associated with a
peak in excess pore water pressure that is attributed to the uplift mechanism of the soil bed

above the pipe orifice.

* Both single-point MPM approach and FEM are applicable for identifying the leak pressure

required for the onset of the local fluidisation in the vicinity of the orifice.
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* The single-point MPM approach is not capable of capturing the post-local fluidisation
mechanism due to the formation of empty elements near the orifice and the inability of the

constitutive model to represent the transition from solid-like to liquid-like behaviour.

* The two-phase double-point MPM formulation captures the transition from solid to liquid
behaviour resulting from the fluidisation mechanism considering a threshold porosity value

beyond which the material is considered a Newtonian fluid.

* The two-phase double-point MPM formulation, coupled with the implementation of
inflow/outflow boundary conditions, was proven to be an effective tool in capturing the

progression of soil fluidisation induced by a leaking pipe until it reaches the soil surface.

* The MPM results demonstrated how vertical soil displacements, excess pore water pressure,

and porosity develop during the onset of fluidisation and post-fluidisation.

* The soil fluidisation mechanism is associated with an uplift mechanism (due to the reduc-
tion in effective stress) of the grains in the fluidised region of the soil. The obtained results

agree well qualitatively with the previous experimental and numerical solutions.

In Chapter 5, a robust model was developed using the two-phase double-point (DP) MPM
approach to model the soil-fluid interaction around a leaking pressurised water pipe embedded
in fully saturated soil. The MPM model was validated against published experimental data to
replicate the realistic pipe leakage problem. In the numerical simulation, the inflow water velocity
leading to the onset and progression of soil fluidisation around leaking pipe was identified based
on the changes in soil porosity and soil bed expansion ratio. The model was then enhanced
to conduct extensive parametric assessment on the effects of the orifice size, bed height, soil
porosity, soil cohesion, leakage direction and pipe depth on the soil fluidisation mechanism. The

key findings from this investigation were as follows.

* The larger the orifice size, the smaller the inflow velocities required to trigger the onset and

surfacing of soil fluidisation. These results are consistent with the previous experimental
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and analytical studies on soil erosion caused by an upward water jet and show that the

MPM model has been able to capture the behaviour correctly.

An increase in the orifice opening leads to a lower expansion ratio at the onset of fluidisation.
The final expansion ratio as the fluidisation reaches the ground level is not significantly

affected by the orifice size.

The leakage velocity required for the initiation and progression of soil fluidisation consid-
erably increases with the height of the soil bed. The thicker soil bed is characterised by

higher bed stability and lower fluidisation risk.

The initiation and progression of soil fluidisation occurred at higher leakage velocity in a
lower porosity soil bed. Thus, the decrease in soil porosity increases the stability of the

soil bed against fluidisation.

The soil cohesion can provide internal resistance to material fluidisation. The higher the

soil cohesion, the higher the water velocity required to fluidise the soil bed.

The occurrence of soil fluidisation is dependent on the leakage direction. A lower leakage
velocity is required for the soil fluidisation induced by upward leakage compared to lateral

leakage.

The inflow velocity required for the onset and progression of fluidisation increase with the
increase in pipe depth. Additionally, the deeper the pipe, the lower the surface heave that

is attributed to pipe leakage.

These results proved the significance of the fluidisation mechanism triggered by a defective

pressurised water pipe and support the identification of the critical state that causes the ground

subsidence. The model developed in this study can be used as a robust prediction tool to model

the onset and progress of the fluidisation zone and to determine critical parameters involved in

this mechanism. This tool could have a significant value to asset managers that are responsible for

the maintenance of buried pipes, the supporting ground, and surface transportation infrastructure.

138



6.2 Recommendations for future research

6.2 Recommendations for future research

This research contributes to the knowledge of soil fluidisation around a buried and pressurised
leaking water pipe, specifically the associated soil fluidisation mechanism, using the Material
Point Method (MPM). Based on the knowledge and experience acquired from this study, the

following future works are proposed.

1. Although it was shown that the developed two-dimensional model provides a good un-
derstanding of the pipe leakage problem, future work should be carried out to perform a
three-dimensional analysis by which the fluidisation mechanism can be captured more

accurately.

2. This research has focused on investigating the fluidisation mechanism in a uniform soil
material. Further research is essential to investigate the influence of different types of

materials as well as soil layering on the fluidisation mechanism.

3. More simulations could be conducted in the future to investigate the impacts of initial soil
density and orifice shape on soil-fluid interaction. Furthermore, the effect of soil friction

on the progression of the fluidised zone is recommended to be adopted in future works.

4. The effect of leakage direction has been limited to the upward and lateral flow. However,
it has been anticipated that different fluidisation processes would associate with downward

and inclined leakage which needs further investigation.

