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ABSTRACT

The pile-supported embankments provide feasible solutions for railway infrastructure
projects on the soft soil and allow rapid construction with less differential settlement.
In the pile-supported embankments, the embankment load including surcharge is
transferred to the pile heads through a load transfer mechanism known as soil arching.
The pile-supported railway embankments often encounter dynamic loading due to the
moving trains and earthquake. The dynamic loading may influence the soil arching
phenomenon. Over the past decade, soil arching has been significantly studied under
static conditions, and several analytical methods have been proposed to evaluate soil
arching. However, the dynamic behaviour of soil arching under moving train-induced
load and earthquake is yet to be investigated. Furthermore, the vertical stress on soil
arching crown in the existing analytical methods is considered only due to self-weight
of embankment and the stress distribution due to additional surcharge is neglected,
resulting in inaccurate predictions.

In this thesis, finite element method (FEM)-based numerical analyses are
performed to investigate the dynamic behaviour of soil arching. The physical
visualisation of the soil arching phenomenon in the pile-supported embankments is
very complex and usually requires a large setup. Therefore, numerical analysis is the
unsurpassed approach to investigate soil arching. The two-dimensional (2D) unit cell
model is analysed. A 2D idealisation method (i.e. equivalent area method) is used to
convert a hypothetical three-dimensional (3D) problem into 2D to reduce the
complexity and computational time.

This work begins with investigating the soil arching in a railway embankment

under static condition. The equivalent dynamic load induced by a moving train is

XXXil



chosen for train loading. The results confirm that the analysed numerical model can
predict the soil arching phenomenon in a pile-supported railway embankment with
reasonable accuracy. The key parameters of pile-supported embankments and their
optimum value are identified. The inclusion of a geosynthetic layer is also investigated.
The comparison of different analytical methods has also been reported to identify the
variation in different methods. Subsequently, the accuracy of the existing analytical
methods is improved by incorporating a realistic approximation of vertical stress on
the soil arching crown. Results show that the failure of soil arching at the pile top is
critical in the 3D condition, whereas the soil arching failure at the crown is more
critical in the 2D condition.

Subsequently, the influence of earthquake-induced loading on soil arching
phenomenon is investigated. The results show that soil arching is significantly affected
under the seismic excitation. The parametric investigation reveals that friction angle
of embankment fill should be higher for better performance of pile-supported
embankment during an earthquake. The geosynthetic layer at the base of the
embankment encourages stress transfer to the pile head through the membrane effect.
Also, the amplitude of the earthquake significantly affects the mobilisation of soil
arching.

Finally, the mobilisation of soil arching under moving train-induced dynamic
loading is investigated. The results revealed that the dynamic loading significantly
affects the soil arching phenomenon and should be considered during the design of a
pile-supported railway embankment. The application of a geosynthetic layer enhances
the load transfer from the subsoil to the pile head through the membrane effect.

Therefore, the findings of this thesis enhance the current knowledge of the

dynamic behaviour of soil arching under the moving train load and earthquake. The
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presented analytical methods can be used for accurate evaluation of vertical stress on

the soil arching crown.
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CHAPTER

INTRODUCTION

This chapter covers the general background of the soil arching phenomenon in a pile-
supported embankment which helps readers to gain basic knowledge about this
research project. It also includes the problem statement, research objectives, and

outline of this thesis.

1.1 BACKGROUND

In the 2020-21 financial budget, the Australian government committed to invest
billions of dollars in railway projects to strengthen the national economy. Most of these
projects involve construction in coastal regions where the conditions are unfavourable
for construction activities due to the compressible nature of the soil. These soils are
vulnerable to potential failure due to excessive settlement which can adversely affect
the stability of overlaid railway infrastructure projects. For the construction of
embankments, many techniques such as the use of lightweight fill material (Puppala
et al. 2019), temporary surcharge (Lopez-Acosta et al. 2019), use of the geosynthetic
layer at the embankment base (Bergado and Teerawattanasuk 2008), use of
prefabricated vertical drains (Liu and Rowe 2015), and the inclusion of rigid columns
such as piles (Liu et al. 2007), semi-rigid columns such as cement mix columns
(Phutthananon et al. 2020) and flexible columns such as stone columns (Hosseinpour

et al. 2019) are used to overcome these issues. Among these techniques, the
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geosynthetic-reinforced pile-supported (GRPS) embankments provide feasible
solutions for railway infrastructure projects on soft soil due to their rapid construction
and less differential settlement. A typical schematic diagram of a GRPS railway
embankment resting on the pile-improved area is shown in Figure 1.1. The type of
rigid pile can be floating or end-bearing according to the subsoil stratum. Almeida et
al. (2007) reviewed 16 case studies and found that the GRPS has been extensively used
since 1995, and more than 80% of studies are related to railway or highway

infrastructure. Therefore, this thesis deals with railway embankments supported by

end-bearing rigid piles.

-
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Figure 1.1: Schematic diagram of geosynthetic-reinforced pile-supported
railway embankment and soil arching mechanism

In GRPS embankments, a granular material layer with a high friction angle is
used to transfer embankment load, including surcharge to pile heads, resulting in
reduced differential and total settlement at the embankment surface. Due to the
stiffness difference in the rigid piles and the adjacent subsoil, shear stress is mobilised

within the embankment fill. Consequently, the embankment load including surcharge



is transferred to the pile heads through a load transfer mechanism which is known as
soil arching (Terzaghi 1943), as shown in Figure 1.1.

Many studies have investigated soil arching in GRPS embankments. These
studies included, numerical studies (Han and Gabr 2002; Le Hello and Villard 2009;
Zhuang et al. 2012; Rowe and Liu 2015; Pham and Dias 2019; Meena et al. 2020;
George and Dasaka 2021), experimental studies (Liu et al. 2007; Chen et al. 2010; Van
Eekelen et al. 2012a; 2012b; Han et al. 2015; Zhang et al. 2016; Hen et al. 2017; King
et al. 2019; Rui et al. 2019; Wang and Chen 2019; Da Silva Burke and Elshafie 2020;
Zhang et al. 2021) and theoretical analysis (Hewlett and Randolph 1988; Abusharar et
al. 2009; Van Eekelen et al. 2013; Zhuang et al. 2014; Zhuang and Wang 2017; Rui et
al. 2018; Pham 2020a; Lai et al. 2021). Most of the studies among the above listed are
described further in this thesis.

GRPS railway embankments are subjected to cyclic loading due to moving
trains which may affect the soil arching phenomenon (Han et al. 2015). Most of the
past studies so far deal with the static behaviour of soil arching. In contrast, the
dynamic behaviour of soil arching under moving train-induced load and earthquake is
yet to be investigated. Furthermore, the surcharge on soil arching crown in reported
analytical methods is considered either due to the self-weight of the embankment or
similar to acting on the embankment top, resulting in vertical stress on the soil arching
crown which is not accurate as in GRPS embankments, the magnitude of surcharge
decreases with an increase in embankment depth. Therefore, this thesis aims to cover

these aspects of soil arching.

1.2 PROBLEM STATEMENT AND RESEARCH OBJECTIVES

In the past, soil arching has been examined under the static loading condition, while a



few studies (Heitz et al. 2008; Han et al. 2015; Pham and Dias 2019; Tang et al. 2020)

have reported the dynamic nature of soil arching. However, the effect of moving train-

induced load and seismic excitation on soil arching has not been fully investigated yet.

Further, there is no method for the accurate evaluation of vertical stress on the crown

of soil arching in the existing literature. Thus, it is expected that this thesis will provide

insight into the dynamic behaviour of soil arching, and the accurate evaluation of

vertical stress on the crown of soil arching which can ensure the better performance of

GRPS embankments, especially from a soil arching viewpoint. Figure 1.2 shows a

flow chart of objectives with the outcome. There are three issues associated with the

stability of GRPS embankments under dynamic loading:

In GRPS embankments, soil arching is the primary load transfer mechanism
and there is scant knowledge in the literature on the dynamic behaviour of soil
arching under a moving train.

The dynamic behaviour of soil is substantially different from static behaviour.
This aspect needs to be carefully considered in GRPS embankment design.
Lateral earthquake excitations are usually high in earthquake-prone areas
depending on the ground motion characteristics of the site. An insight into soil
arching under seismic excitation is required to properly design a GRPS

embankment.

Consequently, the major objectives of this thesis are as follows:

To examine soil arching mobilisation under the equivalent dynamic load
induced by a moving train using the finite element method (FEM).

To develop analytical methods in both 2D and 3D conditions considering
accurate evaluation of vertical stress on the soil arching crown.

To investigate the dynamic behaviour of soil arching under a moving train and
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seismic excitation using FEM.

Soil arching investigation
p—] under the equivalent e
dynamic load

Develop analytical

Soil arching in the methods considering Better performance of
pile-supported railway - accurate value of vertical Z:> pile-supported railway
embankment stress on the soil arching embankment

crown

Investigate the dynamic

behaviour of soil arching __]

under moving train and
seismic excitation

Figure 1.2: A flow chart of the research objectives and the outcome

Firstly, the equivalent dynamic load induced by a moving train is considered
to achieve the first objective of this thesis. The equivalent dynamic load is equal to the
weight of the train multiplied by an impact factor (i.e., dynamic amplification factor),
which accounts for the dynamic effects due to the moving train (Doyle NF. 1980;
Esveld, C. 2001).

An analytical approach is used to accomplish the second objective of this
thesis. Based on Low et al.’s (1994) analytical model, a two-dimensional (2D)
theoretical method of soil arching in a GRPS railway embankment is presented.
Further, the 2D theoretical method is extended to a three-dimensional (3D) condition
following Zhuang et al.’s (2014) method.

Subsequently, a moving train load is considered at the embankment top to
assess the dynamic behaviour of soil arching under a moving train. In addition, seismic
excitation is applied at the base of the numerical modelling to see the soil arching
nature under an earthquake condition. These both accomplish the third objective of

this thesis.



Overall, this thesis aims to identify critical parameters of the pile-supported

railway embankment for soil arching mobilisation. Subsequently, the effect of moving

train and seismic excitation on the soil arching is investigated which demonstrates the

practical importance to this thesis.

1.3 LIMITATIONS OF THIS THESIS

The research work, presented in this thesis has the following limitations which can be

incorporated in future work:

In this thesis, a unit cell, situated in the centre of a pile-supported railway
embankment, is considered to investigate the soil arching. In addition, a single
rail track is taken on the embankment top.

The subsoil profile is taken homogeneous thought-out the depth. However, in
reality, the subsoil properties can be varied with respect to depth.

In the 2D idealization of piles, only the elastic pile response could be captured,
and this idealization works for vertical + static loading conditions. However,
piles may be subjected to plastic deformation due to lateral loading for seismic
loading conditions.

Influence of the excess pore water pressure is neglected, which can affect the
soil arching.

Numerical simulation is conducted under the two-dimensional (2D) plane
strain condition using some 3D to 2D conversion methods. Whereas, the pile-

supported embankments are a three-dimensional (3D) problem.

1.4 THESIS OUTLINE

This thesis is organised into eight chapters. The current chapter presents a brief
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introduction, the problem statement, and the objectives related to this research. It also
includes the outline of this thesis.

Chapter 2 includes a comprehensive review of the existing literature regarding
soil arching in GRPS embankments along with the possible research gaps. It starts with
an introductory background of GRPS embankments and soil arching for the readers'
convenience. Further, it consists of an in-depth review of the past studies and their
outcomes followed by identifying the research gaps which will be addressed in this
thesis.

In chapter 3, a series of numerical analyses in two-dimensional (2D) plane
strain conditions are carried out to investigate soil arching in a railway embankment.
Primarily, it is focused on the visualisation of soil arching in a pile-supported railway
embankment. Subsequently, the key parameters of pile-supported embankments and
their optimum value are identified which help the effective mobilisation of soil arching
against the equivalent dynamic loading in both unreinforced and reinforced conditions.
The equivalent dynamic load is equal to the weight of the train multiplied by a dynamic
amplification factor (DAF), which accounts for the dynamic effects due to the moving
train. The effect of a geosynthetic layer is found to be significant for reducing the load
on the subsoil and improving the load transfer through the membrane effect. Different
analytical methods compared to identify the variation in different methods.

Based on Low et al.’s (1994) analytical model, a 2D theoretical method of soil
arching in a pile-supported railway embankment is presented in chapter 4. The
proposed method is refined to consider the realistic approximation of vertical stress on
the soil arching crown. The proposed method is validated by a field study and a full-
scale model test and is found to be in good agreement with reasonable accuracy for

both studies. In addition, it is also compared with other design methods such as Guido



el al. (1987), Low et al. (1994) and BS8006 (2010). The results show that the load on
the pile top increases with an increase of embankment height and a decrease of pile
spacing. The importance of the geosynthetic layer is also investigated. In addition, the
effect of an earthquake is also incorporated in this chapter.

Chapter 5 presents a 3D theoretical method of soil arching following Zhuang
et al.’s (2014) method. The surcharge on the embankment top is neglected in Zhuang
et al. (2014) whereas, in this chapter, a train and track-induced appropriate surcharge
value is incorporated. The results reveal that the failure of soil arching at the pile top
is critical in the 3D condition, whereas the soil arching crown is normative in the 2D
plane strain condition. The geosynthetic layer and compression modulus of subsoil
significantly contribute to the load transfer mechanism, and the geosynthetic layer
plays a crucial role in large pile spacing and very compressive subsoil.

Chapter 6 incorporates a series of 2D numerical analyses to investigate the
effect of seismic excitation on soil arching. Different aspects of soil arching and the
most sensitive parameters of the pile-supported embankment, which are identified in
the numerical simulation of Chapter 3, are assessed under an earthquake condition.
The computational results include the vertical stress and settlement on subsoil and pile
top during the earthquake. Results show that the vertical stress on subsoil significantly
reduces with an increase of friction angle resulting in the settlement also reduces and
the load transfer mechanism being significantly improved. The effect of a geosynthetic
layer resting at the base of the embankment is also investigated.

The Dynamic behaviour of soil arching under a moving train in the 2D plane
strain condition is numerically investigated in chapter 7. The moving train load is
validated against the existing literature which served as the basis of further analysis.

Results revealed that moving train load significantly affected soil arching. The



dynamic nature of soil arching is different from the static condition.
The last chapter, Chapter 8, details the conclusions of this thesis and suggests

future research directions.



CHAPTER

LITERATURE REVIEW

This chapter covers the existing literature and research gap associated with the current
study. It primarily provides essential background regarding this research study. The
chapter begins with a fundamental concept of pile-supported embankments.
Subsequently, load transfer mechanisms including soil arching are reviewed in detail.
Finally, the chapter concludes with a discussion of the research gaps which will be

addressed in this research study.

2.1 PILE-SUPPORTED EMBANKMENTS
In the past few decades, the exponential growth in urbanisation has increased the
global demand for transportation and transit systems such as highways, railways, and
airports (Aqoub et al. 2020). To meet this huge demand for transportation
infrastructures, construction activities have rapidly expanded. Consequently, the
number of road vehicles, trains and aircraft have drastically increased, resulting in
congestion and air pollution.

In contrast, rail transport is considered environment-friendly, dependable, and
suitable for bulk freight and commuters. Therefore, railroad construction is undergoing
a significant expansion across the world, such as in Asia (Wang and Chen 2019; Wu

et al. 2018; Zhou et al. 2016; Zhuang and Cui 2016), Europe (Briancon and Simon
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2017), and Australia (King et al. 2017). These railroads often encounter weak soil with
poor engineering characteristics such as high compressibility and low bearing
capacity. Subsequently, mud pumping, possible bearing failure, ballast pocket,
excessive settlement and instability of the railroad are prime concerns (Wang et al.
2019).

Piles and embankment are increasingly used to enhance the strength of weak
soil and elevate the ground level, respectively, for the construction of railroads on these
soils. The piles may be floating or end-bearing, which is typically in a rectangular,
square or triangular arrangement (as shown in Figure 1.1). Pile-supported
embankments (i.e., typical arrangement of piles with an embankment) allow for rapid
construction with an overall low cost and small settlement (including total and
differential) of the railroad on weak soils (King et al. 2017). A pile-supported
embankment is often reinforced with a number of geosynthetic layers at the base of
the embankment which is commonly known as a geosynthetic-reinforced pile-

supported (GRPS) embankment (Briangon and Simon 2017; Wang and Chen 2019).

2.2. SOIL ARCHING

In the non-geotechnical context, the soil arching phenomenon has been investigated
for over a century. Early in the1800s, French military engineers found that a grain silo
supported only a certain portion of the total weight of the grains (Feld 1948). Similarly,
in the early 1900s, United States engineers observed that the load on top of a buried
pipe is lower than the weight of the soil cover during a land drainage project (Marston
1930). As shown in Figure 2.1, Terzaghi (1936) established some empirical relations
for tunnel support loading using the classical trapdoor test, which is still very useful

for the analysis of soil arching in a pile-supported embankment.
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Figure 2.1: Vertical stress-settlement curve (modified from Terzaghi 1936)

Terzaghi (1943) categorised the ground condition into mobilised and stationary
parts and defined soil arching based on the stress distribution on these parts. The stress
transfer from the mobilised to stationary parts through the development of shear stress
at the interface of both portions is defined as soil arching. Based on the relative
movement of the mobilised portion, the nature of soil arching is categorised as positive
or negative soil arching (Han et al. 2017). Figure 2.2 shows a schematic diagram of
positive and negative soil arching. When the mobilised part moves downward relative
to the stationary part, the shear stress is projected upward in the overburdened soil,
resulting in a reduction of stress on the mobilised part and an increase of stress on the
stationary part. This is referred to as positive soil arching. In contrast, the stress on the
mobilised part increases and the stress on the stationary part decreases, which is

referred to as negative soil arching.
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Figure 2.2: A typical schematic diagram of (a) positive soil arching, and (b)
negative soil arching (modified from Han et al. 2017)

-

In pile-supported embankments, positive soil arching always occurs, where
weak soil and piles indicate the mobilised and stationary parts, respectively. When
embankment height is sufficient, an imaginary plane develops above the soil arching
zone. Above this plane, the vertical stress in embankment fill follows overburdened
stress. Consequently, uniform settlement occurs which is known as the plane of equal
settlement. Soil arching is the principal load transfer mechanism in conventional pile-
supported embankments. However, Han and Gabr (2002) reported that in GRPS
embankments, the load transfer mechanism is classified into three mechanisms: the
soil arching effect, the tensioned membrane effect in the geosynthetic layer and stress
concentration due to the stiffness difference between the piles and the adjacent weak

soil.

2.2.1 Soil arching terminologies

In the literature, the load transfer mechanism and settlement behaviour of the GRPS
embankments are described using different terminologies which are briefly discussed
here.
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2.2.1.1 Stress concentration ratio (SCR):
The stress concentration ratio (SCR) evaluates the stress transfer to pile top through
the soil arching. It is defined as the ratio of stress on pile (op) to subsoil top (o3) in
unreinforced pile-supported embankments, as shown in Equation 2.1, whereas in
GRPS embankments, the stress on the subsoil (o) is substituted by the stress on the
top geosynthetic layer (ogeo).

%

SCR=2 (2.1)

Os

SCR = 1 implies no soil arching (i.e., load transfer effect does not occur in the

embankment fill; op = os), whereas a higher SCR refers to the mobilisation of soil

arching. Several researchers (Han and Gabr 2002; Yun-Min et al. 2008; Abusharar et

al. 2009) used it to assess the soil arching in pile-supported embankments.

2.2.1.2 Soil arching ratio (SAR):

The degree of stress transfer is measured by the soil arching ratio (S4R). In an
unreinforced case, it is defined as the ratio of stress on subsoil top (os) to geostatic
stress on the subsoil top including surcharge magnitude on the subsoil top (4 + g) as
shown in Equation 2.2, whereas in GRPS embankments, the stress on the subsoil (o)

is substituted by the stress on the top of geosynthetic layer (ogeo).

Os

SAR = (yh+q)

2.2)

It varies from 0 to 1. SAR = 0 represents the full mobilisation of soil arching (i.e., the
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entire embankment load is transferred to the pile top). In contrast, S4R = 1 denotes no
soil arching, implying the stress applied to the subsoil or top of the geosynthetic layer
is equal to the overburdened stress including surcharge. Several studies (Low et al.
1994; Liu et al. 2007; Nunez et al. 2013; Zhuang et al. 2014; Rowe and Liu 2015; Han
et al. 2017; Rui et al. 2019; Sen et al. 2020; Zhang et al. 2021) reported this

terminology to assess soil arching in pile-supported embankments.

2.2.1.3 Stress efficacy on the pile top (Est):
The percentage of total embankment weight that is transferred to the pile top is known

as stress efficacy (Est).

__Q
EStI‘ - A(Vh)

(2.3)
where Q is the total force carried by the pile and 4 is the effective surface area of a
pile. Past studies (Hewlett and Randolph 1988; Jenck et al. 2009; Nunez et al. 2013;
Van Eekelen et al. 2013; Lee et al. 2020; Brzezinski and Michalowski 2021) have
reported this terminology to evaluate the load transfer in pile-supported embankments.
In addition, Nunez et al. (2013) reported settlement efficacy (Eset) to assess the overall
performance of the pile-supported embankment. Settlement efficacy (Eset) is defined

as:

)
Eset =1-— ?p (2.4)

where ¢, and ¢ are the soil settlement with and without piles, respectively.
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2.2.2 Theoretical evaluation of soil arching in GRPS embankments
Although the word “arching” is used to define soil arching, any physical arch inside
the embankment between the piles does not exist in reality. Over time, many
theoretical models have been proposed to evaluate load transfer through soil arching
and the membrane effect of reinforcement, resulting in a reduction of load on the
subsoil.

These models are based on various assumptions and assume different failure
planes. There are three families of soil arching models, frictional, limit equilibrium,
and rigid arch models (Van Eekelen et al. 2013; Rui el al. 2018) which are described

in Table 2.1. A schematic diagram of these models is shown in Figure 2.3.

Embankment top

! !
Plane of equal settlement : :
A R e T i TR TR 7
ERLY b Al : N NN g LN ’ . 7
th Al L NN NS B
N ; ' | N
Fictitious i Soil arch i Rigid
column : © - : block
i - g @
(a) + Subsoil (b) : (c)
] |

Figure 2.3: A typical schematic diagram of soil arching theoretical model
families: (a) Frictional models; (b) Limit equilibrium models; (c) Rigid arch
models (modified from Rui el al. 2018)
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Table 2.1: Elementary model of soil arching

Model
category

Description

Design guidelines that based on these model

Rigid arch
models

The shape of failure plane is assumed triangular. Above this plane, the load
including overburden and surcharge is directly transferred to the pile top. These
models neglected the mechanical characteristics of embankment material.

Nordic Guidelines
for Reinforced Soil and Fills (NGG 2005)

Limit
equilibrium
models

It is assumed that an arch of failure plane with a certain thickness develop
between adjacent piles, where the major and minor principle stresses aligned in
the tangential and radial direction, respectively.

Hewlett and Randolph (1988) and Zaeske’s (2001) models are widely adopted
for design recommendation of GRPS embankments.

i. Hewlett and Randolph (1988) model
adopted in French ASIRI guideline (2012) and
British Standards Institution (BSI) as BS8006
(BSI12010).

ii. Zaeske’s (2001) model adopted in German
standard EBGEO 2011) and the Dutch
CUR226 (2016).

Frictional
models

It is proposed by Terzaghi (1943) with plane of equal settlement and the failure
plane is assumed based on the Mohr-Coulomb (MC) failure criterion. Russell
and Pierpoint (1997) made a refinement incorporating the three-dimensional
geometry of GRPS embankments in the Terzaghi (1943) model.

Filz et al. (2012) further extended it by including the critical embankment height
and reported that soil arching mobilises underneath this height.
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2.2.3 Ground reaction curve (GRC)

Iglesia et al. (1999) proposed a novel method to evaluate the vertical loading on an
underground structure in granular soils using trapdoor tests with some early soil
arching theories. They found that soil arching depends on the trapdoor movement and
it mobilised from an initial curved shape to a triangular shaper before reaching the
ultimate state with two vertical shear planes. The curved shape is similar to Hewlett
and Randolph’s (1988) model (i.e., semi-circular arch model) whereas the triangular
shape follows Guido et al.’s (1987) model, and the ultimate state is similar to Terzaghi
(1943) model. Figure 2.4 illustrates the observations of Iglesia et al.’s (1999) novel
method. The progressive mobilisation of soil arching is referred to as the ground
reaction curve (GRC) and is classified into four stages. A generalised concept of GRC

is shown in Figure 2.5.

Trapdoor width
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Figure 2.4: Soil arching evolution (modified from Iglesia et al. 1999)
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Figure 2.5: General concept of the ground reaction curve

2.2.4 Soil arching investigation in GRPS embankments
Over the past decades, a number of studies (i.e., experimental, numerical and

theoretical) have been undertaken to investigate soil arching in GRPS embankments.

2.2.4.1 Experimental investigations

Table 2.2 lists several fields and laboratory-based studies which were performed to

gain insight into soil arching in pile-supported embankments.
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Table 2.2: Summery of the experimental studies of soil arching in the past years

Past studies Location Investigation type Reinforcement Observation
Liu et al. Shanghai, Field study (highway Due to soil arching, stress acting on the pile tops was 14 folds
; Yes higher than stress acting on the subsoil top located between
(2007) China embankment) ; . .2 .
adjacent piles resulting in excess pore water pressure reduction.
Southeast i. Three cases are used to investigate the soil arching.
Chen et al. Zhej.l ang Field study (highway No ii. The soil arching height is found to be 1.0-1.5 times of clear
(2010) province, embankment) . . SR .
. pile spacing, and the Y-shape pile significantly improved the
China .
load transfer mechanism.
i. A series of twelve model tests are carried out to insight the
soil arching.
ii. The load transfer mechanism is categorised into three parts
namely load transfer directly on pile top through the soil
Van Eekelen ) . S
etal. (2012 Delft, Laboratory model test Yes arching (A), load on pile through the tension in reinforcement
part I and H’) Netherlands (B), and load carried by the subsoil below the reinforcement

©.

iii. From the experimental investigation, the stress on pile and
subsoil top, differential settlement and strain in reinforcement
are investigated.
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Hong et al. Western
(2014) coast, Korea

Field study

i. The beam foundation with end-bearing and floating piles is
used to support the embankment on soft soil.

ii. It is found that the mobilisation of soil arching is depends on
the centre to centre distance between the beam foundation.

iii. The load transfer in both types of pile is similar however the
settlement behaviour of floating piles is different from the end-
bearing piles which may due the interaction between pile and
adjacent subsoil.

Guangxi
province,
China

Zhang et al.
(2016)

Field study (railway
embankment)

Yes

i. The progressive load transfer phenomenon is observed during
the embankment stage construction resulting in increased load
on the pile top through soil arching and tension in the
reinforcement layer.

ii. The stress efficacy is found constant after an embankment
height of 6 folds pile spacing, and it is affected by area
replacement ratio and pile length.

iii. Considering the triangular layout of piles, Hewlett and
Randolph (1988) based, a new three-dimensional (3D)
theoretical model of soil arching is proposed. The proposed
model is in good agreement with the existing model in terms of
stress efficacy and tensile force in the reinforcement layer.

Briangon and
Simon
(2017)

France,
Europe

Field study (railway
embankment)

Yes

i. The stress efficacy is compared for both unreinforced and
reinforced embankment cases and it is found that the
reinforcement reduced settlement resulting in improve the load
transfer to the pile heads.
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Fagundes et
al. (2017)

France,
Europe

Laboratory test
(centrifuge test)

Yes

i. A series of centrifuge tests is performed to assess the load
transfer and settlement behaviour of GRPS embankments.

ii. Experimental results show that the load transfer to piles is
fully attained through soil arching with membrane behaviour of
geosynthetic. Also, stress efficacy in GRPS embankments is
influenced by the pile spacing and embankment height, and the
higher stiffness of geosynthetic does not affect much.

iii. The differential settlement at the embankment top decreases
with a decrease in pile spacing and increase in embankment
height.

iv. The observed maximum deflection of geosynthetic layer is
in good agreement with BS8006 theoretical solution.

King et al.
(2017)

Melbourne,
Australia

Field study (railway
embankment)

22

i. An instrumented GRPS embankment is monitored over a
period of two years and time-dependent load transfer
phenomena and settlement of subsoil are observed.

ii. At maximum arching condition, the soil arching ratio
obtained from the experiment data yields better prediction with
existing methods.

ifi. The ground reaction curve (GRC) method can be considered
to predict the long-term performance of GRPS embankment in
view of soil arching. Also, further investigation is required to
see the effect of subsoil settlement on the long-term
performance of soil arching.



Fonseca and
Palmeira
(2019)

Brazil,
South
America

Large-scale laboratory
test

Yes

i. The results show the significance of reinforcement on the
performance of pile-supported embankments. the settlement of
subsoil and strain decrease with an increase in reinforcement
stiffness whereas the stress efficacy increases.

ii. Results are in good agreement with the existing methods.
The stress efficacy and subsoil settlement are well match with
the concentric arches and BS8006 methods.

Rui et al.
(2019)

Wubhan,
China

Laboratory (two-
dimensional multi-
trapdoor) test

Yes

i. In unreinforced analogical soil, the settlement contours are
confirmed with Rui et al. (2016b) which used sand as fill
material. Following patterns are identified:

Normalised embankment height,

hi(s-d)
h(s-d) < 1.5

Settlement patterns

Triangular expanding
pattern (TEP)
Triangular arch (ESP-
TA) with an equal
settlement pattern

h(s-d)>1.5

1.5 <h/(s-d) £2.0
and
(d/s-d)<3.0

Tower-shaped pattern
(TDP)

ii. The ESP pattern is found to be more stable than the TEP and
TDP patterns.

iii. The settlement contours become concentric elliptical with
the inclusion of a geosynthetic above the trapdoor which are
similar to concentric arch model in two-dimensional condition.

Khansari and
Vollmert
(2020)

Hamburg,
Germany

Field study (roadway
embankment)

Yes

The vertical stress and deflection on the mid-span of
geosynthetic reinforcement are overestimated by European
design codes such as EBGEO, CUR226 and BS8006-1.
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Van Eekelen
et al. (2020)

Woerden,
Netherlands

Field study (roadway
embankment)

i. The long-term performance of GRPS embankment is
monitored.

ii. Support from the subsoil is disappear after a few days
however soil arching mobilised over the first three months and
a yearly cycle in the load distribution evident. The mobilisation
of soil arching becomes more pronounced relatively dry season.
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2.2.4.2 Numerical investigations

The physical visualisation of the soil arching phenomenon in GRPS embankments is
very complex and usually requires a large setup. In contrast, numerical investigations
are able to solve complex problems with reasonable accuracy with less time and cost.
Therefore, nowadays, numerical analyses are the unsurpassed approach to investigate
soil arching in GRPS embankments.

Several numerical analyses have been undertaken using commercial
computational programs, for example fast Lagrangian analysis of continua (FLAC),
ABAQUS, PLAXIS, ANSYS, DIANA and particle flow code (PFC) which are based
on different methods (i. e., finite element method (FEM), finite differential method
(FDM), discrete element method (DEM)). The past numerical studies are briefly

described in Table 2.3.
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Table 2.3: Summery of the past studies based on numerical simulation

Past studies Used computational Modelling Presence of Observation
method and software type reinforcement
i. The three parameters of piled embankment namely embankment
height, tensile stiffness of a geosynthetic and elastic modulus of
the pile are significantly affected soil arching and the settlement.
Han and FEM based software ii. Stress cc_)ncenFration ratio (SCR) gnd maximum teqsion in .

Gabr (2002) FLAC 2D Yes .geosynthet.lc Whl.Ch occurs near the inner edges pf adjacept piles
increase with an increase in the embankment height, tensile
stiffness of a geosynthetic and elastic modulus of the pile.
iii. Used design method neglected the effect of geosynthetic
stiffness and pile modulus on soil arching ratio (SAR).
i. The time-dependant behaviour of GRPS embankment is
investigated.

Huang and FEM based software D Yes

Han (2009) FLAC ii. In the GRPS embankment, excess pore water pressure
drastically reduces due to the combination of efficient drainage and
load transfer.
i. The vertical stress on subsoil is observed at maximum arching
condition and found good comparison with Ellis an Aslam (2009a)

Zhuang et al.  FEM based software 3D No experimental data.

(2012) ABAQUS 3D

ii. The height of soil arching is found to be 2.0-2.5 folds clear pile
spacing.
i. A full-scale experiment is numerically simulated. Results shows
that the performance of pile-supported embankment is depends on

Nunez et al. FEM based software 3D Yes the soil compressibility and shear resistance.

(2013) FLAC

ii. In the unreinforced case, interaction between subsoil and pile is
correctly simulated. In contrast, it does not fit well with monitored
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data in reinforced case. Nevertheless, settlement efficacy is good in
agreement.

Lai et al.
(2014)

DEM based software
PFC

2D

Yes

i. Results show that the strong force network (SN) act as a load-
carrying network while (WN) weak force network serves as a
support system.

ii. The mobilisation of soil arching occurs in three stages as
surcharge increases; initially, the soil arching strengthened
gradually. Subsequently, it attained full mobilisation and interact
with the “forming-failure-reforming” zone with a further increase
in surcharge. Further increase in surcharge, soil arching
mobilisation jump into the third stage and no stable soil arching
occurred in this stage. However, the third stage is not found in
GRPS embankments due to the presence of reinforcement. It is
also reported that the reinforcement does not change the
mobilisation of soil arching from initial to failure stage, although it
significantly improves the efficacy and stability of soil arching.
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Rowe and
Liu (2015)

FEM based software
ABAQUS

3D

Yes

Full-scale embankments rested on the soft soil with different
ground improvement methods are numerically investigated and the
following conclusions are summarised:

i. Settlement at subsoil top is reduced up to 52% by the inclusion
of rigid piles compared to untreated section.

ii. Further, the settlement reduces up to 31% by including a single
layer reinforcement compared to the untreated section and
differential settlement decreases up to 38% compared to piled
improved section.

ifi. Adding two-layer reinforcement reduced the settlement up to
28% compared to untreated section. Also, it minimises the
maximum lateral displacement below the embankment toe among
all sections.

iv. the settlement at embankment top is not reported in the filed
data however it reduced up to 60%, 41%, and 38% for sections
improved with rigid piles, single layer of reinforcement and two
layers of reinforcement, respectively compared to untreated
section.

Zhuang and
Wang (2015)

FEM based software
ABAQUS

3D

Yes

28

i. Three types of elements (isotropic membrane, orthotropic
membrane, and truss) are considered to investigate the behaviour
of biaxial geogrid and a negligible effect has been found on the
subsoil settlement and SCR.

ii. Maximum tension in geogrid is reported up to 33% larger for
isotropic membrane element compared to the other two elements.

iii. The orthotropic membrane element is compared with four
analytical methods of soil arching and it is found that tension in
geogrid is overestimated in BS8006 (BSI 2010) and EBGEO
(2011) methods whereas Zhuang et al. (2014) is in good
agreement.



Yu et al.
(2016)

FEM based software

FLAC 2D Yes

i. The lateral displacement of embankment and subsoil is
investigated using a modified unit cell with linear elastic springs at
vertical boundaries of the unit cell.

ii. A minor difference has been found in the maximum vertical
stress and settlement in large and small strain cases for fully fixed
vertical boundary condition. While in the case of lateral springs
boundary, the lateral displacement of embankment and subsoil has
increased the maximum vertical stress and settlement on the
subsoil and reinforcement top.

Tran et al.
(2019)

FDM based
FLAC and DEM based 3D No
PFC software

i. Two methods namely continuum and discrete-element method
are used to investigate the shear-strength degradation of
embankment fill material. For dense material, degradation of shear
strength is obvious in the DEM method due to high friction angle
and low porosity. While a cap-yield constitutive model improved
with friction softening in continuum method.

ii. For loose material, the soil arching does not visible in the
continuum method because it is not able to capture the evolution of
porosity.
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Zhang et al.
(2019)

FEM based software
ABAQUS

2D and 3D

Yes

i. The maximum deflection and strain in geosynthetic are
overestimated in 2D compared to 3D condition corresponding to
the modulus of subsoil reaction, the layout of pile arrangement and
presence of gravel bed.

ii. The maximum deflection and strain in geosynthetic decrease up
to a constant value with an increase in modulus of subsoil reaction.
A smooth pile top such as square shape with smooth corners or
circular top, triangular pattern of pile layout compared to square
pattern and inclusion of gravel bed significantly reduce the
maximum strain in geosynthetic.

Lee et al.
(2020)

FEM based software
ABAQUS

3D

Yes

i. The load distribution mechanism component, soil arching varies
with modulus of subsoil (£s), embankment height, pile spacing and
applied surcharge on the embankment top. The maximum soil
arching seen at £5 = 2000 kPa with embankment fill friction angle
of 33°. The stress efficacy is in good agreement with concentric
arch (CA) model at £; <2000 kPa.

ii. The size and shape of soil arching reduce with an increase in E
and the degree of stress efficacy differs with variation in the
geometric configuration. The inclusion of a geosynthetic layer
supports maximum efficacy and stable soil arching.

iii. The load distribution mechanism component, combined with
subsoil support and membrane effect in geosynthetic identifies
differently from the CA model because it is assumed in the CA
model that load transfer from these combined components is
exerted on geosynthetic reinforcement only.
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i. A 3D soil arching model is proposed considering the triangular
arrangement of piles which consist of a lower and upper soil arch.
The lower and upper soil arch appear a semi-circular shell and a
semi-ellipsoid shape, respectively. The height of soil arching is

Ye et al. FEM based software 3D Yes found to be 1.4 times of clear pile spacing.
(2020) ABAQUS
ii. The inclusion of geosynthetic enhances the load transfer
efficiency by increasing the load on the pile top. Also, the
maximum strain in geosynthetic occurs at the edges of two
adjacent pile top.
i. A trapdoor test is numerically simulated and found that the
mobilisation of soil arching is more evident in Hardening Soil
George and FEM based software constitutive model compared to Mohr-Coulomb model.
Dasaka PLAXIS 3D No
(2021) ii. The soil arching zone increases with an increase in normalised

embankment height. Results reveals that the soil arching zone 1-
1.5 folds of embankment height.
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Of the available commercial software, the FEM-based ABAQUS is capable of
simulating a wide range of simple linear to complicated nonlinear problems. Also,
several types of elements are included in the ABAQUS library to ensure it can model
any geometry. Different material constitutive models are available, which permits to
easy behaviour of materials. It can solve a problem in two-dimensional (2D),
axisymmetric, and three-dimensional (3D) conditions. In the nonlinear analysis,
appropriate load increments and convergence tolerances can automatically be chosen.
This thesis proposes a complex model of a GRPS railway embankment which will be
struck by a moving train-induced load and earthquake. The ABAQUS is capable of
simulating this kind of complexity with reasonable accuracy. Thus, this software

package is more appropriate for this research study.

Two-dimensional (2D) idealisation
Typically, pile-supported embankments are a three-dimensional (3D) problem.
However, 3D modelling is complex, time-consuming and needs advanced computing
facilities. Therefore, two-dimensional (2D) plane strain modelling is used with
reasonable accuracy in practice to overcome these problems (Zhang et al. 2014; Wu et
al. 2019). Various approaches such as equivalent area (EA), area replacement ratio
(ARR), equivalent flexural stiffness (EFS) and equivalent elastic modulus (EEM) of
piles are used to transform a 3D problem to a 2D problem. In these methods, the pile
arrangement is assumed to be in a square pattern (i.e., sx and sy = s).