5. In the presented study, the pipe is simply modelled as a source of leakage in the soil-fluid
interaction. However, the pipe may experience external soil loads, which could cause
additional leaks. Thus, future work should consider the soil-pipe interaction effects to

obtain a representative model of the pipe leakage problem.

6. In the adopted two-phase double-point MPM approach, there is a sudden transition between
the solid-phase and liquid-phase by a porosity threshold. The formulation used in this

study is based on the theory of porous media and therefore the accuracy of this approach
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7.

8.

10.

in representing fluidisation must be within the range of its application. The use of a more
advanced constitutive model may alleviate the error and capture the fluidisation mechanism
more accurately. However, the implementation of an advanced constitutive model requires
calibration against additional experimental data that are not provided in the validated
experimental study. Therefore, the implementation of more advanced constitutive models

is required to improve the transition process from solid to fluid states during fluidisation.

All the models presented use two-phase MPM formulations where only solid-liquid phases
are considered to simulate a fully saturated soil bed. Further work is needed to extend
the simulations to partially saturated materials by incorporating the three-phase MPM

approach (solid, liquid and air) by means of using advanced constitutive models.

An important aspect that future work should focus on is the validation of the developed
problem against real-world data rather than controlled laboratory tests. This could reveal
the practical applications and limitations of the proposed model. However, this requires an
improvement of the computational efficiency of the developed MPM model by avoiding

unnecessary storage and computation.

. The observation that the fluidised zone is confined within a shear band, indicating strain

localisation, is intriguing. As post-fluidisation progresses, localised shear strains can
lead to instability of the entire structure comprising the fluidised zone and shear band.
Therefore, it is important to investigate the critical mode of failure to determine whether
soil collapse is primarily caused by shear failure or full soil fluidisation extending up to

the soil surface.

In dynamic scenarios involving plastic strains, particularly in perfect plasticity or softening
with non-associated flow rules, the mathematical problem based on field equations is
known to be ill-posed. Consequently, numerical predictions of shear bands become highly
dependent on the mesh, and achieving convergence becomes challenging. Simulating the
post-fluidisation response inherits these difficulties, necessitating the development of robust

numerical models. One potential approach to address these challenges is to regularise the
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problem, and the simplest methods involve visco-plastic regularisation. Other alternatives

include incorporating gradient-dependent plasticity and non-local constitutive laws.
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Appendix A

MPM numerical implementation

A.1 2P-SP MPM approach

In this Appendix, the momentum balances for the liquid and the mixture are integrated and
discretised using the two-phase single-point (2P-SP) MPM approach. This process results in
the formulation of a system of equations. Additionally, an explicit time discretization scheme is

provided.

A.1.1 Spatial discretisation

In the 2P-SP MPM approach, both a computational mesh and a set of material points are
employed to represent the continuum. A set of standard linear shape functions (N;) is utilised
to discretise all the primary unknowns at the mesh nodes. As an example, solid and liquid

displacements can be approximated as follows

Ny

ug(x.t) =Y ug; (1)N;(x,1) (A.1)
j=1
Ny

up(x.r) = Z us; (t)Nj(x,1) (A2)
Jj=1

where u,(¢) and ug,(¢) are the solid and liquid displacements at node j. During the discretisation
process, each material point is assigned to a specific portion of the saturated porous media.
It is important to note that the mass of the mixture, which includes both the solid and liquid

components, is concentrated at the position of the corresponding material point. Consequently,
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A.1 2P-SP MPM approach

the density of the mixture (p,,) can be described as follows

N[’
Pm(x,1) = Z mpd(x —xp) (A.3)
p=1

where m,, is the total mass of the material point p, x), is the position of the material point p, (5)
is the Dirac delta function, and N,, is the total number of material points.
Additionally, in the 2P-SP MPM approach, it is crucial to take into account the liquid density

(p;) and the solid density (py) as

NP

pi(x,1) =Y 16 (x—xp) (A.4)
p=1
IVI7

ps(x,t) = Z 1sp0 (x —xp) (A.5)
p=1

Where 71y, and 111, represent the masses that a material point would possess if it were composed
entirely of liquid or solid, respectively. These values can be calculated using the provided
expressions.

ﬁ’llp = plvp (A.6)
”hsp = psvp (A7)

Furthermore, the real masses of liquid and solid within a material point can be expressed as

mip = flﬁ’llp (AS)

msp = (1 —n)iig, (A.9)

A.1.2 Discretisation of the momentum balance equations

The Galerkin method of Weighted Residuals has been utilized to derive the weak form of

the momentum balance equations. Considering the discretisation at the nodes (Eq. A.1) and

159



A.1 2P-SP MPM approach

(Eq. A.2), the momentum balances for the liquid and mixture can be expressed as

Nu
P AP L P A pl p
(A.10)
0L ”“l PP p
_ Z CENIND ARy vij) + / PINPbAQ

Ny
Z/Q(l—n)pstNfansj—i—sumy”l/anlNlefanlj:
j=1 (A.11)

: NPidoQ — / B! .0,dQ+ / PN bdQ
Q! Q Q

By utilising (Eq. A.3) and (Eq. A.4) to approximate the integrals across the domain as a quadrature
on the material points, the resulting system of equations can be expressed in a concise manner as

follows.

M
M, =Y NP (A.12)
p=1
NP
M, = Y mg,NP (A.13)
Np
=) m,N? (A.14)
p=1
AT
Q=) NN, (A.15)
p=1"
NI’
RO — / NP 5ddQP |, + Y iy, NP b (A.16)
dQP! =1
NI’
F = / NP.7idoQ' [, + ) mpNP.b (A.17)
20Q! -
p=1
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A.2 2P-DP MPM approach

. Np
F" =Y B’.ppymV, (A.18)
p=1
. Np
F" =Y B’.c,V, (A.19)
p=1

A.1.3 Time discretisation

To perform time integration of the equations, an explicit Euler scheme is employed. The liquid
and solid velocities are updated using the accelerations at time ¢X (refer to Eq. A.20 and Eq. A.21),
while the liquid and solid displacements are updated using the velocities calculated at time <!

(refer to Eq. A.22 and Eq. A.23).

W = o+ Atdl (A.20)
v’schl = vf + Ataf (A.21)
uft = uf + At (A.22)
Wb =ik Ak (A.23)

A.2 2P-DP MPM approach

In the two-phase double-point (2P-DP) MPM approach, each set of material points (MPs) (i.e.
LMPs and SMPs) is used to represent either liquid or solid phase. The mass associated with each
MP is concentrated at its respective position. As a result, the densities of the liquid and solid can
be expressed in terms of mass. The momentum balance equations are discretised at the nodes
of the computational mesh and integrated at the material points. This integration results in the

formulation of the following system of equations

Miap = ff — fi" — i — QL(VL — vs) (A.24)
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A.2 2P-DP MPM approach

Msds = f& — fin' — ft — Qp (v, — vs) (A.25)

where dy is the solid nodal acceleration, where dy, is the liquid nodal acceleration, Mg and M|,
corresponds to the lumped mass matrices for the solid and liquid phases. ?"’ , 7”’ , i{f’“ and fé’l’”
represent the internal and external nodal force vectors for the liquid and solid phases, respectively.
fl" and fg denote the vectors of solid-liquid interaction forces associated with the concentration
ratio gradient, and Qy represents the nodal drag force matrix. The specific expressions for all

these matrices and force vectors can be found below

nimp

My~ Y m)*N (A.26)
MP=1
nyp
Ms~ Y m{"N (A.27)
MP=1
- nyp
Fol / NTBLAdQ™ |y p+ Y miPNTE (A.28)
0Q MP=1
— nyp
Fo / NT(T+ P B)doQT |y p+ Y, miPNTg (A.29)
9Q MP=1
i T _mp
fir Y B 61" Vyp (A.30)
MP=1
i T _mp
fint Z B 65" Vyp (A.31)
MP=1
™ T MP _MP
i~ Y N v o Vup (A32)
MP=1
B NS AT MP_MP
fs = Z N vng or Vup (A.33)
MP=1
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A.2 2P-DP MPM approach

nyp (nMP>2‘uMP
Qe Y, NT( gt + B ! Vi~ Vs INVir (A34)
MP=1 L

where 7 is the prescribed traction vector, ﬁL represents the prescribed liquid pressure, (N) refers
to the matrix of nodal shape functions, (B) is the matrix that incorporates the gradients of the
nodal shape functions. One numerical challenge in this approach is the computation of the
concentration ratio gradient (\/ny). The effective liquid concentration ratio field (n) exhibits
discontinuities at the interface between free surface water and porous medium. The liquid
concentration ratio field, (n7), exhibits two constant values: 1 in the free surface water and the
porosity value, (n), in the porous medium. To address the transition between free surface water
and groundwater, (Martinelli, 2016) introduced the concept of a transition zone. In this zone,
an interpolated liquid concentration ratio is introduced, enabling a smooth transition of (nr)

between the free surface water and the groundwater regions.
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Appendix B

Pipe leakage modelling using a water

reservoir

In this Appendix, the representation of pipe leakage with a water reservoir using the two-phase
double-point (2P-DP) Material Point Method (MPM) formulation is presented and discussed.