In the EA method, the area replacement ratio of the pile to surrounding soil is
kept the same in both 3D and 2D conditions. The area replacement ratio is defined as
the ratio of the cross-sectional area to effective surface area of a single pile as shown

in Equation 2.4, whereas in the other methods, the pile wall thickness is kept the same
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with equivalent elastic modulus considering the normal and flexural stiffness of pile.
Different methods have different formulas to evaluate the equivalent elastic modulus
of the pile (Equations 2.5 to 2.7). The principle of the EA method to convert a pile

diameter into the equivalent wall is illustrated in Figure 2.6.

2=d(3) (2.4)

Equivalent elastic modulus (EEM) method:

Eeq = Epile (::_:f) + Esup ( - j:_p) (2.5)

ef’

Equivalent flexural stiffness (EFS) method:

Eeq Awan = EpileApile + Esup (Awall - Apile) (2.6)

Area replacement ratio (ARR) method:

Eeq Iwan = Epitelpite + Esublsub (2.7)
where, Ap, Aet, Awanl are the cross-sectional area of a pile, the effective surface area of
a single pile, and the area of the pile wall, respectively; Eeq, Ep, Esub are the equivalent
elastic modulus of a pile, the elastic modulus of a pile and subsoil, respectively; d is
the width of the pile wall; sx is the pile spacing in x-axis; Lwall, [pite, Isub are the second

moment of the area of a pile wall, pile and subsoil, respectively.
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Figure 2.6: Illustration of the principle of the EA method (modified from
Zhang et al. 2014)

2.2.4.3 Theoretical investigations

Based on the existing theoretical models of soil arching, many analytical investigations
have been conducted. Chen et al. (2008) reported a theoretical solution for
unreinforced pile-supported embankments based on the one-dimensional compression
of subsoil. The stress concentration on the pile top, the settlement of the embankment
and axial load and skin friction along the piles are investigated and compared with
FEM results. It is found that the prediction of the proposed method is in good
agreement with the FEM results. Abusharar et al. (2009) improved Low et al. (1994)
analytical method including the surcharge on the embankment top. However, the
magnitude of the surcharge is always taken constant on the soil arching crown. It is
found that the inclusion of the geosynthetic layer increases the load transfer capacity
to the pile top through the membrane effect. Also, a comparison of the existing
methods shows that Low et al.’s (1994) method is in good agreement. However,
vertical stress on the geosynthetic layer is found to be lower compared to BS8006
(1995) and Guido et al. (1987). Van Eekelen et al. (2013) proposed a new analytical
model named “concentric arch” which is based on the limit-state equilibrium model

category. It is found that the proposed model can predict the monitored soil arching
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better than the other existing methods, especially for a relatively low embankment
height. The contribution of a geosynthetic layer is also identified and the inclusion of
the geosynthetic layer significantly improved the load transfer mechanism. Based on
Hewlett and Randolph’s (1988) method, Zhuang et al. (2014) presented a simplified
3D method for granular material. The failure mechanism of soil arching is considered
at the crown and pile top. It is found that subsoil and reinforcement play a crucial role
in the load transfer mechanism. However, the surcharge on the embankment top is not

considered which can lead to further research.

2.2.5 GRPS embankment characteristics affecting soil arching

Over the past few decades, several parameters of pile-supported embankment have
been assessed to see their influence on soil arching. Some common parameters of
GRPS embankments such as embankment height, pile spacing embankment and pile
modulus and the geosynthetic layer are reviewed here. In addition, the nature of the

surcharge which is imposed on the embankment top is also reviewed.

2.2.5.1 GRPS embankment geometry and material parameters

Han and Gabr (2002) reported that the stress concentration ratio (SCR) increases with
an increase of up to a certain embankment height. Also, a higher SCR is found in the
reinforced case compared to the unreinforced. A similar observation is reported
elsewhere in the literature. Jenck et al. (2009) investigated soil arching in a granular
embankment under the static loading condition using numerical analysis. They found
that stress efficacy increases with an increase in embankment height. However, after a
certain embankment height (i.e., 3 m to 5 m), it remains constant (Rowe and Liu 2015).

The same observation is reported elsewhere in the literature (Chen et al. 2010; van
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Eekelen etal. 2012; Nunez et al. 2013). This implies that the tendency of stress transfer
and soil arching increases with an increase of embankment height by up to a specific
height which can be the optimum embankment height (i.e., 1.4 to 2.5 times of clear
pile spacing (s-d)), for soil arching (Lu and Miao 2015; Yang et al. 2019). Bhasi and
Rajagopal (2013) investigated various parameters such as the embankment fill
properties, the stiffness of the geosynthetic layer and the modulus of the pile on the
time-dependent behaviour of GRPS embankments. They found that stress efficacy
increases with an increase in the friction angle, pile modulus and stiffness of the
geosynthetic layer. Zhuang and Wang (2015) numerically studied the 3D behaviour of
the biaxial geogrid in a GRPS embankment and reported that tension in the geogrid
layer increases with an increase in the embankment height and pile spacing, the tensile
stiffness of the geogrid and the compression modulus of the subsoil. Zhou et al. (2016)
reported that earth pressure on the pile top increases with an increase of embankment
height. Zhang et al. (2019) reported that maximum strain and deflection in the
geosynthetic layer decreases by up to a constant value with an increase of the modulus
of the subsoil reaction. This implies that the subsoil plays a crucial role in the load
transfer mechanism. Lee et al. (2020) performed a series of 3D numerical simulations
of a GRPS embankment using a unit cell. The results show that soil arching varies with
the material parameters (e.g., friction angle, elastic modulus of embankment fill, which
represents the frictional strength and stiffness of the embankment), subsoil stiffness
and surcharge imposed on the embankment top. Furthermore, the stain of the
geosynthetic layer is concentrated near the pile edges for low stiffness of subsoil. The
different patterns of the pile layout are investigated by Ye et al. (2020). The results
show that a triangular pattern of pile layout achieves a better performance in terms of

soil arching. Also, a geosynthetic layer enhances the efficacy of load transfer on the
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pile top through the membrane effect.

2.2.5.2 Nature of the imposed surcharge

Most of the aforementioned studies are conducted under static loading or self-weight
of embankment fill, whereas a railway embankment usually interacts with the dynamic
nature of loading induced by a moving train. Consequently, the assessment of soil
arching in the railway embankment may be different from the static condition. The
findings and observations of recent experimental and numerical studies regarding the
dynamic behaviour of soil arching are reviewed here.

Heitz et al. (2008) performed a small-scale (1:3) model test to investigate the
stress transfer phenomenon in a piled embankment induced by cyclic loading. It is
observed that the number of cycles, frequency, amplitude, embankment height to pile
spacing ratio (//s) and geosynthetic layer parameters influence the arching effect. Han
and Bhandari (2009) conducted a DEM-based numerical study to investigate soil
arching, and geosynthetic layer tension in GRPS embankments under cyclic loading.
Han et al. (2014) carried out a model test to investigate soil arching under dynamic
loading. The model test results are validated by numerical analysis using ADINA 8.5.
The results showed that dynamic loading significantly influenced soil arching in a low-
height embankment. The dynamic behaviour of soil arching is classified into two
types: soil arching is not mobilised in a dynamic load if the embankment height to
diameter of the opening hole ratio (4/D) is less than 3. In contrast, if this ratio is greater
than 3, soil arching is mobilised. Zhuang and Li (2015) investigated the dynamic
behaviour of soil arching using FEM-based ABAQUS software. A sine wave is applied
at the embankment top to replicate dynamic loading and they found that the

embankment settlement and vertical stress on the subsoil increases with an increase in
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the dynamic loading. The dynamic loading increased the maximum passive earth
pressure for the embankment by up to 30% compared to static loading. The simple
constitutive model Mohr-Coulomb (MC) is used for embankment fill which cannot
capture the dynamic behaviour of soil. Lehn et al. (2016) simulated a GRPS
embankment under quasi-static cyclic loading using PLAXIS 3D and compared the
outcome with the existing design methods. They found that the shape of soil arching
changes under cyclic loading. However, it can be stable. The concentric arches model
gives more realistic results in both static and cyclic loading. Zhuang and Wang (2018)
modelled a 3D unit cell and simulated soil arching in a pile-supported highway
embankment subjected to moving vehicle loads. The results showed that the settlement
increases by up to 68% with an increase in pile spacing from 2 to 3 m. Also, the
maximum settlement and vertical stress increase by up to 23% and 19%, respectively
compared to the static loading condition. Pham and Dias (2019) conducted a 3D FE
simulation using ABAQUS to investigate the cyclic behaviour of the load transfer
mechanism. An advanced hypoplastic constitutive model is considered for
embankment fill which is able to capture the dynamic behaviour of soil. The numerical
results show that the hypoplastic model is better than the linear elastic-perfectly plastic
model to deal with the decrease in soil arching and cumulative settlements under cyclic
loading. Bao et al. (2021) performed a DEM- based numerical 2D trapdoor model test.
The results reveal that soil arching tends to degrade during cyclic loading, particularly

for a low embankment height.

2.3 EFFECT OF SEISMIC ACTIVITIES ON SOIL ARCHING
In the past, the dynamic behaviour of soil arching has been analysed for the cyclic

loading condition representing a train- or vehicular-induced load. Seismic activity also
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induced dynamic loading on a pile-supported embankment, and the response of soil
arching under the seismic condition may be different from static or traffic-induced
dynamic behaviour. Son et al. (2010) analysed the stability of a GRPS embankment
under the seismic condition, adopting the classical “pseudo-static” approach.
However, the behaviour of the load transfer mechanism, including soil arching, has
not been investigated. Further, the dynamic behaviour of a pile-supported embankment
under the earthquake condition is reported by Zhang et al. (2012). The results were in
terms of relative displacement and acceleration of embankment. Thus, there is no study
which has investigated the effect of earthquake on soil arching which can significantly
affect the performance of pile-supported embankments, especially from a soil arching
point of view. Therefore, it is crucial to investigate the dynamic behaviour of soil

arching under seismic excitation.

2.4 SUMMARY AND RESEARCH GAPS

This chapter commenced with the background of pile-supported embankments.
Subsequently, a comprehensive literature review associated with soil arching in pile-
supported embankments including the effect of seismic excitation was presented. Most
of the studies are primarily concerned either with i) the influence of pile-supported
embankment parameters on the load transfer mechanism; or ii) the height of soil
arching, which is considered static load in the traffic scenario with the pile arrangement
in a square pattern, whereas in railway embankments, imposed loading is dynamic in
nature, induced by a moving train. Consequently, the assessment of soil arching in
railway embankments may be different from the static condition. Several recent
experimental and numerical studies (Zhuang and Wang 2018; Wang and Chen 2019;

Bi and Huang 2020) focused on the traffic-induced dynamic nature of soil arching. On
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the other hand, earthquake severely affects the performance of embankments.
Although a few researchers investigated the seismic assessment of embankments, the
studies related to soil arching during an earthquake are scarce. Therefore, an in-depth
understanding of the traffic and seismic-excitation-induced dynamic nature of soil
arching in a pile-supported embankment is crucial. Further, the vertical stress on the
soil arching crown in the existing analytical methods is considered only due to the self-
weight of the embankment. Moreover, the stress distribution due to additional
surcharge is neglected which results in inaccurate predictions. Therefore, the aim of
this research is to explore the possible effects of dynamic loading induced by seismic
excitation on soil arching in pile-supported railway embankments. The current study
also considers the variation of surcharge with depth, which is an improvement over

existing methods that disregard this distribution in the analysis.
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CHAPTER

SOIL ARCHING IN A  PILE-SUPPORTED RAILWAY

EMBANKMENT: 2D FEM APPROACH

This chapter covers the numerical simulation of a pile-supported railway embankment
to investigate the soil arching in details. Primarily, it is focused on the parameters of
pile-supported embankment to identify their influence on the size and shape of soil
arching and find the most critical parameters with optimum value for effective load
transfer against the train induced loading for unreinforced and reinforced case. The
comparison of different analytical methods has also been reported to identify the

variation and selection of an appropriate method.

3.1 INTRODUCTION

The pile-supported embankments are increasingly being used to support the railway
tracks in areas where soft ground is encountered. Numerous numerical studies have
investigated the soil arching mechanism in a pile-supported railway embankment
(Fagundes et al. 2015). However, these studies have neglected the effect of train speed
and associated loading. It is widely acknowledged that the increase in train speed
would impose higher stresses on track foundations (Sun et al. 2014; Nimbalkar and
Indraratna 2016). In addition, the past studies have considered the arrangement of piles

in a square pattern (Han and Gabr 2002; Jenck et al. 2009; Bhasi and Rajagopal 2013).
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However, a triangular pattern can be useful for railway embankments (Zhang et al.
2016). Therefore, the effect of train loading and pile arrangement on the performance
of pile-supported railway embankment in terms of soil arching are addressed in this
Chapter.

In view of these, the finite element (FE) method is used to provide an insight
into the behaviour of the railway embankment supported by piles that are arranged in
a triangular pattern with particular emphasis on the soil arching mechanism. The
present chapter comprises of (i) calibration of the numerical model with existing
experimental data, (if) comparison of the soil arching mobilisation in embankment
supported by piles that are arranged in two different patterns (i.e., square and
triangular), (iii) comprehensive study focusing on the size and shape of soil arching to
investigate the most critical parameters for unreinforced and reinforced cases, and (iv)

a comparison with the available design methods.

3.1.1 Two-dimensional (2D) idealisation

Typically, pile-supported railway embankment is a 3D problem, and 3D modelling is
complex, time-consuming and needs advanced computing facility. Various approaches
such as equivalent area (EA), area replacement ratio (ARR), equivalent flexural
stiffness (EFS) and equivalent elastic modulus (EEM) of piles are used to convert a
3D problem to 2D. These approaches are earlier explained in chapter 2. As shown in
Figure 3.1, the highlighted region of a pile-supported embankment is adopted for 2D
approximation. The soil arching is investigated in terms of vertical stress, settlement
and lateral stress coefficient above the centre of the subsoil (point A) and piles (point
B) top. Point B and B’ represent the same results, thus only point B is used for referring

to the soil arching on the pile head in further investigation.
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Figure 3.1: Typical pile-supported railway embankment with modelled unit
cell

3.2 NUMERICAL MODELLING

3.2.1 Geometric description

The finite element method (FEM) based software, ABAQUS-version 2013 (Abaqus
online documentation) is used to simulate a pile-supported railway embankment in a
plane strain 2D condition. The modelled unit cell of a pile-supported embankment is
highlighted in Figure 3.1. The vertical sides represent the lines which pass through the
centre to centre pile spacing (s) and above the embankment fill, including the gravel
bed. The 1383 eight-node, reduced-integration, two-dimensional, quadratic (second-
order) solid elements (CPE8R) are used in this analysis. The reduced integration uses
a lesser number of Gaussian co-ordinates when solving the integral and reduces
computational time. Further, second order reduced-integration elements provide more

accurate results than the corresponding integrated elements.
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Roller supports were used on the vertical boundaries, restricting horizontal
movement. The fixed support condition is used for the horizontal bottom boundary to
completely restrict displacement. No boundary conditions are considered at the top of
the embankment. The bottom boundary represents the base of the piles and subsoil,
which is underlain by half-pile wall (width, d/2) on both sides and subsoil [width, (s-
d)] at the middle of the piles. The pile diameter (D) is fixed at 1.0 m, and the centre to
centre pile spacing (s) is 2.0, 2.5 or 3.5 m (i.e., pile width (d) is changing according to
the pile spacing). The embankment height (/) varies from 2.5 to 6.5 m, including a 400
mm thick gravel bed at the embankment bottom. The geosynthetic layer is sandwiched
in between two layers of the gravel bed. First, a 200 mm thick gravel layer is placed
on the pile head and then a layer of geosynthetic layer with 2 mm thickness is laying
without any physical damage. Another 200 mm thick gravel layer is placed on the
geosynthetic layer top in order to the achieve required thickness of gravel bed (i.e.,
400 mm). The depth of the subsoil and length of the pile are the same, both being 8 m.
The mesh size of 0.01 m is taken for this study. The effect of boundary conditions and
mesh size are not analysed in static loading condition.

The Finite Element Analysis (FEA) is carried out in three steps. First, initial
stress and predefined void ratio are established in the subsoil using geostatic step. The
rigid pile is activated in the next step, then the embankment including the gravel bed
is constructed in the stages. After achieving full embankment height, an equivalent
dynamic load of railway track including the moving train load is applied on the
embankment top. The implicit iterative procedure with static general analysis is

adopted in this chapter.
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3.2.2 Material properties
The embankment fill, gravel bed and subsoil are considered as sand fill, well-graded
gravel, and silty sand, respectively. A linear elastic perfectly plastic model with Mohr-
Coulomb failure criterion is used for the embankment fill and subsoil material. The
geosynthetic layer and piles were modelled as linear elastic materials. The stiffness of
geosynthetic layer (J) is calculated as:

J = Egeo-tgeo (3.1)
where, Egeo 1s elastic modulus and #, is thickness of geosynthetic layer, in this study

J =1 kN/m is taken for standard case.

In the research studies available in literature, the performance of embankments
and subsoil were successfully simulated by the linear elastic-perfectly plastic model
with Mohr-Coulomb failure criterion, and reasonable predictions of soil arching were
obtained (Huang and Han 2010; Esmaeili and Arbabi 2015; Ye et al. 2020). The
unsaturated soil and the corresponding constitutive model were not considered. The
soil was assumed to remain in the dry state with facilitation of the fully drained
conditions owing to the coarse-grained nature of materials used as the embankment
fill and gravel bed. All the parameters used in the analyses are summarised in Table
3.1

Table 3.1: Material parameters for pile-supported embankment

Unit Young's Friction Dilation

. . Poisson's  Cohesion
Material weight, ¥ modulus, ratio, v ¢’ (kPa) angle, angle,

(kN/m?) E (MPa) ¢’ (degree)  w(degree)
. 20 x 103 (15 x
Pile 24 103 - 30 x 10%) 0.15 - - -
Embankment
o 20 20 (15 - 30) 0.25 0.1 30(30-45)  0(0-15)
Gravel bed 21 25 0.25 0.1 35 5
Subsoil 18.4 10 0.3 8 22 0
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Geosynthetic
layer (2 % - 500 0.3
tensile strain)

Note: The bold values are for standard case (42 =3.5 m and s = 2.5 m)

3.2.3 Interface

In this study, basic Coulomb friction model was used to simulate the interaction of pile
with the surrounding soil (Ye et al. 2020). This model allows the contacting surfaces
(i.e., the surface of pile and subsoil) to carry shear stresses before sliding. The surface
to surface contact is provided between pile and surrounding soil. The normal contact
is considered as “hard contact” as it is able to transfer normal stress under
compression. The tangential contact is provided as penalty contact with a frictional
coefficient at interface between the pile and surrounding soil. The interface frictional
coefficient is given by:

W= tan d;,; 3.2)
where, Jint 1s the interface friction angle between pile and the surrounding subsoil, and
it can be determined as (Potyondy J.G. 1961; Yu et al. 2016; Pham and Dias 2019):

tan 8;,; = 0.7 tan ¢’ (3.3)
where, ¢'1s the friction angle of the soil. In this study, the ratio of the interface friction
coefficient (tan din) and the soil friction coefficient (tan ¢') is assumed to be 0.7 for
pile-subsoil interface. Interface friction is considered between the gravel bed and the
geosynthetic layer during the analysis, and the interface friction angle is assumed to
be the same as the friction angle of gravel (Zhang el al. 2019; Lee et al. 2021). It is
reported that coefficient of interface friction typically varies from 0.6 to 1.0. With a
value of 0.7 interface friction coefficient, the interface friction angle is the same as the

friction angle if gravel.
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3.2.4 Model validation

The model validation is performed against the experimental result (settlement above
and amid the pile) for pile arrangements in a square pattern with dense sand sample
reported by King et al. (2019) to ensure the accuracy of the numerical modelling (refer
Figure 3.2). Material properties of the embankment are taken as reported by King et
al. (2019), whereas appropriate properties of subsoil have been assumed. For reader
understanding, the X-axis represents the settlement of embankment fill which is
normalised for general applicability, and embankment height is considered in Y -axis.
King et al. (2019) obtained the settlement results for the different increment of
normalised settlement plate displacement (p/b”). However, in this study only op/b'=
2.8-4.0% has been considered for validation. Four different idealisation methods as
discussed in the chapter 2 are used to convert 3D into 2D plane strain. It is found that
the EA method shows an acceptable agreement between numerical modelling and

experimental result, which serves the basis of further analysis for this study.
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Figure 3.2: Model validation with experimental data reported by King et al.
(2019)
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3.2.5 Stress determination on the pile-supported embankment

A typical railway track is considered above the pile-supported embankment (as shown
in Figure 3.1). In this study, the true dynamic nature of traffic loading and the dynamic
response of the soil is not considered. The applied vertical load is equivalent dynamic
load. The magnitude of the equivalent dynamic load is equal to the weight of the train
multiplied by an impact factor (i.e., dynamic amplification factor), which accounts for
the dynamic effects due to the moving train as (Doyle N.F. 1980; Esveld C. 2001;
Nimbalkar and Indraratna 2016):

Fg=9®F (3.3)
where, Fy is design wheel load (kN) incorporating dynamic effect, F; is static wheel
load (kN), and @ is dimensionless dynamic impact factor. Various empirical methods
such as Eisenmann, American Railways Engineering Association (AREA), and Office
of Research and Experiments (ORE) are widely used to calculate dynamic
amplification factor (DAF) catering for the effect of train speed. In this study, ORE
method is adopted to determine dynamic impact factor as this method is most relevant
to Australian conditions. In this method, the DAF is defined in terms of dimensionless
speed coefficients as given by following equation:

P=1+a+ g+ (3.4)
where, a” and f” are associated with mean value of impact factor, and y' is related to
the standard deviation of the impact factor. Details on the calculations of DAF using

various methods are provided in Table 3.2.
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Table 3.2: Dynamic Amplification Factor (DAF) calculation with different methods

Train speed,

Method Equation v (km/h) DAF Remarks
40 1.21
0.00521-V 60 e
=1+ R W 80 1.43
AREA! w 100 1.54 Dy is the diameter of wheel (m)
120 1.64
where, Dy = 0.97 140 175
160 1.86
®=1+6nt 40 1.20
60 1.20
where, 0 =0.2 (for good track 80 .23 5 is a factor that depends on the track condition;

Eisenmann ~condition); 7 =1; 100 1.26 45 a factor that depends on the upper confidence limit;
n=1 f0€/£/6<o 60 km/h 120 1.29 7 is factor that depends on the speed of the vehicle
n=(1+220); for 60 < ¥ < 200 140 131
km/h 160 1.34

d=1+a +p +vy 40 1.30 o' is a coefficient that depends on the track irregularities, train
60 1.30  suspension, and speed; f' is a coefficient that accounts for the
" ' = 0.04(Y 3 80 1.31 movement of train along a curve, y' is a coefficient that
W ere,za e (ﬁ) ’ 100 1.33  depends on the train speed and configuration, and track
ORE? g = Vi@hthy) _ @; 120 1.36  condition; &4 is the cant/super-elevation deficiency (m), /, is
/ 127Rclg lg 140 1.40  the gauge width (m), / is the vertical distance from rail top to
Y =VYo Q" bo; 5 centre of gravity of train (m), 4 is the super-elevation (m), R,
— 0140017 (L) 160 1.45 s the radius of curvature (m), a, and b, are the locomotive and
Yo =1 ' 100 track maintenance factors.
40 1.46
|4 60 1.53
Japanese ¢ = (1 +03° M> 1+0 80 1.6l C is a coefficient
Standard 100 1.70
where, C = 0.3 120 1.77
140 1.84
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Table 3.2: Cont.

160 1.92
’ 0 1
. K:W, : . . o . .
British =1+ 8.784(6, + QZ)V( J U 80 1.38  (6i+ 6,) is the total dip angle of the rail joint (radians); K is
Railwavs Po 9 100 1.48  the track stiffness at joint (kN/mm); W, is the unsprung weight
Y 120 1.58  at one wheel (kN); g is the acceleration due to gravity (m/s?).
where, (61+ 6,) =0.005; Kj=55; W, = 140 1.67
2.11X9.81;g=9.81 160 1.77
40 1.08
v 60 1.13
. P=1+———¢ 80 1.18
05
Ir}dlan 58.14(k) 100 1.22 ks the track modulus (MPa)
Railways
here. & = 60 120 1.27
WHSEE, &= 140 1.31
160 1.36
40 1.20
492V 60 1.30
South =1+ D 80 1.40
African wl 100 1.50  Dx, is the diameter of wheel (mm)
formula 120 1.60
where, Dy1 =970 140 171
160 1.81
40 1.04
60 1.09
@ = (1 + 0.0001V,%)0¢7 80 1.16
100 1.24  V,is the speed of train (miles/h)
3
WMATA where, Vo, =V x0.621371 120 1.34
140 1.46
160 1.58
Chinese _ 40 1.12
Standard P=1tal 60 118
(MORPRC, _ 80 1.24 )
2009) where, a = 0.003 100 130
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Table 3.2: Cont.

120 1.36
140 1.42
160 1.48
. V2 40 1.06
D=1+ 60 1.13
G for <100 km/h 80 1.21
o - oo -
. 45V% 15V
(W@ =1+ =T 140 1.47
for > 100 km/h 160 1.54
Australian
Standard ® =25 i 25 This value of @ may be taken when the data from field
(AS1085.1 ' ' investigations is unavailable.
4,2012)

' American Railway Engineering Association; Office for Research and Experiments; *Washington Metropolitan Area Transit Authority
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Various alternatives such as Odemark, Zimmermann, Trapezoidal
approximation (2:1), and AREMA exist to calculate the maximum vertical stress on a
subgrade (Doyle N.F. 1980). In this study, the maximum vertical stress is calculated
by Trapezoidal approximation (2:1) method due to their simplicity. A train speed
varying from 40 to 160 km/h is considered. Train-induced vertical stresses (ot)
corresponding to 40-160 km/h speeds are determined as 105-118 kPa which is applied
the top of the modelled unit cell. More details on train-induced vertical stresses are

provided in Table 3.3.

Table 3.3: Induced vertical stress on embankment top obtained by Trapezoidal method

Stress calculation Impact factor Train speed,  Vertical stress on
method calculation method V (km/h) subgrade, o; (kPa)
. 40 105
sppreximation 0 106
ORE method 80 107
(2:1 method) 100 108
[ 0 [@ = 1+a/+B"+y'] 120 110
Ozmax = T - 140 114
b+h)(z+h
GG 160 118

where, O = 0;nax (Asp), [ s sleeper length (m), o’ and ' are related to the mean value of impact
factor while y' is related to the standard deviation of the impact factor.

3.2.6 Effect of pile arrangement on soil arching

Figure 3.3 demonstrates the effect of pile arrangement on the degree of soil arching.
The pile arrangement is considered in a square and triangular pattern. Influence of an
individual pile is assumed square and hexagonal soil block, when pile arranged in a
square and triangular pattern, respectively. As earlier discussed that EA method serves
the basis of further analysis, the square block (i.e., piles arranged in a square pattern)
is easy to convert into plane strain wall using Equation 2.4. However, the hexagonal
block (i.e., pile arranged in a triangular pattern) first converted into a square-shaped

block of equivalent area. The width of the equivalent square block is considered as the
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pile spacing (s) and converted into plane strain wall. It is evident that pile arranged in
a triangular pattern can demonstrate more efficient load transfer mechanism compared
to square pattern. Therefore, the pile arrangement in triangular pattern is used for

further analysis.
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Figure 3.3: Comparison of two different pile arrangements

3.3 RESULTS AND DISCUSSION
This section investigates the soil arching using the same material parameters listed in
Table 3.1 for the standard case. However, pile spacing (s) and embankment height (/)

vary from 2.0 m to 3.5 m and 2.5 m to 6.5 m, respectively.

3.3.1 Vertical stress
The vertical stress profile in the embankment fill (including the gravel layer) can be

used to assess the soil arching phenomenon. Figure 3.4 shows the vertical stress
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contours for different embankment heights and pile spacing above point A and point
B. Whereas, the effect of geosynthetic layer on vertical stress is shown in Figure 3.5.
For the sake of general applicability, the vertical stress (ov) is normalised by y(s-d),
whereas the varying embankment height (/) is normalised by clear spacing (s-d).
Figure 3.4(a) shows the vertical stress contours for three embankment height
(i.e., 2.5 m, 3.5 m, and 5.0 m) fixed at pile spacing (s) 2.5 m. It is observed that the
variation of vertical stress along the normalised embankment height increases on the
point B for all considered embankment height and demonstrate the soil arching
phenomena. For a specified embankment height (%), the vertical stress initially
increases with a gradient equal to overburden stress extending from the embankment
fill top to the outer boundary of the soil arch. The stress profile then disturbed
(decreases on point A and increase on point B). At this level, the majority of the
embankment load is transferred onto the pile. It is worth mentioning that in this study
the full soil arching developed with 1.3(s-d) (outer boundary) and 0.25(s-d) (inner
boundary) after embankment height (%) = 5 m, which is quite similar to the studies in

the past (refer Table 3.4).

Table 3.4: Soil arching height verified by various studies

Terzaghi  Bhasi and Rajagopal =~ Zhuang et Zlecr);t\?ki)llldic Present
(1943) (2013) al. ((2010) (2008) study
Normalised Void .
length width (s-d) (s-d) Void width (s-d)
Soil arching
height in 2-3 2.9 3 3 2.25

Plane strain

Note: All values in meter

Figure 3.4(b) shows the vertical stress contours for a fixed embankment height

(h = 3.5 m) varied with three pile spacing (s) (i.e., 2.0 m, 2.5 m, and 3.5 m). For pile
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spacing (s) = 2 m, the arching height increases more compared to pile spacing (s) =
2.5 m and 3.5 m, whereas the inner boundary remains the same (i.e., independent of
spacing variation). It shows that pile spacing (s) variation affects soil arching (i.e., the
arching zone can be increased by reducing s). The arching zone is referred to as the
thickness of the soil arch. Due to the expansion of this zone, more load is transferred

to the pile.
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Figure 3.4: Normalised vertical stress contour for varied; (a) embankment height,
and (b) pile spacing

Figure 3.5 illustrates the effect of geosynthetic layer on vertical stress for a
fixed embankment height (%) and pile spacing (s) of 3.5 m and 2.5 m, respectively
above point A (i.e., amid pile) and point B (i.e., above pile). It is evident that
normalised vertical stress (Nys) follows the depth-wise linearly increasing trend of
geostatic stress from the embankment top to the depth attaining 0.7-fold normalised
embankment height (Nem) for both (unreinforced and reinforced) cases above point A
and point B. This embankment height represents the outer boundary of soil arching.
Below this outer boundary above point A, the Nys shows decrease up to the 0.2-fold
Nem for both unreinforced and reinforced cases, which is represented as the inner
boundary of soil arching. The Nys is observed less up to 10% at the base of embankment
in reinforced case compared to unreinforced. In contrast, the Nys shows increase below
the outer boundary of soil arching above point B. A higher Nys up to 19% is observed

at the base of embankment in reinforced case compared to unreinforced. Thus, it
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implies that geosynthetic layer can enhance the load transfer on the pile head through

the membrane action.

,_.
N

\ \
Embankment height (#) =3.5 m

Pile spacing (s) =2.5m
Unreinforced
—s=—amid pile = —e— above pile |

_‘
=~
|
T

_.
to

—
[}
P
1

Reinforced
—a—amid pile = —v— above pile

R

1. M
RN

‘

<
=~
P

e
o

».

Normalised embankment height, [#/(s-d)|
o

ol
=

4 6 8 10
Normalised vertical stress, o, /{(s-d)}]

[ 8]

Figure 3.5: Effect of geosynthetic layer on vertical stress in embankment fill

3.3.2 Comparison with Hewlett and Randolph (1988) predictive method
Fagundes et al. (2015) and Zhuang et al. (2010) proposed three failure modes at the
maximum arching to compare the observed behaviour with the Hewlett and Randolph
method (1988). Figure 3.6 shows the ultimate subsoil stress (os), illustrating the
variation in normalised embankment height (4/s). The ultimate subsoil stress is
normalised by ys. These three failure mechanisms (i.e., no arching, failure at the crown,
and failure at pile head) are shown in Figure 3.6 by dotted (for no arching, and failure
at pile head) and solid lines (failure at the crown). The different coloured solid lines
show the FE results for different pile spacing (s).

The first mechanism is stipulated for the ‘no arching’ condition (i.e., o5 = yh).

In the second mechanism, the failure is based on the limiting conditions at the crown
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of the soil arch (failure at the crown). This mechanism indicates vertical stress (os) =
0.5ys which corresponds to the nominal weight beneath the crown of the hemisphere.
The third mechanism is related to failure at the pile head or punching the pile head into
the base of the embankment. Additional, failure at the crown of the arch in the plane
strain condition, as proposed by Low et al. (1994) is shown by the dotted centreline.
The results plotted in Figure 3.6 show similar trends with other studies (Fagundes et

al. 2015; Zhuang et al. 2010).

1.4 -

1 Failure at the crown —e—5s=20m

| for plane strain ——5=25m
1.2 4 (Low et al. 1994) ’

1 —_— =
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—
i L
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1/ No 5011 arching s=35m
0.0+ et e i B
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Normalised embankment height, (//5)

Figure 3.6: Comparison of FE results with Hewlett and Randolph (1988)
method: normalised stress on point A (oy/ ys) vs. normalised embankment

height (4/s)

It is evident that the vertical stress the subsoil (os) is less than 0.5ys
(approximately representing the weight of the material below the top of the
semicircular arch) up to a critical value of (%4/s). At a higher (4/s) value, conditions at
the pile head are more critical as also reported by Hewlett and Randolph (1988).

However, for plane strain conditions, Hewlett and Randolph (1988) predict that
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conditions at the crown of the arch are always critical. Figure 3.6 demonstrates the FE
results for failure occurring at the pile cap in terms of a simplified plane strain equation
and resembling a three-dimensional failure state for the pile cap, as proposed by
Hewlett and Randolph (1988). At the higher embankment height, it shows quite a
similar trend of failure. However, the values from the plane strain failure appear to be

overestimated for all pile spacing, especially as pile spacing (s) reduces.

3.3.3 Settlement

The settlement of embankment, especially when located on soft soils, is the crucial
factor governing the embankment design and construction stages. Soil arching
minimises the settlement of the subsoil by load transfer onto the piles.

Figures 3.7 shows the normalised settlement contours for the embankment on
the vertical side through point A and point B (refer Figure 3.1). Figures 3.7(a) and
3.7(b) show the settlement contour for varied embankment height (%) and pile spacing
(s), respectively. The embankment height (#) and settlement were normalised by the
clear spacing between the adjacent pile head (s-d).

The differential settlement of the fill material above the pile head generates
shear stresses that extend upward into the fill material. When the embankment is
sufficiently high, it is assumed that the shearing force terminates at some horizontal
plane: this plane is termed the plane of equal settlement. Above this plane, no
differential settlement occurs, indicating that the vertical stress above this plane is not
disturbed. However, below this plane, the embankment settlement over point A
increases to a maximum value, while it reduces to almost zero over point B. It implies
that the soil arching exists below the plane of equal settlement due to the differential

settlement of the embankment fill over point A and point B.
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As shown in Figure 3.7(a), after a certain embankment height (5 m for this
study) there is no differential settlement (i.e., the existence of plane of equal
settlement). It is observed that the plane of equal settlement is located at the normalised
embankment height of 1.75 (i.e., # = 3.78 m) and soil arching develops under this
height. It is worth noting that the settlement on point A increases with an increase in
embankment height (/). In addition, Figure 3.7(b) shows that the settlement contour
for different pile spacing. It is observed that settlement increases with an increase in
pile spacing (s). For pile spacing (s) = 2 and 2.5 m, the plane of equal settlement occurs
corresponding to the normalised height of 1.34 and 1.6, respectively. However, no

plane exists for pile spacing (s) = 3.5 m owing to the non-formation of soil arching.
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Figure 3.7: Normalised settlement contour for varied (a) embankment height,
and (b) pile spacing
3.3.3.1 Total settlement
The total settlement refers to settlement of embankment on point A, and it is a prime
concern for a pile-supported embankment and it should be predefined to minimise the
risk of potential failure.

Figure 3.8 shows normalised total settlement on point A (amid piles) with the
embankment height varies from 2.5 m to 6.5 m. The pile spacing is fixed at 2.5 m. It
is evident that normalised total settlement increases up to 40% with an increase in
embankment height from 2.5 to 6.5 m. It also shows that the presence of geosynthetic
layer decreases the total settlement. The total settlement reduces up to 10% with
incorporating the geosynthetic layer at embankment base. Thus, it implies that
reinforcement can enhance the performance of embankment by reducing the

settlement.
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Figure 3.8: Effect of embankment height on total settlement

3.3.3.2 Differential settlement

Differential settlement (i.e., dem-Jp) at the embankment top is defined as difference
between maximum settlement at the top surface of embankment above point A and B
(refer Figure 3.1). However, the settlement ratio (dem/dp) can be employed to represent
the differential settlement. As evident, the settlement ratio (dem/dp) at the surface of the
embankment is practically significant, in view of the embankment stability.

Figure 3.9(a) shows the settlement ratio variation with normalised
embankment height (4/s) for unreinforced case. For normalised embankment height
(h/s) > 1.7, settlement ratio (dem/dp) becomes one, implying uniform settlement. As
embankment height decreases, settlement ratio increases, while showing a steep
increase for (A/s) < 1. Figure 3.9(b) demonstrates the increase in settlement ratio at
point A (dem/ds), with an increase in normalised embankment height (%/s) for the entire

range of pile spacing (s) considered in this study. For pile spacing (s) = 3.5 m and low
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embankment height (4 < 3.5 m), settlement ratio at point A (dem/Js) decreases as the
soil arching is not fully developed. However, for higher embankment (% > 3.5 m), soil

arching is fully developed as indicated by the increase in dem/ds. In addition,
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It is noted that pile diameter is an importance parameter. However, the soil
arching depends on the clear pile spacing, and is not mobilized by increasing the pile
diameter (Liang and Zeng 2002). In addition, increase in pile diameter will increase

the cost of the project.

3.3.4 Lateral stress coefficient (K)

The lateral stress coefficient (K) is plotted on a vertical profile at point A and point B,
further demonstrating soil arching. The lateral stress coefficient is the ratio of
horizontal stress (on) to vertical stress (ov) as:

Oh

K= (3.4)

oy

Figures 3.10 and 3.11 show the lateral stress coefficient (K) profiles for a range of
embankment height (/) and pile spacing (s) respectively, plotted with vertical distance
upwards from the base of the embankment (/#) normalised by (s-d) in unreinforced
case. The results do not extend to the top of the embankment for higher embankments.
Only the values 0of 0.25(s-d), 0.5s and 1.5(s-d) are highlighted on the Y-axis; and lateral
stress coefficient (K) = at active stage (i.e., Ka = 0.33); at rest (i.e., Ko = 0.5) and at
passive stage (i.e., K, = 3.0, considering the standard Rankine passive value and
ignoring the small value of cohesion) on the X-axis. Figures 3.10(a) and (b) represent
the K profile for varied embankment height (%) with fixed pile spacing (s) = 2.5 m at
point A and point B respectively, whereas Figures 3.11(a) and (b) show the equivalent
plot for embankment height (#) = 3.5 m at different pile spacing (s).