The pipe leakage is represented by a water reservoir that is large enough to roughly maintain the
initial water height throughout the calculation. This approach was adopted from the numerical
study conducted by Martinelli et al. (2017) that investigated the crater development around a
leaking pipe embedded in sand using the MPM. The model geometry designed to model the pipe
leakage problem is presented in Figure B.1. The soil bed is 12.5 m in height and 2.5 m in length.
An orifice with a width of 0.5 m is positioned in the middle of the soil base connected to a 12 m

height water reservoir.

EASLA 15000 IA51E1B0 85I RALL
I I X33 3Ny
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Figure B.1: Discretised domain of pipe leakage problem

0.5m
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The soil and water properties used in this model are similar to the parameters used in previous
simulations (see Section 4.2). Stresses are initialised via an earth pressure coefficient at rest (KO)
procedure, and pore pressures are initially hydrostatic. At all boundaries, including the water
reservoir, the displacements are fixed in normal directions and free in the longitudinal direction.
The water leakage is modelled by removing the vertical liquid fixity at the orifice.

Figure 4.11 shows the displacement field associated with the water leakage for t = 1, 2 and 3
seconds, together with the location of the liquid material points. The soil fluidisation process
is associated with an uplift mechanism of the soil bed above the orifice (maximum of 10 mm),
as shown in Figure 4.12. The fluidisation mechanism is consistent with the presented results
in this thesis. However, the water reservoir approach does not provide constant water flow
during the simulation. This limitation impacts the accuracy of simulating the soil fluidisation
progression around a pressurised leaking pipe. Therefore, advanced inflow/outflow Boundary
Conditions (BCs) have been implemented into the double-point approach that is described in this
thesis (Section 3.4.2.3). This helped the simulation of constant velocity flows and optimised the

computational cost by simplifying the geometry.
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Appendix C

Mesh sensitivity analysis

In this Appendix, the conducted mesh sensitivity analysis is demonstrated to examine the impact
of mesh size on solution accuracy. The parameters of the mesh sensitivity analysis are listed in
Table C.1. The mesh is varied between 0.015 m and 0.100 m, which results in the number of
material particles varying between 18,414 and 49,044. The inclination angle of the fluidised
zone obtained from MPM simulations with different mesh sizes is consistent with Alsaydalani
(2010)’s experiment. Therefore, it has been concluded that the shape of the fluidised zone is
independent of the mesh size. The shape of the fluidised zone depends on the material properties
among other parameters. For instance, the inclination angle of the wedge of the uplift zone above
the orifice depends on the angle of shear failure that depends on the angle of friction of the soil

(Cui, 2013).
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Appendix D

Boundary condition analysis

A comparison between the MPM results for different types of boundary conditions is presented
here. In Figure D.la, a fixed boundary condition has been used at the base of the soil bed.
However, a contact algorithm implemented in Anura3D has been applied between the base of
the soil bed and the added base (Figure D.1b, in grey). The contact boundary would be a better
representation of the boundary condition which may release the particle if they move upwards
and provide some constraints if they move downwards. However, this does not have a significant
impact on the results as there is generally no uplift of the soil at the bottom of the soil bed
during the fluidisation mechanism. The obtained results were consistent with both types of
boundary conditions. Therefore, a simplified fixed boundary condition is selected to reduce the

computational cost of the simulations.
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Appendix E

Lateral leakage simulation

In this Appendix, the soil fluidisation process triggered by a lateral water leakage is investigated
using the two-phase double-point (2P-DP) Material Point Method (MPM) formulation. The
inflow/outflow boundary conditions (BCs) were developed to model a lateral flow. This is a
preliminary model that was conducted prior to studying the effect of leakage direction on the
fluidisation process (Section 5.3.2.5).

The 2P-DP MPM model presented in Figure E.1 is similar problem as the model presented in
(Chapter 4) with the same material parameters. The soil bed is 300 mm in height and 1500 mm in
length. A set of numerical simulations subjected to different lateral inflow velocities through a 10

mm orifice is simulated to investigate the onset and development of soil fluidisation mechanism.

1500

100

100

300 E—r——— X 10

. Water
[] saturated Soil

7] \nflow

Figure E.1: Geometry of the lateral leakage model (unit: mm)

The porosity distribution at different inlet velocities after 2s of simulation through the centreline
of the soil bed is plotted in Figure E.2. The soil porosity increases with the increase in the inflow

velocity and increases faster around the orifice. Figure E.2 demonstrates the observed stages of
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fluidisation progression with the increase in the leakage velocity: a) outwards initiation of the
fluidised zone in lateral and vertical directions, b) enlargement of the fluidised region, c) rapid
progression of fluidisation, and d) surface fluidisation. The observed mechanism is consistent
with the experimental result by Alsaydalani (2020) that studied the effect of horizontal seepage
on the failure mechanism of a granular bed. The presented investigation provides valuable

insights into the fluidisation mechanism of the soil bed induced by lateral leakage.
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