Referring to Figure 3.10(a) for normalised embankment height (4/(s-d)) > 1.5,
lateral stress coefficient (K) is deduced to K, and is not influenced by soil arching. For
the embankment height (/) > 2.5, lateral stress coefficient (K) increases with depth for

hi(s-d) < 1.5, approaching at passive stage (Kp) when embankment height () = 0.25(s-
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d). Subsequently, the lateral stress coefficient (K) decreases until the embankment base
for all considered embankment height which attribute the inner arch of soil arching
where the horizontal stress is rapidly decreases. Although there is no direct evidence
shown for the outer arch, Hewlett and Randolph (1988) considered it half of the pile
spacing (s). For embankment height (4) = 2.5, lateral stress coefficient tends to
approach the rest stage (Ko), however, the complete K, stage is not achieved due to
lower embankment height (/) resulting in undeveloped soil arching. The lower
embankments (i.e., # < 2.4) show that stress along the entire height of the embankment
is under the passive stage. Figure 3.10(b) shows lateral stress coefficient (K) at point
B, an active stage observed for higher embankments when 4/(s-d) < 1.0. It is evident
that the vertical stress gets disturbed and soil arching mobilised below this height.
Referring to Figure 3.10(a), it can be seen the outer arch suggested by Hewlett and
Randolph (1988) is lies under this height. The lateral stress coefficient (K) returns to
rest (Ko) at a similar height to Figure 3.10(a) tends to remain the same with a decrease
in the embankment depth. However, it rapidly decreases and then increases at the
0.25(s-d) embankment height which represents the inner arch of soil arching similar
to Figure 3.10(a). A comparison of soil arching height with various studies is listed in

Table 3.4.
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Figure 3.10: Lateral stress coefficient (K) for varied embankment height at (a)
point A, (b) point B

As discussed earlier, Figure 3.11(a) shows lateral stress coefficient (K) at point
A for embankment height (4) = 3.5 m at different pile spacing (s), resulting in the outer

boundary of arch being dependent on pile spacing. The inner boundary remains the
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same for different pile spacing (s), also referred to in Figure 3.4(b). Moreover, Figure
3.11(b) shows the equivalent plot at point B for different pile spacing. The lateral stress
coefficient (K) returns to at rest (K,) after the active stage for pile spacing (s) =2 m,
and 2.5 m. Further increments in pile spacing (s) will not result in the lateral stress

coefficient (K) returning to K, owing to the non-formation of soil arching.
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Figure 3.11: Lateral stress coefficient (K) for varied pile spacing at (a) point A,
(b) point B

The results observed in Figures 3.10 and 3.11 are consistent with the three-
dimensional arch theory proposed by Hewlett and Randolph (1988) in that the terms
of active and passive conditions are perceived above point B and at the crown of the
arch (at least near the inner boundary), respectively. These conditions are associated
with the punching of the pile into the base of the embankment (for the active condition)
and failure of the arch at the mid-span (for the passive condition), respectively. It may
be observed that the effect on the stress state throughout the embankment fill is more
widespread (higher) than the proposed discrete hemispherical boundaries since there
is a gradual (rather than instantaneous) transition to K, as embankment height (/)

increases.
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3.3.5 Tension in geosynthetic layer (T)

The tension in geosynthetic layer is captured as a function of distance from outer edges
of two adjacent piles in the modelled unit cell. It is not uniform throughout the
geosynthetic layer. As shown in Figure 3.12, it is evident that tension is maximum at
near the inner edges of adjacent pile heads. This maximum tension is crucial to
investigate for safe design of pile-supported embankment (Zhuang and Wang 2015).
By knowing the maximum tension in geosynthetic we can predict the potential failure
that occurred in the geosynthetic (if any happen). The tension in geosynthetic layer is
increased up to its maximum value (dependent on the geosynthetic layer properties)
from the outer to the inner edge of piles. further, it decreases to zero up to mid-distance

of the geosynthetic layer.
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Figure 3.12: Tension distribution in a geosynthetic layer

69



3.4 PARAMETRIC STUDY

A parametric study is incorporated to see the effect of different material parameters on
the size and shape of soil arching. Once the basic plane strain model is verified by the
results available from past studies, the analysis is further extended for the effect of a
range of input parameters on soil arching. It will help to understand the effect of
different input parameters on soil arching. Only one parameter is changed at a time,
while the others are kept at standard case values. The pile and embankment modulus
are varying from 15 GPa to 30 GPa and 15 MPa to 30 MPa, respectively. In addition,
the friction and dilation angle are varying from 30° to 45° and 0° to 15°, respectively.

The details of these parameters were given in Table 3.1.

3.4.1 Total settlement
Figure 3.13(a) shows the combined effect of pile and embankment moduli on total
settlement (des). Whereas, the combined effect of friction and dilation angle is shown
in Figure 3.13(b). For both Figures 3.13(a and b), the pile spacing (s) and embankment
height (4) are considered as 2.5 m and 3.5 m, respectively. The settlement decreases
with an increase in pile modulus (£,) and embankment modulus (Eenm). After a specific
value of pile modulus (i.e., 15 GPa for this study), the total settlement keep constant
which is in good agreement with Han and Gabr (2002). The embankment modulus
(Eem) 1s a much sensitive parameter compared to the pile modulus (£,). At a certain
pile modulus, an increase in the embankment modulus leads to a decrease up to 6.5%
in the total settlement.

Furthermore, the total settlement decreases up to 7.5% with an increase in
friction angle from 30° to 45° and it decreases up to 2.0% with an increase in dilation

angle from 0° to 15°. Thus, friction angle is a more prominent parameter compared to
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dilation angle and it should be high enough to reduce the total settlement.
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Figure 3.13: Influence on total settlement due to (a) pile modulus and
embankment modulus (b) friction angle, and dilation angle
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3.4.2 Differential settlement

For settlement ratio, embankment height is taken as 3.5 m (/4 is fixed) whereas pile
spacing is varied (s = 2.0, 2.5 and 3.0 m). The effect of pile modulus (Ep) and
embankment modulus (Eem) on the ratio (dem/dp) for pile spacing 2.5 m is demonstrated
in Figure 3.14(a). It shows a trend which is depending on the embankment modulus
(i.e., the settlement ratio increases 2% with an increase in pile modulus (E£p) when the
embankment modulus (Eem) has a minimum value, while the settlement ratio decreases
by 3% with an increase in pile modulus (£,) when the embankment modulus (Eem) has
maximum value). It implies that the pile modulus (E,) should be enough with
maximum embankment modulus (Eem) to reduce the differential settlement at
embankment surface. A similar trend has been found for pile spacing (s) = 2 and 3.5
m.

Figure 3.14(b) indicates the effect of friction angle (¢') and dilation angle ()
for pile spacing (s) = 2.5 m. It can be seen that the settlement ratio increases by 17%
with an increase in friction angle. The dilation angle does not affect much the
settlement ratio. However, for higher friction angle with lower dilation angle, it shows
a higher value of the settlement ratio. An increase in pile spacing (s) leads to an
increase in the settlement ratio (dem/dp).

Thus, the settlement ratio (i.e., differential settlement) is substantially affected
by the input parameters; the pile and embankment modulii, embankment height (refer
Figure 3.9a) and pile spacing. A pile spacing (s) = 2 m and 2.5 m follows the
serviceability condition, which means there is no differential settlement on the
embankment surface. However, settlement of pile top and embankment is almost same
due to the less embankment height. If the embankment height is increased, the

settlement of the embankment increases.
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Figure 3.14: Influence on settlement ratio (dem/dp) due to (a) pile modulus and
embankment modulus (b) friction angle, and dilation angle

3.4.3 Soil arching ratio (SAR)

The effect of pile modulus (£},) and embankment modulus (Eem) on soil arching ratio
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is shown in Figure 3.15(a). The soil arching ratio negligible effects with an increase in
E,. Further, soil arching ratio decreases (i.e., the tenancy of stress transfer to pile
increase) by up to 61% with an increase in embankment modulus (Eem) from 15 to 30
MPa, which implies that a specific value of embankment modulus (Eem) is required for
maximum stress transfer to pile. The effect of friction angle (¢') and dilation angle ()
is demonstrated in Figure 3.15(b). It shows that SAR decreases up to 30% with an
increase in friction angle from 30° to 45° and the effect of dilation angle is found to be
negligible. However, soil arching ratio increases up to 7% with an increase in dilation
angle, at the lower friction angle. Which means that soil arching increases with an

increase in friction angle (¢).
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Figure 3.15: Influence on soil arching ratio (S4R) due to (a) pile modulus and
embankment modulus (b) friction angle, and dilation angle

3.4.4 Stress concentration ratio (SCR)

The stress concentration ratio (SCR) signifies stress distribution on the pile head and
adjacent subsoil. The pile and embankment moduli are considered 20 GPa and 20 MPa,
respectively (refer to Table 3.1). Figure 3.16 represent the effect of embankment height
(/) and pile spacing (s) on the stress concentration ratio. The SCR increases up to 83%
with an increase in embankment height from 2.5 to 6.5. for a specific pile spacing (s).
It implies that stress on the piles significantly increases resulting in the soil arching
effect mobilised. However, the SCR decreases up to 54% with an increase in pile
spacing. Although, large reduction in SCR can be observed at higher embankment
height. Thus, pile spacing should be minimum to get full stress transfer to the pile

head. This argument is in good agreement with Han and Gabr (2002) findings.
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Figure 3.16: Effect of embankment height (/) and pile spacing (s) on stress
concentration ratio (SCR)
The combined effect of pile and embankment moduli on the SCR is shown in
Figure 3.17(a). Whereas, the combined effect of friction and dilation angle is shown
in Figure 3.17(b). The pile modulus has negligible effect on the SCR. However, the
SCR increases up to 44% with an increase in embankment modulus from 15 to 30 MPa.
Furthermore, the SCR significantly affects by friction angle. It increases up to 90%
with an increase in friction angle from 30° to 45°. The effect of dilation angle is found
to be negligible (i.e., slightly increases up to 7% with an increase dilation angle from

0° to 15°) which implies that soil arching affects with an increase in friction angle.
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Figure 3.17: Influence on stress concentration ratio (SCR) due to (a) pile modulus
and embankment modulus (b) friction angle, and dilation angle

Figure 3.18 shows that the stress concentration ratio increases up to 110% with
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an increase in the embankment height (%) from 2.5 to 6.5m. The SCR value increases
up to 21% in reinforced case compared to unreinforced. Thus, the stress transfer from
the subsoil to the pile head is enhanced by the inclusion of geosynthetic layer. This
argument is in good agreement with Han and Gabr (2002) findings. The geosynthetic
layer increased the stiffness of the embankment base and take transfers additional

vertical stress by the tension action in the geosynthetic layer.
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Figure 3.18: Effect of reinforcement on stress concentration ratio (SCR)

3.4.5 Stress efficacy (Estr)

The effect of pile modulus (£p) and embankment modulus (Een) on efficacy is shown
in Figure 3.19(a). The effect of pile modulus on efficacy is found to be negligible, and
efficacy increases up to 87% with an increase in embankment modulus. It implies that
efficacy is dependent on embankment modulus (Eem), and it should be up to a specific

value (25 MPa for this study) for maximum efficacy. Figure 3.19(b) shows the effect
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of friction angle (¢') and dilation angle () on efficacy. It shows that efficacy increases
up to 20% with an increase in friction angle from 30° to 45° and the effect of dilation
is found to be negligible. Thus, the effect of friction angle is more pronounced as soil

arching increases with an increase of friction angle (¢").
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Figure 3.19: Influence on stress efficacy (Esw) due to (a) pile modulus and
embankment modulus (b) friction angle, and dilation angle

3.4.6 Tension in geosynthetic layer (T)

The effect of pile modulus (£;), embankment modulus (Eem), friction angle (¢') and
dilation angle () on tension in geosynthetic layer are shown in Figure 3.20(a-d). The
x-axis represented to centre-to-centre distance between two adjacent piles, and
Tension in geosynthetic, 7 (kN/m) is plotted in y-axis. The effect of pile modulus on
tension is found to be negligible as sufficient pile modulus is considered in this study.
The pile modulus varies from 5 to 30 GPa to see the effect of pile modulus on the
tension in the geosynthetic layer. Whereas, maximum tension decreases up to 35%
with an increase in embankment modulus from 5 MPa to 30 MPa. Further, the
maximum tension decreases up to 54% with an increase in friction angle from 25° to
45°, and the effect of dilation is found to be negligible. The maximum tension
decreases up to 7% with an increase in dilation angle from 0° to 15°. It implies that the

function of geosynthetic layer is not fully utilised, if the embankment modulus and
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friction angle are high enough. Thus, the embankment modulus and friction angle

should be optimum in the reinforced case.
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Figure 3.20: Influence on tension in geosynthetic layer (7) of (a) pile modulus, (b)
embankment modulus, (c) friction angle, and (d) dilation angle

Figure 3.21 shows the effect of stiffness of geosynthetic layer on stress

concentration ratio. The stress concentration ratio increases with an increase in the
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stiffness of geosynthetic layer and after a certain value of stiffness (2500 kN/m for this
study), it remains constant. It implies that geosynthetic layer improve the stiffness at

the embankment base and encourage stress transfer to the pile head.
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Figure 3.21: Influence of tension in geosynthetic layer (7) on stress concentration
ratio (SCR)

3.4.7 Effect on arching height (harch)
The soil arching height is defined as the minimum height required for the development
of full soil arching. According to BS8006-1 (2010), soil arching will occur when the
embankment height is equal to 1.4(s-d), whereas EBGEO (2011) suggested 0.7/q.
where s is the centre to centre pile spacing, d is the pile width, and /4 is the diagonal
length.

The influence of the embankment height (%) on the height of the soil arch for
different pile spacing (s) is presented in Figure 3.22(a), which shows that the height of

the soil arch (Aarch) is closely related to embankment height (4). For a specific pile
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spacing (s), it increases with an increase in embankment height up to a certain height
(5:0 m in this study) and then remains constant beyond this critical embankment
height. It can be verified by Figures 3.4(a), 3.7(a), and 3.10(a) for pile spacing (s) =
2.5 m.

The influence of the clear spacing between the piles (s-d) on the height of the
soil arch for different embankment height (%) is observed in Figure 3.22(b). It is
evident that clear pile spacing (s-d) has a significant effect on the height of the soil
arch. For a specific embankment height, height of soil arching (%arch) has been found
to increase with an increase in (s-d) within the range from 1.5 to 3.5 m. It also shows
that plot (farch) versus (s-d) are almost the same trend when embankment height is
higher than its critical height (5m for this study).

The results of the (/areh) plotted against the internal friction angle (@) of the
embankment fill are given in Figure 3.22(c). It can be seen that (/awch) increases with
an increase in the friction angle. When pile spacing (s) = 2 m, the Aarch 1s dramatically
increased after 40° friction angle. The effect of embankment height (%) and clear pile

spacing (s-d) on the arching height are consistent with Yang et al. (2019).
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3.4.8 Effect of equivalent dynamic load induced by different train speed

Figure 3.23 refers to the effect of vertical stress (ot) induced by a range of train speeds
(V) on the settlement ratio (differential settlement) and soil arching ratio (S4R). Figure
3.23(a) shows that the settlement ratio (dem/dp) increases with an increase in /4/(s-d)
(due to reduction in s). However, a mix trend settlement ratio is observed with an
increase the equivalent dynamic load induced by different train speed (V) for a given
value of h/(s-d). At the lower h/(s-d), it slightly less with increases the equivalent
dynamic load. While for higher 4/(s-d), the settlement ratio increases with an increase
in the equivalent dynamic load. As Table 3.3 indicates, the increased train speed
implies increased ot on the top of the railway embankment. The effect of different train
speed is evident in Figure 3.23(b). It implies that for smaller pile spacing, soil arching

ratio (SAR) decreases with an increase in train speed (i.e., the tenancy of stress transfer
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to pile increase). However, the effect on soil arching ratio (S4AR) found to be negligible

for larger pile spacing.
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3.4.9 Shape of soil arching
A precisely defined soil arch shape is the essential requirement to perceive the soil
arching effect accurately. In the literature, some assumed arch shapes are used to
develop the analytical models of the soil arching effect. These models are summarised
by Van Eekelen et al. (2015) as (a) rigid arch models: shape of the soil arch is assumed
to be 2D or 3D triangular. Additionally, it is assumed that the entire load above the
soil arch is directly transferred to the pile head, and the subsoil and reinforcements
carry the weight of the soil below to the soil arch. (b) Limit state equilibrium models:
these models are based on the failure condition either at the crown or the pile head of
the soil arch. Commonly two limit-state equilibrium models are used in piled
embankment design. One is explained by Hewlett and Randolph (1988) as the shape
of soil arch semicircular in 2D and a hemispherical dome in 3D which was adopted in
the French ASIRI guidelines and in the suggested BS8006-1 (2010) and was recently
extended by Zhang et al. (2016) by considering the triangular arrangement of the piles.
The other is the multi-shell arching theory models proposed by Kempfert et al. (2004),
in which a set of multi-shell domes represent the soil arch. The multi-shell arching
theory was adopted in the German guidelines EBGEO (2014) and Dutch guidelines.
(c) Frictional models (Terzaghi K. 1943; McKelvey JA. 1994): the soil arching had no
definite shape and is considered the plane of equal settlement. Thus, the existing
analytical models of soil arching give a variation in the results for the same condition.
One of the primary reasons for this may be related to the assumed shape of the soil
arch. Therefore, the shape of the soil arch needs to be further evaluated.

The effect of the input parameters on the shape of the soil arch is illustrated in
Figure 3.24. The vertical stress profile along different vertical planes in the clear pile

spacing (s-d) is used to demonstrate the shape of arch inside the embankment fill. The
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height of the maximum vertical stress from the embankment base for individual planes
is considered to be the height of the outer boundary of the soil arch, whereas the height
of the minimum vertical stress represents the inner boundary of the soil arch.

The vertical stress profile decreases at the height of 1.3 m [A/(s-d) = 0.6] above
the base of the embankment and then again starts to increase at the height of 0.54 m
[h/(s-d) = 0.25] above the embankment base. It means the thickness of the arch is about
0.76 m at the crown of the arch. However, Hewlett and Randolph (1988) and BS8006-
1 (2010) assumed that the shape of the arch is semicircular with a uniform thickness
which is equal to half of the pile head width. However, it evident that the shape of the
arch is very similar to the multi-shell arching theory proposed by Kempfert et al.
(2004).

The effect of the pile modulus (E;) on the arching shape is shown in Figure
3.24(a). The shape of the arch negligible influenced at point A by increasing pile
modulus. The effect of the embankment modulus (Eem) on the shape of the arch is
shown in Figure 3.24(b). It is observed that the shape of the arch increases by
increasing embankment modulus. It may be concluded that embankment modulus
(Eem) should be sufficient to develop soil arching. The friction angle (¢’) effect on the
shape of the soil arch is evident in Figure 3.24(c). It implies that a more stable arch
can be formed by increasing friction angle which is capable of transferring the
maximum load onto the pile. The effect of dilation angle () on the shape of the soil
arch is illustrated in Figure 3.24(d). It can be inferred that the thickness of the arch
increases by increasing . It may have practical importance as the thickness of the soil

arch increases.
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Figure 3.24: Influence on arching shape due to (a) pile modulus, (b) embankment
modulus, (c) friction angle, and (d) dilation angle
3.4.10 Review of available design approaches
Various empirical approaches (Terzaghi K. 1943; Guido et al. 1987; Hewlett and

Randolph 1988; BS8006 2010; EBGEO 2011) are available for piled embankment
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design. Table 3.5 summarises the different equations used in various design methods
to calculate soil arching ratio (SAR) and efficacy (Esw). However, these design methods
show variations in the soil arching results due to the use of different analytical models.
In this study, the soil arching ratio (SAR) and efficacy (Es) are compared using
different empirical design approaches for a range of normalised embankment heights

(A/s). The pile spacing (s) is fixed (2.5 m) whereas the embankment height varies.
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TABLE 3.5: Equations for calculating soil arching ratio (SAR) and stress efficacy (Es) by different design methods

rzztsllgcll Soil azgl;ll;)g ratio Stress efficacy (Esw)
(SZ - dz) / 2_42
. SAR = _ p(—4hdK tan¢’)/(s*—d*)
Terzaghi Thdkang L~ ° )
(1943)
where, K = (I-sin¢’)
At the crown:
AR — (1 ~ g>(2"v‘” (1 _ 2s(K,— 1) ) N (2(5 - d)(K, - 1))
S \/Eh(ZKp - 3) \Eh(ZKp - 3) (SAR)(SZ _ dZ)
; . E. =1 =7
Hewlett At the pile top: str ( 52 )
and L
Randolph
SAR =
(1988) 2K, d\(1=Kp) d d d
(K,,+1> (1-5) -(-90+5m)[+a-5
_ (1+sing”)
where, K, = sing’)
For partial Arching: 1 p
2s P, Eo o =1— —|s2—q2(-<
SAR = 2_d2<_c)] str 2[ (
Gtd2—d2) [S vh s vh
BS8006 For full arching:
(2010) sap= s a2 (5]
" (s+d)?h S yh —1— 1'4(S_d)[sz_d2<i>]
s2h yh
P Ccd]?
where, (y—;) = [%]
i —d
Guido SAR = (s—d) -
(1987) 3vV2h

where, s is pile spacing, d is pile width, / is the embankment height, and K is the lateral stress coefficient at rest (K,), K, is the passive lateral stress
coefficient, ¢’ is friction angle of embankment fill, C. is the arching coefficient, P. is vertical stress on the pile head and y is the unit weight of

embankment fill.
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Figure 3.25(a) shows the variation in soil arching ratio (SAR) using these
approaches. It is observed that the Guido method (1987) is under-predicated. The
Terzaghi (1943) and BS8006 methods (2010) are over-predicated. However, the
Hewlett and Randolph method (1988) shows nearly the same trend for higher
embankment height. Figure 3.25(b) compares efficacy (Esw), showing that Terzaghi
method (1943) is very conservative. However, Hewlett and Randolph (1988), and
BS8006 (2010) methods are shown closer prediction for higher embankment height. It
also can be seen that for efficacy, Guido (1987) shows the slightly higher result with
all embankment height.

Thus, it is confirmed that all available approaches for piled embankment
design, yield inconsistent results. The possible reason for this inconsistency in the
results is assumed shape of the soil arch in these approaches. The shape of soil arch is
not convinced in frictional models and the frictional forces follow up vertically along
with the pile edges. The rigid models are adopted as a triangular shape of soil arching
in 2D and pyramid in 3D. Further, the failure condition is either on the crown of soil
arch or the pile head in limit-state equilibrium models. Therefore, it is essential to

develop an approach which can be readily adopted for piled embankment design.
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Figure 3.25: Review of available design approaches with present study, (a) soil
arching ratio (SAR), and (b) efficacy (Es)

3.5 PRACTICAL IMPLICATIONS AND LIMITATIONS
Minimising differential settlement is the primary concern for the pile-supported
embankment design, and it has been acknowledged that soil arching help to reduce the
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differential settlement. In the literature, an optimum embankment height (/opt) is

introduced to account for soil arching beyond which differential settlement is minimal

(Lai et al. 2018). In this chapter, the height of soil arching is given in terms of clear

pile spacing (s-d), which can be used to determine the optimum embankment height.

The parametric study is useful to identify the most critical piled embankment

parameters and their correlation with the conditions mobilising soil arching. The

practical implications of this chapter are as follows:

The height of soil arching is summarised in Table 3.4, and it is verified with
other published results. It is worth noting that the height of soil arching is 1.04
times of clear pile spacing (s-d), which is applicable to all considered pile
spacing (i.e., 2.0 m, 2.5 m and 3.5 m). Above this embankment height (i.e.,
1.04 times of clear spacing), the uniform settlement is observed. This implies
that the /Aopt should be equal to 1.04 times of clear pile spacing (s-d) for
complete mobilisation of soil arching.

It is noteworthy to mention that soil arching is concerned with the optimum
embankment height. However, FEM results indicate that variations in the piled
embankment parameters also have significant effects on the extent to which
soil arching would be mobilised. Based on the parametric study results, it is
evident that embankment modulus and friction angle play vital roles on the
load transfer (e.g., soil arching) mechanism. Following relationships are
established between soil arching ratio (S4R) and the embankment modulus and
friction angle as below:

SAR = a (E,p)? + (3.5)

where, a, b, ¢ are coefficients and the values are 1.331e*,-6.08, and 0.28, respectively.

And,
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SAR = —0.0061f" + 0.4791 (3.6)

Therefore, current chapter is beneficial to identify optimum embankment

height as a function of clear pile spacing, and the most critical design parameters to

the optimise embankment design (refer to Equations (3.5 and 3.6).

Further, following are the limitations of this chapter which can be incorporated

in future study:

In this chapter, a linear elastic-perfectly plastic model with Mohr-Coulomb
(MC) failure criterion was considered for soil. It is acknowledged that the use
of the Mohr-Coulomb model can result in overprediction of strength at higher
normal stresses. However, the expected normal stresses in a typical traffic
scenario would not be too large in particular to the gravity loading analysis
(self-weight of embankment). The low stress condition may not be true, during
train loading when train-induced transient stresses attain peak values in the top
layers of embankment. This is also evident in past through fully instrumented
field studies in Australia (Indraratna et al. 2010; Nimbalkar and Indraratna
2016). In the present Chapter, the dynamic nature of train loading is not
considered and hence the use of MC model was considered appropriate for the
modelling. The use of MC model is also consistent with other past studies (Li
et al. 2018; Ye et al. 2020). Ye et al. (2020) simulated embankment as linear
elastic-perfectly plastic model with Mohr-Coulomb (MC) failure criterion
considering surcharge. Li et al. (2018) simulated a ballasted railway track with
Mohr-Coulomb and (MC) model for embankment considering train speed from

100 km/h to 440 km/h.
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e The current chapter deals with the use of cohesive-frictional materials
possessing high frictional strength and coarse-grained soil for embankment fill
and gravel bed which can largely remain in a relatively dry state. The
consolidation settlements are ignored in this study. However, the consolidation

can be significant issue when dealing with soft saturated subsoils.

3.6 THREE-DIMENSIONAL (3D) UNIT CELL NUMERICAL MODELLING
The simulated unit cell in 2D plane strain is extended into 3D to investigated the soil
arching. Figure 3.26 shows the FE model diagram of a simulated 3D unit cell with a
2D plane strain model. As shown in Figure 3.26(b), a square shape 3D unit cell is
modelled which includes the effective region of four piles arranged in a square pattern.
Half of the piles are modelled in a square shape with an equivalent width of a circular
pile to avoid any convergence error in the simulation. The equivalent width of a pile
is calculated with 0.886xD, where D is the diameter of the pile.

The material properties, constitutive model, and element type are considered
the same as in 2D planed strain condition. The bottom of the FE model is considered

fixed. However, the vertical planes are restraint along their axis.
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Figure 3.26: FE unit cell model in (a) 2D and (b) 3D

A comparison of vertical stress on point A (subsoil mid) is shown in Figure
3.27. It is found that the modelled until cell in 2D with EA method with 7% difference
well match with the 3D unit cell. The EEM and EFS method show a consistent trend
of vertical stress variation through the embankment height and a 24% difference with
the 3D unit cell model. While the ARR method shows 22% difference with the 3D unit
cell. Thus, it can be a further extension of the FE simulation in 3D. However, the 3D

simulation is not considered in this study.
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Figure 3.27: Comparison of vertical stress on subsoil in 2D and 3D FE model

3.7 SUMMARY
A numerical study on pile-supported railway embankment under the plane strain
condition has been presented in this chapter. In addition, a comparison of the 2D model
with the 3D unit cell has also been undertaken. The soil arching behaviour was
investigated using the plane strain model results. The study was further expanded to a
parametric study to investigate the influence on the size and shape of soil arching with
varying piled-embankment parameters, pile spacing embankment height and
geosynthetic layer.

Based on the FE analysis, the following summary may be drawn in details from
the present chapter:

1) Soil arching was significantly affected by the pile-supported embankment

properties.
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o The soil arching ratio (SAR) decreases up to 61% with an increase in
embankment modulus (Eem) from 15 to 30 MPa. While, the SAR
decreases up to 30% with an increase in friction angle from 30° to 45°.
Thus, it implies that the tenancy of stress transfer to pile increases with
an increase in embankment modulus and friction angle. The effect of
pile modulus is found negligible due to a very high modulus of pile.
However, soil arching ratio increases up to 7% with an increase in
dilation angle, at the lower friction angle.

o The effect of pile modulus on stress efficacy (Es) is found to be
negligible, while efficacy increases up to 87% with an increase in
embankment modulus (Eem) from 15 to 30 MPa. Also, efficacy
increases up to 20% with an increase in friction angle from 30° to 45°
and the effect of dilation is found to be negligible.

o The maximum tension decreases up to 35% with an increase in
embankment modulus (Eem) from 5 to 30 MPa. Further, the maximum
tension decreases up to 54% with an increase in friction angle from 25°
to 45°. However, the effect of pile modulus and dilation are found to be
negligible. It implies that the geosynthetic layer is more contributing
with less embankment modulus and friction angle.

Therefore, embankment modulus and friction angle are two major parameters that can
affect mobilisation of the soil arching. However, the dilation angle has a negligible
effect at a lower friction angle. In addition, the height of the embankment cannot
adjust. However, this thesis investigates the effect of embankment height on soil

arching before it is constructed.
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2) The geosynthetic layer at the base of embankment encourages stress transfer
to the pile head through the tension in geosynthetic layer.

o The normalised vertical stress (Nys) is observed less up to 10% at the
subsoil top in the reinforced case compared to unreinforced. In contrast,
it shows an increase of up to 19% below the outer boundary of soil
arching at the pile top (above point B). Thus, it implies that
geosynthetic layer improves the load transfer mechanism.

o The total settlement reduces up to 10% with incorporating the
geosynthetic layer at embankment base. Further, the stress
concentration ratio (SCR) increases up to 21% in the reinforced case
compared to unreinforced.

o The stress concentration ratio (SCR) increases with an increase in the
stiffness of geosynthetic layer (J) and after a certain value of stiffness
(2500 kN/M for this study), it remains constant.

Thus, it is clear that the inclusion of a geosynthetic layer can enhance the soil arching
and transfer more load on the pile top through the tension.
3) The soil arching was significantly affected by the embankment height and pile
spacing.

o The soil arching mobilisation increases with an increase of
embankment height (/) until it is not fully mobilised, and after full
mobilisation of soil arching negligible effect of embankment height is
to be found (% =5 m in this study). It is worth noting that the minimum
embankment height for full mobilisation of soil arching should be 1.95-

fold of clear pile spacing (s-d).
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o The height of the soil arch (Aarch) is closely related to embankment
height (4). For a specific pile spacing (s), it increases with an increase
in embankment height up to a certain height (5-0 m in this Chapter) and
then remains constant beyond this critical embankment height.

o The vertical stress on subsoil top increases up to 118% with a decrease
in pile spacing from 3.5 to 2.5 m. Further, the total settlement decreases
up to 42% with a decrease in pile spacing from 2.5 to 3.5 m. Thus, pile
spacing should be limited for efficient load transfer to the pile top.

o For a specific embankment height, height of soil arching (/arch)
increases up to 35% with an increase in clear pile spacing (s-d) within
the range from 1.5 to 3.5 m.

4) The shape of the soil arch is not semicircular with uniform thickness, rather, it
follows the multi-arch theory.

o The thickness of the arch is about 0.76 m at the crown of the arch.
However, Hewlett and Randolph (1988) and BS8006-1 (2010) assumed
that the shape of the arch is semicircular with a uniform thickness which
is equal to half of the pile width. It evident that the shape of the arch is
very similar to the multi-shell arching theory proposed by Kempfert et
al. (2004). The formation of the soil arch starts from the lower boundary
to the upper boundary. The shape and formation of the soil arch are still
not understood well.

Thus, more research is needed on the shape and formation of the soil arch, in particular.
5) Comparison of the numerical results with the available design methods shows
inconsistencies. Further research needs to be carried out in order to improve

the available design and analytical methods.
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CHAPTER

2D ANALYTICAL SCHEME OF SOIL ARCHING IN A PILE-

SUPPORTED RAILWAY EMBANKMENT

In this chapter, a theoretical method is presented for the analysis of a pile-supported
railway embankment in the two-dimensional (2D) condition. The key modification in
this method is to consider the accurate evaluation of surcharge on the soil arching
crown, coming from a railway corridor laying on the embankment top. In the past, a
small value of surcharge is considered on the embankment top to represent the traffic
loading and the same magnitude of surcharge is considered while deriving the vertical
stress on the soil arching crown. However, the surcharge value is higher beneath a
railway corridor (surcharge due to the railway track and a moving train) and the
magnitude of this surcharge reduces with an increase in embankment depth. Thus, the
surcharge magnitude at the soil arching crown should be smaller than the surcharge
acting on the embankment top. The proposed method is validated by a field study and
a full-scale model test and is found to be in good agreement with reasonable accuracy
for both studies. In addition, it is also compared with other design methods such as
Guido el al. (1987), Low et al. (1994) and BS8006 (2010). In particular, the proposed
method enables a realistic approximation of vertical stress on the soil arching crown

which can be useful in designing a pile-supported railway embankment.
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4.1 INTRODUCTION

In a pile-supported railway embankment, most of the imposed load is transferred to
the rigid pile through a shearing stress mechanism named the soil arching and tension
action of the geosynthetic layer (Terzaghi 1943; Low et al. 1994; Zhuang et al. 2014).
In the recent decade, several theoretical methods (Hewlett and Randolph 1988; Low
et al. 1994; Kempfert et al. 2004; Van Eekelen et al. 2013; Pham 2020a) have which
focus on the soil arching mechanism have been proposed. Hewlett and Randolph
(1988) performed three-dimensional model tests and proposed a semi- spherical
empirical model to describe soil arching without any reinforcement. Further, Low et
al. (1994) extended Hewlett and Randolph's (1988) model and reported that the critical
state of the embankment fill soil element would be either at the crown of the soil arch
or just above the pile head. The BS8006 (2010) guideline for the design of the pile-
supported embankment is based on Hewlett and Randolph's (1988) method. Kempfert
etal. (2004) carried out 1: 3 model tests and proposed a design method. They suggested
that, first, the load magnitude on soft soil without any reinforcement should be
evaluated, and then the tension in reinforcement is estimated. The EBGEO (2011)
guideline for the design of pile-supported embankment is based on this method.
Further, Van Eekelen et al. (2013) proposed a new model as a concentric arch model
which is the extended version of Hewlett and Randolph’s (1988) and the EBGEO
(2011) model. This model involves a set of concentric hemispheres arches. Pham
(2020a) proposed a comprehensive design method to assess soil arching by combining
the effect of soil layer, tension in the geosynthetic layer, subgrade reaction, interaction
between geosynthetic layer and soil, and the consolidation of the subsoil under both
the linear and nonlinear model. In addition, Fonseca and Palmeira (2019) carried out

a series of large-scale tests and investigated the accuracy of the current analytical
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methods. They found that the concentric arches theory-based methods, the modified
British method (BS8006), and the German method (EBGEO) are in a good agreement
with proposed method prediction. In the previous studies, either surcharge is neglected
or the same surcharge acting on the embankment top is considered on the soil arching
crown. However, the magnitude of the applied surcharge on the embankment top
reduces with embankment depth.

In this chapter, Low et al.’s (1994) model in the two-dimensional (2D) plane
strain condition is used. Based on Low et al.’s (1994) analysis, Abusharar et al. (2009)
reported a simplified method for the analysis of a piled embankment. A uniform
surcharge is considered on the embankment top and the surcharge acting on the soil
arching crown is considered to be the same as the surcharge acting on the embankment
top. The main refinement in this chapter is the inclusion of a uniform equivalent
dynamic stress induced by a moving train on the embankment top, and the magnitude
of this equivalent dynamic stress attenuation with embankment depth. In addition, the
effect of an earthquake is also investigated. The proposed method can be used to assess
the soil arching and tension in the geosynthetic layer. In addition, this method is

compared with the field study and current design methods to validate its applicability.

4.2 THEORETICAL ANALYSIS OF SOIL ARCHING IN 2D
The proposed theoretical analysis is based on the following assumption:

(i) The embankment fill material is homogeneous, isotropic, and cohesionless: For
the analysis of soil arching, it is assumed that the properties of the embankment
are uniform throughout the entire embankment in all directions. In other words,
a single material is considered for the entire embankment fill. Different

material properties may lead to complexity in capturing soil arching in the

106



embankment fill. The embankment fill material is assumed to have no cohesion
(i.e. no intermolecular force of attraction when water is added). Also, in
cohesionless material, the tangential stress (ov) = K,xo;.. However, if we

consider cohesive material, the tangential stress (ov) = Kpxor + 2xcx(Kp)®?
(Pham 2020a).

(ii) The subsoil is homogeneous, isotropic, and cohesive: In a pile-supported
embankment, the settlement of subsoil is maximum at the centre of two
adjacent piles and minimum near the pile top. It is possible when embankment
fill acts as a perfectly flexible foundation resting on the subsoil (cohesive
material). If the foundation (i.e. embankment fill) is subjected to a uniformly
distributed load, the contact pressure will be uniform and the foundation will
experience a sagging profile as reported in Das (2021).

(iii) Embankment fill and subsoil deforms vertically: Vertical settlement is more
crucial for soil arching compared to the horizontal deformation of soil. In
addition, the horizontal loads components can be affected to the soil arching.
However, this thesis is limited to vertical load components only.

(iv) The deformation in piles is zero: The rigid pile is considered to develop
sufficient shear stress due to the stiffness difference of the pile and subsoil.

(v) A smooth surface between piles and the surrounding subsoil (i.e., no friction):
The skin friction between piles and the surrounding subsoil can affect the
subsoil reaction (ks). Thus, to avoid any difficulty it is assumed that there is no
friction between the pile and subsoil.

(vi)Ratio of the embankment height (/) to the centre to centre pile spacing (s) is
greater than 0.5: Hewlett and Randolph (1988) considered a semicircular arch
with a diameter of semicircular arch is (s-d). So, the radius is 0.5(s-d), which
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is equal to the minimum embankment height (/). Thus, the ratio A/(s-d) = 0.5

and this ratio should be larger than 0.5 for full soil arching development.

4.2.1 Theoretical analysis of soil arching in an unreinforced pile-supported railway
embankment

The analytical solution is based on the semi-cylindrical arch model proposed by Low
et al. (1994), which was extended by Abusharar et al. (2009) to a two-dimensional
(2D) plane strain condition. The main refinement in the proposed analysis is the
vertical stress at depth /' (i.e., the soil arching crown) below the embankment top due

to the self-weight of the rail track (oiack) and the moving train (Giain), as shown in

Figure 4.1.
Axle load
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Ballast - \A_rl] .// ) (I;.ZO
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Figure 4.1: (a) Cross-sectional view of the pile-supported railway embankment;
(b) Longitudinal view of the considered unit length with the sleeper

The radial equilibrium for an element in the semicircular arch is determined following

(Low et al. 1994):
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doy + oy — Og
dr r

+y=0 (4.1)
where o = radial stress (kN/m?); ov = tangential stress (kN/m?); » = radial distance
(m); and = unit weight of embankment fill material (kN/m?). For limit state analysis,

the tangential stress (ov) = kp.or; where k, = (1+sing)/ (1-sing).

& or(1-kp) i
dr+—+y—0 4.2)
The general solution of Equation (4.2) is:
o, =7. (k r 2) + ¢ .rp=1) (4.3)
-

The boundary condition is at the soil arching crown, where » = s/2 and o; = ®(h-s/2) +
ort and where ort = total vertical stress on the soil arching crown due self-weight of
the rail track and the moving train.

The vertical stress due to track (Gwack) 1s the component due to the self-weight
of the rail, sleeper, ballast and subballast. Figure 4.1(a) shows the cross-section of
considered railway embankment and Figure 4.1(b) shows the longitudinal view of the
considered sleeper configuration. The calculation of Girack 1s described in Table 4.1.

Table 4.1: Calculation of the surcharge on the embankment top

Vertical stress
(Girack) due to self-
weight of rail track
on the embankment

. . Total Area where
Density  Unit Mass weight  total weight

Material (ph - volume weight 5 opplied
& ’ kN (Acstrack) m2

top, kPa
Rail
(UIC-60) i 60
Sleeper 2350 0.2 470 41.59 6.3 6.60

Ballast 1700 1.23 2091
Subballast 1800 0.9 1620
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The vertical stress due to the moving train (Owain) is calculated using the
trapezoidal approximation (2:1 method) (refer to Equation 3.7). The dynamic
amplification factor (DAF) is calculated using the ORE method (refer to Equation 3.8).
The vertical stress on the embankment top due the different train speed is listed in

Table 4.2.

Table 4.2: Calculation of the moving train surcharge (Giin) due to 25 t axle load

Train speed (), km/h Vertical str:;sb (a z‘i;?;)egrfo;o’ Ln}g;/ing on the
40 193.69
60 194.60
80 196.38
100 199.30
120 203.66

The radial stress (o7) is denoted as o, at the soil arching crown in the
embankment. The imposed vertical stress due to the track and moving train is
dissipates in trapezoidal form (using trapezoidal approximation) as shown in Figure
4.2. In this method, the stress dissipates with the depth in the form of a trapezoid that
has 2:1 (vertical: horizontal) inclined sides. The imposed vertical stress due to the
moving train is considered uniformly distributed at the embankment top for simplicity
(Sadeghi 2008). A list of contact pressure distribution beneath the sleepers is reported
in Sadeghi (2008). It also stated that a uniform contact pressure sleeper and ballast is

considered to determine sleeper stresses for design.
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Figure 4.2: Vertical stress (orr) at depth 4' below the embankment top due to the
self-weight of rail track and the moving train
Thus, the vertical stress on the soil arching crown (ort) due to the rail track and
moving train is:

OrT = (atr‘wkx A”track) + (Utrainx A”train) (4.4)

AURT

where, Aotrack and Aowain = the area of applied stress due to the track and train loading,
respectively = area of embankment top (4emwop); AorT = area of applied stress on the

soil arching crown.

Thus, the vertical stress (o) 1s just below the inner boundary of the soil arching, where
r=(s-d)/2,is

i _ _(s=d) ﬂ(kp_l) 1-2(1 42 IRT

Yh  2h(kp-2) s 2h kp—2 yh (4.5)

The vertical stress (os) acting on the subsoil midway between the pile heads is:

0y = 0y + L2 (4.6)



_ y(s=ad).(kp-1) (s d (kp—1)
ST 2.(kp-2)

(1425 ron] @

N

The stress efficacy (Esy) is defined as the portion of the embankment weight that is

carried by the piles

05.Ag

Eoer =1 - (yh+orT).A

(4.8)

where As = area of clear spacing = (s-d) x 1 m? and 4 = area of centre to centre pile

spacing = s X 1 m?. The unit value is considered for the plane strain problem.

From Equation (4.7) and (4.8), the stress efficacy is:

_ (s—)?(kp—1) | (s—d\kp
Eser =1- 2sh(kp—2) +( s ) 1__(1+

k,,_z) + %] (4.9)

For overall equilibrium condition

s(yh + ogr) =d.op + (s — d). o (4.10)

The degree of load transfer is quantified using the stress concentration ratio (SCR):

SCR — o_p — S(yh+URT)_(S_d)'US (4.11)

Og d.og

4.2.2. Theoretical analysis of soil arching in a reinforced pile-supported railway
embankment

In a reinforced pile-supported railway embankment, it is assumed that the deformed
shape of the geosynthetic layer is a circular arc of radius R and the maximum deflection
of y m in between the piles, as shown in Figure 4.3. The geosynthetic layer is laid down

on a subsoil layer of depth 8 m and it is fixed at the edges of the pile heads. In addition,
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arigid interface of the geosynthetic layer with the pile head is considered to avoid any

risk of puncturing or tearing the geosynthetic material. For simplicity, the creep effect

is neglected during this analysis.

From Figure 4.3:
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. 4
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(4.12)

(4.13)

Figure 4.3: Deflection in the geosynthetic layer overlying the pile head and

subsoil

__ Y _
tana—(s_d/z) 2B

From Equation (4.14), when « is very small; tana = o

0 =2a = 2tan"1(2pB) = 4P
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The axial strain in geosynthetic layer (ggeo) is:

A(s—d)
Egeo = (Ss_d) (4.16)
From Equation (4.13) and (4.15):
€geo = 4% (4.17)

4.2.2.1 Vertical stress distribution on the geosynthetic layer in a reinforced pile-
supported railway embankment
In recent decades, it has been argued that subsoil has a significant effect on the load-
settlement behaviour of the geosynthetic layer (Chen et al. 2008; Rui et al. 2020). In
this regard, a part of the vertical stress (os) is borne by the geosynthetic layer (ogeo), as
shown in Figure 4.4:

Ogeo = 05 — Oyp (4.18)
where o is the vertical stress on the top of the geosynthetic layer by the soil arching
effect; oup 1s the upward vertical reaction stress on the bottom of the geosynthetic layer

for the equilibrium condition.
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Figure 4.4: Vertical stress distribution on the geosynthetic layer and tension

In a pile-supported embankment, the subsoil has very complex load-settlement
characteristics as it is nonlinear, anisotropic and heterogeneous. The vertical stress,
coming from embankment fill including surcharge, which is carried by the
geosynthetic layer is dependent on these load-settlement characteristics of subsoil.
Consequently, it is very difficult to establish any mathematical formulation to predict
the vertical stress on the geosynthetic layer. In this regard, a simple mathematical
formulation often becomes essential with reasonable accuracy. Thus, in this study, the
Winkler model is considered for subsoil. This model has already been used in several
design guidelines such as EBGEO (2011) and CUR226 (2016). The upward vertical

reaction stress on the bottom of the geosynthetic layer (oyp) is calculated as:

Oup = V- g = 222 (4.19)

Dgct

where y is the maximum deflection of geosynthetic layer; ks is the modulus of the
subgrade reaction; Dac is the active depth of subsoil (full depth of subsoil; Pham
2020a); and E, is the one-dimensional modulus of the subsoil, which can be derived

using Young's modulus of the subsoil (Esubsoil) and Poisson’s ratio (v) as follows:
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= ()
Eo - ESUbSOll ((1+v).(1—2v)) (4°20)

Thus, Equation (4.18) become:

Ogeo — Os — [yl EO] (4.21)

Dgct

4.2.2.2 Tension in the geosynthetic layer

As subsoil deforms vertically, the strength of the geosynthetic layer is mobilized due
to the vertical stress on the top of the geosynthetic layer. Consequently, it acts as a
tensioned cable and results in reduced pressure on the subsoil. It is assumed that the
deform shape of the geosynthetic layer is circular and the strain is uniformly
distributed in the geosynthetic layer to simplify the analysis (Pham 2020b). However,
prediction can differ using different deformation shape of geosynthetic layer. Initially,
the geosynthetic layer is flat and its length is the same as the pile spacing (s). As shown
in Figure 4.4, tension (7) in the geosynthetic layer can be determined as follows:

2T Sin 6 = Gyeq(s — d) (4.22)

From Equation (4.21) and (4.22);

7= COUHE) (g [2Lo)) (4.23)

8B Dgct

4.2.2.3. Soil-geosynthetic layer interface
Skin friction along the interface of the geosynthetic layer also develops a part of the
tension in the geosynthetic layer. Figure 3.5 shows the shear stress developed along
with the geosynthetic layer interface and can be defined as:

T = Ttop + Thottom = Optand (4.24)
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where o, is normal stress in the interface; o is the friction angle between the soil and
geosynthetic layer (tan 6 = A tang’); ¢’ is the shearing resistance angle of the
surrounding soil; and A is a factor which lies between 0.7 to 0.9 depending on the type

of soil (Di Donna et al. 2016). The value of A is taken 0.8 for this study.

T T
0 N o (5
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: (s - d) >
« s >

Figure 4.5: Shear stress developed at the soil-geosynthetic layer interface

The embankment and soft soil both contribute to the skin friction. Thus, the
soil-geosynthetic layer interface shear stress for the embankment and subsoil are:

Trop = Os(A.tan ¢epy) (4.25)

Thottom = Oup (A tan Psypsoir) (4.26)
where, gem and @aubsoil 1S the shearing resistance angle of embankment fill and subsoil,

respectively.

Substituting Equation (4.25) and (4.26) into (4.24):

T=A (as. tan ¢ + Z'E"

.tan ¢subsoil) (4'27)

act
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The tension in the geosynthetic layer is considered as a function of two strain

components, one due to the load and the other due to the skin friction.

Thus,
T =] egeo+ 15" (4.28)
where, J is tensile stiffness of geosynthetic layer (kN/m).
Substituting Equation (4.17) and (4.27) into (4.28),
T = 4B% +% (00 tan o + 222 tan doupsour) (s —d)  (4.29)
With the combing of Equation (4.23) and (4.29),
A3 +B.B*+C.B+D =0 (4.30)
where A = 32.] + 4. (s — d).D’i‘;;
B=2.(s— d)z./l.%.tan Gsupsois — 4. (s — d). og;
C=2.(s—d).Xog.tan g, + (s — d)Z.D%;
D =—(s—d).o;
The efficacy can be derived as Equation (4.8):
Egp=1- m 4.31)
Now for overall equilibrium as Equation (4.10):
S(yh + orr) = d.op + (s — d).0ge (4.32)
From Equation (4.32),
SCR = o _ SUn+oRT)~G=d)dgeo 433)

Ogeo d.0geo
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4.3 VALIDATION OF THE PROPOSED ANALYTICAL METHOD

In this section, the proposed analytical model is validated with a full-scale model test
and field test (Cao et al. 2016; Chen et al. 2016) in terms of the stress efficacy and
maximum deflection in the geosynthetic layer. Full details of the site condition and the
monitoring scheme are reported in Cao et al. (2016) and Chen et al. (2016). However,
a brief description of the design parameters, used to validate the analytical model are

given in Table 4.3.

Table 4.3: A brief of parameters used for validation of present analytical method

Chen et al.
Parameters Cao et al. (2016) (2016)
Height, & (m) 2.4 3.2
Embankment  Unit weight, 7 (kN/m?) 19.5 212
Friction angle ¢ (degree) 35 42
Active depth, Dact (m) 4.68 -
o 3
Subsoil Unit weight, ¥ (kN/m°) 19.5 9.81
Young's modulus of 8 80 )
elasticity, £ (MPa) '
Pile Width, d (m) 1 1
Pile spacing, s (m) 1.6 1.8
Geosynthetic ~ Tensile  stiffness, J . 4
layer (kKN/m) 300 2439
Surcharge on the embankment top, Giota 48 12.25
(kPa)

“biaxial warp-knitting geogrid; “uniaxial geogrid used in the study

4.3.1 Field study (Cao et al. 2016)

Cao et al. (2016) investigated a field test on a high-speed railway embankment in
Anhui province, China. The height and crown-width of the tested embankment were
2.4 m and 13.2 m, respectively. A backfill material of 3 m height with 16 kN/m? unit
weight was used to mimic the surcharge and obtain precise results. The tested
embankment was supported on cement-fly ash-gravel (CFQG) piles. The pile spacing

and width were 1.6 m and 1m, respectively. The subsoil properties were determined
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using the static cone penetration test and the plated loading test. One geogrid layer was
sandwiched into a highly frictional gravel layer. Field monitoring sensors were
installed at various locations such as within the embankment fill, in the subsoil, and
on the pile top to monitor the different aspects of the testing embankment.

The proposed analytical method is compared with the existing methods and the
measured field data is summarised in Table 4.4. The proposed method is in good
agreement with Cao et al.’s (2016) measured field data with a difference of 3.8% in
terms of maximum tension in the geosynthetic layer. The stress efficacy and deflection
are overestimated by the BS8006 (2010) method whereas Guido et al. (1987)

underestimated the stress efficacy.

Table 4.4: Comparison of present method with Cao et al. (2016) measurement and
other methods

Measured

BS8006  Present field data

(2010)  method (Cao et al.
2016)

Guido Lowet Abusharar
Parameters et al. al. el al.
(1987)  (1994) (2009)

Efficacy, Ew, (%)  80.31 92.14 94.90 97.77 94.59 90.4

Max. tension in

geosynthetic 4.98 2.25 2.55 11.87 2.49 2.40
layer, T (kN/m)

Max. deflection in

geosynthetic - 5.30 541 17.47 5.36 4.20
layer, y (mm)

Figure 4.6 shows the relative error in the different methods with the measured
stress efficacy by Cao et al. (2016). The proposed method is in good agreement with
Cao etal.’s (2016) measured field data with a relative error of 4.6%. Guido et al. (1987)
and BS8006 (2010) methods have a higher relative error by 11.56% and 8.15%,

respectively whereas, Low et al.’s (1994) method is under the very less relative error
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as it underestimated the stress efficacy. Abusharar et al.’s (2009) method has a 4.9 %

relative error which is slightly higher than the proposed method.

. | |
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Figure 4.6: Relative error of different methods in predicting stress efficacy based
on Cao et al. (2016)

4.3.2 Field study (Chen et al. 2016)

Chen et al. (2016) carried out a model test to assess the tension in a geosynthetic layer
underneath the high-speed railway embankment. In this model test, water bags are
used to represent the subsoil and control the differential settlement between the pile
and adjacent subsoil. Therefore, support from the subsoil is assumed to be zero in this
case.

The proposed analytical method is compared with the existing methods and the
measured field data of Chen et al. (2016) as summarised in Table 4.5. The proposed
method is in good agreement with Chen et al.’s (2016) measured field data with a

difference of 0.38% in terms of stress efficacy. However, the difference in tension and
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deflection in the geosynthetic layer is 37% and 14%, respectively. Guido et al. (1987)
underestimated stress efficacy by 20%, whereas they overestimated tension in the
geosynthetic layer by 99%. The BS8006 (2010) method overestimated the deflection

in the geosynthetic layer by 25%.

Table 4.5: Comparison of present method with Chen et al. (2016) measurement and
other methods

Measured
BS8006  Present field data
(2010)  method (Chen et al.
2016)

Guido Lowet Abusharar
Parameters et al. al. el al.
(1987)  (1994) (2009)

Efficacy, E, (%)  76.67 91.61 92.64 90.46 92.35 92.0

Max. tension in

geosynthetic 35.77 24.21 24.79 26.63 24.60 17.93
layer, T (kN/m)

Max. deflection in

geosynthetic - 39.69 40.16 43.66 40.01 35.0
layer, y (mm)

The relative error in different methods with measured stress efficacy by Chen
et al. (2016) is shown in Figure 4.7. It can be seen that the proposed method is in good
agreement with Chen et al.’s (2016) measured data with a relative error of 0.38%.
Guido et al.’s (1987) method demonstrates a higher relative error by 16.67% whereas
the BS8006 (2010), and the methods by Low et al. (1994) and Abusharar el al. (2009)

have a relative error of 1.67%, 0.42%, and 0.69%, respectively.
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Figure 4.7: Relative error of different methods in predicting stress efficacy based
on Chen et al. (2016)

In Cao et al. (2016) and Chen et al. (2016), a small surcharge value is
considered, thus the difference in relative error is not greatly different between
Abusharar et al.’s (2009) method and the proposed method. However, the difference
between the relative error may increase with an increase in the surcharge value on the

embankment top.

4.4 PARAMETRIC STUDY

In this section, the effect of different parameters of pile-supported railway
embankments on soil arching using the proposed method is investigated in terms of
stress concentration ratio, stress efficacy, deflection in geosynthetic layer, tension and
axial strain in the geosynthetic layer. A train speed of 40 km/h and normalised
embankment height (A/s-d) = 3 are considered to see the effect of other parameters

except for train speed and embankment height, respectively. For general applicability,
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embankment height is normalised by clear spacing (s-d) to see the effect of
embankment height.

The embankment geometry parameters of Meena et al. (2020) are used as a
reference case for the parametric study. The input parameters of Meena et al. (2020)
are listed in Table 3.1. In addition, details of the considered parameters are as follows:
(/) Embankment - height (k) = varies from 1 m to 15 m, unit weight () = 20 kN/m?,
Young's modulus of elasticity (£) = 20 MPa, internal frictional angle (¢) = 30°,
cohesion (c) = 0.1 kPa; (if) Subsoil - depth (Dsuw) = 8 m, unit weight () = 18.4 kN/m?,
Young's modulus of elasticity (E) = 2.2 MPa, internal frictional angle (¢) = 22°,
cohesion (c) = 8 kPa; and (iii) Pile - width (d) = 1 m, spacing (s) = 2.5 m; (iv)
Geosynthetic layer (Secugrid® 60/60Q1 @ 2 % strain @ rib thickness of 2 mm) -

tensile stiffness (J) = 1000 kN/m.

4.4.1 Effect of embankment height
The effect of embankment height on the stress concentration ratio (SCR) for different
ratios of pile width (d) to clear spacing (s-d) is shown in Figure 4.8. As shown in Figure
4.8(a) for unreinforced cases, the SCR increases with an increase in the ratio of d/(s-
d). In addition, for a higher d/(s-d) ratio (1 in this study), the SCR initially slightly
decreases, and after a certain normalised embankment height (3 in this study) it
increases. The effect of embankment height is not prominent for a higher d/(s-d) ratio
due to the higher value of surcharge on the embankment top. However, the SCR
increases with an increase in embankment height for a lower d/(s-d) ratio. Similar
results are reported in other studies (Abusharar et al. 2009; Van Eekelen et al. 2013).
Figure 4.8(b) shows the effect of embankment height on the SCR in reinforced
cases. It can be seen that the SCR decreases with an increase in the ratio of d/(s-d) for
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a smaller embankment height. However, it is likely to approach a limiting value for a
larger embankment height, and it implies the critical height of soil arching. In addition,
the SCR decreases with an increase in embankment height for a small d/(s-d) ratio and
it increases with an increase in embankment height as the d/(s-d) ratio increases. This
trend of the SCR is due to the presence of reinforcement at the base of the embankment.
The SCR in the reinforced case is higher compared to the unreinforced case due to
additional vertical stress on the pile head that is transferred from the geosynthetic layer.

The geosynthetic layer enhances the stress concentration ratio by 125-500%.
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Figure 4.8: Effect of embankment height on the stress concentration ratio in (a)
the unreinforced case; and (b) the reinforced case

Figure 4.9 shows the influence on stress efficacy (Esw) of embankment height
for different d/(s-d) ratios. For unreinforced cases, a negligible effect is found on stress
efficacy due to a higher surcharge on the embankment top, as shown in Figure 4.9(a).
However, it increases with an increase in embankment height for a small d/(s-d) ratio,
whereas Figure 4.9(b) shows the effect of embankment height on stress efficacy in the
reinforced case. The Esw decreases with an increase in embankment height when the
d/(s-d) ratio decreases. The Eg in the reinforced case is higher compared to the
unreinforced case due to additional vertical stress on the pile head that transfers from

the geosynthetic layer. The geosynthetic layer enhances the Es: by 9-51%.
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Figure 4.10 shows the effect of embankment height on tension (7) and axial
strain (&eo) in the geosynthetic layer for different d/(s-d) ratios. The same trend is
found for both tension and axial strain in the geosynthetic layer, as shown in Figure
4.10 (a) and (b), respectively. The tension and axial strain in the geosynthetic layer
decrease with an increase in the d/(s-d) ratio, and both increase with an increase in
embankment height. Zhuang et al. (2014) reported similar results. However, a
negligible effect is found at a higher d/(s-d) ratio due to a lower deflection in the

geosynthetic layer.
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Figure 4.10: Effect of embankment height on (a) tension, and (b) axial strain in
the geosynthetic layer
Figure 4.11 demonstrates the effect of embankment height on the maximum
deflection (y) in the geosynthetic layer. It is evident that the maximum deflection
decreases with an increase in the d/(s-d) ratio and increases with an increase in
embankment height. Similar results are reported by Pham (2020a). However,
deflection in the geosynthetic layer remains the same at all embankment heights for a

higher d/(s-d) ratio due to the small pile spacing.
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Figure 4.11: Effect of embankment height on deflection in the geosynthetic layer

4.4.2 Effect of the one-dimensional modulus of subsoil

The subgrade reaction of the subsoil, which can be derived from the one-dimensional
modulus of subsoil (E,), plays a major role in the settlement of embankment fill and
load support on the subsoil. Therefore, it is important to investigate the effect of the
one-dimensional modulus of the subsoil.

Figures 4.12 shows the effect of the one-dimensional modulus of subsoil (E,)
on the stress concentration ratio for different d/(s-d) ratios. For an unreinforced case,
as shown in Figure 4.12(a), the SCR increases with an increase in the d/(s-d) ratio.
However, there is no change in the SCR by changing the one-dimensional modulus of
the subsoil. This may be because the subsoil makes no contribution in the unreinforced
case, whereas in the reinforced case, as shown in Figure 4.12(b), the SCR slightly
increases with an increase in the d/(s-d) ratio for a smaller E, value (0.5 MPa for this

study) and it decreases with an increase in the d/(s-d) ratio for a higher E, value (3.0
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MPa for this study). The geosynthetic layer transfers the majority load to the pile top
by the membrane effect when an increase in the d/(s-d) ratio is at a small value of E..
while, for a higher value of the E,, the contribution of the geosynthetic layer is not
fully utilized as the subsoil is sufficiently stiff to support the imposed load. Thus, the
SCR increases with a decrease in the d/(s-d) ratio at a higher value of the E..

A higher SCR is observed in the reinforced case compared to the unreinforced
case due to the presence of a geosynthetic layer which transfers an extra load on the
pile top. This implies that in reinforced cases, the subsoil significantly contributes to
the load transfer mechanism. Also, it is worth noting that reinforcement plays a crucial

role for very compressible subsoil (e.g. E, = 0.5 MPa for this study).

o
o

Normalised embankment height, [#/(s-d)] =3

el
in
l

[ et n sokon |
] Train speed (V) = 40 km/h
| |

] Unreinforced case

\ \
Pile width (d) to clear pile spacing (s-d) ratio
—— d/(s-d)=1/1.0 —8—d/(s-d)=1/1.5
—h— d/(s-d)=1/2.0 —w—d/(s-d)=1/2.5

_U'l

<
|
|

R

Stress concentration ratio, SCR (crp/ o)
5
N * PR R
|

(98]
h

1.0 1.5 2.0 2.5 3.0

—_
-1
A
&
wh

One-dimensional modulus of subsoil, £, (MPa)

131



2
[\e]

| | | \
- Pile width (d) to clear pile spacing (s-d) ratio
LN0T —m—di(s-d)=1/1.0 ——d/(s-d) = 1/1.5
) sl —A—dl(s-d)=172.0 —v—d/(s-d) = 1/2.5
o i I I I [
% Normalised embankment height, [#/(s-d)] =3
1 16 ! !
2 Train speed (F) = 40 km/h
8 sl Rei ' A
- ] einforced case
=]
'*g 12 +
E ]
g 10
= ]
=) ]
S 8
% 4
Z o
4 I L] T T L I J T T L T T T T T T ¥ L] T T T L]
0.5 1.0 1.5 2.0 2.5 3.0

(b) One-dimensional modulus of subsoil, £, (MPa)
Figure 4.12: Effect of the one-dimensional modulus of the subsoil on the stress
concentration ratio in (a) the unreinforced case; and (b) the reinforced case

The effect of the one-dimensional modulus of subsoil (E,) on stress efficacy
for different d/(s-d) ratios is shown in Figures 4.13. The unreinforced case (refer to
Figure 4.13a) follows the same trend as shown in Figure 4.12(a) for the SCR, whereas
in the reinforced case as shown in Figure 4.13(b), the stress efficacy increases with an
increase in the d/(s-d) ratio and E,. The stress efficacy increases for different d/(s-d)
by 7.5 - 39%. However, it is likely to approach a limiting value for a high value of the
E,, which implies that the subsoil is sufficiently stiff to support the imposed load and

reinforcement is not necessary for stiff subsoil.
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Figure 4.14 shows the effect of the one-dimensional modulus of subsoil on
tension (7) in the geosynthetic layer for different d/(s-d) ratios. The tension in the
geosynthetic layer decreases by up to 70% with an increase in the d/(s-d) ratio and E,,

and after approaching a higher value of £, it is likely to remain a limiting value.
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Figure 4.14: Effect of the one-dimensional modulus of subsoil on the tension in
the geosynthetic layer
The effect of the one-dimensional modulus of the subsoil on the geosynthetic
layer deflection is shown in Figure 4.15. The geosynthetic layer deflection decreases
with an increase in the d/(s-d) ratio and E,. Further, it is likely to approach a limiting
value with an increasing the E,. A similar result is reported in (Zhuang et al. 2014;
Pham 2020a). However, Pham (2020a) reported the effect of the one-dimensional

modulus in terms of subgrade reaction (ks).
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Figure 4.15: Effect of the one-dimensional modulus of subsoil on deflection in the
geosynthetic layer
4.4.3 Effect of the tensile stiffness of the geosynthetic layer
Currently, the existing design methods do not incorporate the effect of tensile stiffness
of the geosynthetic layer although the membrane behaviour of the geosynthetic layer
also depends on the tensile stiffness of the geosynthetic layer. Therefore, the effect of
tensile stiffness of the geosynthetic layer is investigated here.

As shown in Figure 4.16(a), it is evident that the SCR decreases with an
increase in the d/(s-d) ratio and the tensile stiffness of the geosynthetic layer. There is
an inconsistent trend at zero tensile stiffness although at a high tensile stiffness, it is
probably approaching a limiting value. Figure 4.16(b) shows the effect of tensile
stiffness of the geosynthetic layer on stress efficacy. Stress efficacy increases with an
increase in the d/(s-d) ratio and decreases with an increase in the tensile stiffness of

the geosynthetic layer.
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Figure 4.17 demonstrates the effect of tensile stiffness of the geosynthetic layer
on geosynthetic layer deflection. The deflection in geosynthetic layer (y) decreases
with an increase in the d/(s-d) ratio and the tensile stiffness of the geosynthetic layer.
It decreases by up to 20% with an increase in tensile stiffness from 0 to 2000 kN/m
which implies that as pile spacing decreases and the tensile stiffness of the
geosynthetic layer increases, the membrane behaviour of the geosynthetic layer

becomes effective, consequently, less deflection in the geosynthetic layer occurs.
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Figure 4.17: Effect of tensile stiffness of the geosynthetic layer on deflection in
the geosynthetic layer
The effect of the tensile stiffness of the geosynthetic layer on the tension and
axial strain in the geosynthetic layer is shown in Figure 4.18. As shown in Figure
4.18(a), the tension in the geosynthetic layer decreases with an increase in the d/(s-d)
ratio, and it increases by up to 150% with an increase in the tensile stiffness of the

geosynthetic layer from 0 to 2000 kN/m, whereas the axial strain decreases by up to
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45% with an increase in the tensile stiffness of the geosynthetic layer from 0 to 2000
kN/m, as shown in Figure 4.18(b). Similar results are found in (Zhuang et al. 2014;

Pham 2020a).
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4.4.4 Effect of equivalent dynamic load induced by different train speed
Increasing the train speed leads to an increase in the surcharge on the embankment top,
which can influence soil arching mobilisation. Therefore, the effect of train speed is
crucial in a pile-supported railway embankment which is investigated here.

Figure 4.19 shows the effect of train speed on the stress concentration ratio.
For the unreinforced case as shown in Figure 4.19(a), the SCR increases with an
increase in the train speed at a small embankment height. This implies that the majority
of stress is transferred to the pile head at a small embankment height. However, it
increases with an increase in embankment height and is likely to approach a limiting
value at a large embankment height. In contrast, as shown in Figure 4.19(b), the SCR
decreases with an increase in the train speed at a small embankment height for the
reinforce case, and then it decreases with a further increase in embankment height and
is likely to approach a limiting value at a large embankment height. This may be due

to the membrane behaviour of the geosynthetic layer.
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Figure 4.19: Effect of equivalent dynamic load induced by different train speed on
the stress concentration ratio in (a) the unreinforced case, and (b) the reinforced
case

The effect of train speed on stress efficacy is shown in Figure 4.20. It can be
seen that the trend shown in Figure 4.20 is similar to that in Figure 4.19. For the
unreinforced case shown in Figure 4.20(a), the stress efficacy increases with an
increase in the train speed at a small embankment height. In contrast, it decreases with

an increase in the train speed (refer Figure 4.20b). Further, it is likely to approach a

limiting value at a large embankment height.
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Figure 4.21 demonstrates the effect of train speed on the geosynthetic layer
deflection. It can be seen that at a small embankment height, the deflection in the
geosynthetic layer increases with an increase in the train speed although it increases
with an increase in embankment height and reaches a limiting value at a large

embankment height.
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Figure 4.21: Effect of equivalent dynamic load induced by different train speed on
deflection in the geosynthetic layer
45 THEORETICAL ANALYSIS OF SOIL ARCHING IN A PILE-
SUPPORTED EMBANKMENT CONSIDERING AN EARTHQUAKE
In the earthquake condition, additional loading is applied on the embankment top. The
earthquake loading is determined using the pseudo-static approach (Son et al. 2010).

In addition, Kelesoglu and Cinicioglu (2010) reported the soil stiffness parameter (ksoit)
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which represents time depend behaviour of system under the earthquake-induced load.

The soil stiffness parameter is defined as (Kelesoglu and Cinicioglu 2010):

Ksoir = ( - )Gv (4.34)

Alateral

where K is the lateral stress coefficient, Aaeeral 1s the lateral displacement. Initially, it
is assumed that embankment fill is in rest condition (i.e., K = 0.5, as explained in

chapter 3).

The horizontal acceleration (4n) can be determine as (Kramer 1996):
A=k, xg (4.35)

where kn is the coefficient of horizontal acceleration, and g is the gravity.

Further, the vertical acceleration (A4v):
A, =k, Xg (4.36)

where kv 1s the coefficient of vertical acceleration.

For simplicity, it is assumed that a uniform force (F) is applied on the embankment
lateral side as shown in Figure 4.22.
Thus,

F=mXa (4.37)
where m is the mass of the embankment, and « is the horizontal acceleration which is

equal An. Equation (4.35) and (4.36) used to calculate the horizontal acceleration.
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Figure 4.22: Schematic diagram of an embankment under the seismic excitation

Using Equation 4.37, the horizontal stress (on) in the embankment can be calculated

as:
op == (4.38)

where a is the area of the embankment.

The later stress coefficient at rest (Ko) is:

ko, =2 (4.39)

Oy

Thus, from Equation 4.38 and 4.39, the vertical stress due to an earthquake is:

_ L)

v ko

(4.40)

In this study, friction angle of embankment fill is 30°. Thus, K, is 0.5, and Equation

(4.40) become:

- _F
YEQ T 0.5xA

(4.41)
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Equation (4.41) is the additional vertical stress which is acting on the embankment top
due to a seismic excitation. In addition, the magnitude of earthquake can induce
appreciable impact on the analysis. The earthquake magnitude is calculated using

an=kng, which is varied with the value of kp.

4.5.1 In unreinforced pile-supported railway embankment

In the unreinforced condition with an earthquake, Equation 4.7 modified as:

_ V(S—d).(kp—l) ﬂ (kp—l) B E( 1 ) ]
% = 2-(kp_2) + ( N ) ]/h 2 1+ kp—2 + (O-RT + O-UEQ) (4.40)

From Equation (4.11), the stress concentration ratio (SCR) is:

s = 2 = Llrm{mrtonso))--0m) (d.41)

Os d.og

Figure 4.23 shows the effect of vertical acceleration (4y) on the SCR. It can be
seen that the SCR increases by up to 7.7% with an increase in the vertical acceleration
(Av) from 0.0g to 0.3g. In addition, it also increases with an increase of embankment
height, and likely to approaching a limiting value at normalised embankment of 6. For
without earthquake case (i. e., Av = 0.0g), the SCR initially slightly decreases, and after
a certain normalised embankment height (2 in this study) it increases. In addition, the
effect of embankment height is not prominent due to a higher surcharge imposed on

the embankment top.
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Figure 4.23: Effect of vertical acceleration on the stress concentration ratio in the
unreinforced condition
4.5.2 In reinforced pile-supported railway embankment
During an earthquake, the vertical stress which is acting on the geosynthetic layer top
(Equation 4.21) is modified using Equation 4.40. In addition, the SCR can be
calculated using Equation 4.33.

The effect of vertical acceleration on the SCR is shown in Figure 4.24. It can
be observed that the SCR decreases by up to 53% with an increase in the vertical
acceleration (4y) from 0.0g to 0.3g. However, it is likely to an approach a limiting
value for a larger embankment height. For without earthquake case (i. e., Av = 0.0g),
the SCR initially slightly increases, and after a certain normalised embankment height
(2 in this study) it decreases. In addition, the SCR in the reinforced case is higher
compared to the unreinforced case due to additional vertical stress on the pile head that

is transferred from the geosynthetic layer.
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Figure 4.24: Effect of vertical acceleration on the stress concentration ratio in the
reinforced condition
Figure 4.25 shows the influence of vertical acceleration on the tension in
geosynthetic layer. It can be seen that tension in the geosynthetic layer increases by up
to 1150% with an increase the vertical acceleration (4y) from 0.0g to 0.3g. This
increment is in tension is more pronounced at a higher embankment height. This
implies that the tension in geosynthetic layer increases with an increase in the

embankment height.
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Figure 4.25: Effect of vertical acceleration on the tension in a geosynthetic layer

4.6 SUMMARY
In this chapter, a theoretical method is presented for the analysis of a pile-supported
railway embankment based on Low et al.’s (1994) method. The key modification in
this method is to consider the precise value of vertical stress on the soil arching crown
which should be less compared to the surcharge imposed on the embankment top. The
proposed method is validated by a field study and a full-scale model test and is found
to be in good agreement with reasonable accuracy for both studies. In addition, it is
also compared with other design methods such as Guido el al. (1987), Low et al. (1994)
and BS8006 (2010). In particular, the proposed method enables a realistic
approximation of vertical stress on the soil arching crown which can be useful in
designing a pile-supported railway embankment.

The results demonstrate that the performance of a pile-supported railway

embankment is significantly affected by various pile-supported railway embankment
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parameters such as clear pile spacing, embankment height, subsoil compression
modulus, tensile stiffness of the geosynthetic layer and train speed. Based on the
present method, following findings can be drawn:
1) Vertical load carried by the pile top increases with an increase in the
embankment height (/) and ratio of pile width (d) to clear pile spacing (s-d).

o Inunreinforced cases, the stress concentration ratio (SCR) increases up
to 60% with an increase in the ratio of d/(s-d). The effect of
embankment height is not prominent for a large d/(s-d) ratio due to the
higher value of surcharge on the embankment top. While, In the
reinforced case, the SCR decreases up to 40% with an increase in the
ratio of d/(s-d). For a lower d/(s-d) ratio, the SCR decreases up to 26%
with an increase in normalised embankment height from 1 to 6. An
increment in the ratio of d/(s-d) represented a decrease in the pile
spacing from 3.5 to 2 m and vice versa.

o A negligible effect of embankment height is found on stress efficacy
(Estr) due to a higher surcharge on the embankment top in unreinforced
case. Whereases, the efficacy increases up to 42% with a decrease in
pile spacing from 3.5 to 2 m. In reinforced case, the stress efficacy
increases up to 8% with a decrease in pile spacing from 3.5 to 2 m, and
it decreases with an increase in normalised embankment height from 1
to 6 for small d/(s-d) ratio.

o The tension and axial strain in geosynthetic layer decrease up to 60%
with an increase in the d/(s-d) ratio (refer to decrease in pile spacing) at
smaller normalised embankment height. While both tension and axial

strain in geosynthetic layer increases up to 40% with an increase in
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normalised embankment height from 1 to 6. It implies that geosynthetic
layer is more prominent for large pile spacing and embankment height.
Therefore, it can be concluded that soil arching significantly affected by embankment
height and pile spacing.
2) The geosynthetic layer plays a crucial role in the load transfer mechanism,
especially for a large pile spacing and for very compressible subsoil (e.g. Eo =
0.5 MPa for this study).

o In reinforced case, the geosynthetic layer enhances the stress
concentration ratio by 125-500% compared to unreinforced case. While
the stress efficacy enhances up to 51% by the inclusion of geosynthetic
layer. Thus, geosynthetic layer is prominent for large pile spacing (3.5
m for this study) and very compressible subsoil (0.5 MPa for this
study).

o It is evident from results that the stress concentration ratio (SCR) and
efficacy (Esyx) decrease up to 64% and 10%, respectively with an
increase in tensile stiffness of geosynthetic layer (J) from 0 to 2000
kN/m. It implies that as tensile stiffness of geosynthetic layer increases,
the membrane behaviour of geosynthetic layer becomes effective,
consequently, less deflection in geosynthetic layer occur and the
geosynthetic layer can carry more load which reduced load transfer
from the subsoil to pile top.

Therefore, in the reinforced case, the extra load is transferred to the pile top from the
subsoil and the soil arching enhance more. In addition, number of piles can be reduced
with the inclusion of geosynthetic layer resulting in a more economic design of pile-

supported embankment.
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3) The subsoil contributed a significant role in the reinforced pile-supported
embankment and it cannot be ignored during the design of a piled embankment.

o For unreinforced case, no change has been found in the stress
concentration ratio (SCR) and efficacy (Esw) by changing the one-
dimensional modulus of subsoil. While, the stress concentration ratio
increases up to 400% with an increase of compression modulus of
subsoil (E,) from 0.5 to 3 MPa.

o Further, the efficacy (Esy) increases up to 38% with an increase in the
compression modulus of subsoil. Although, it is likely to approach a
limiting value for a higher E,, which implies that the subsoil is
sufficiently stiff to support the imposed load. Also, reinforcement is not
necessary for stiff subsoil.

o It is also evident that tension in geosynthetic layer (7) decreases up to
70% with an increase in the Eo, and after approaching a higher value of
E, it is likely to remain a limiting value. It implies that when the
compression modulus of the subsoil is increasing the deflection in
geosynthetic layer is reduced due to sufficient stiffness of subsoil.

Therefore, the one-dimensional modulus of subsoil (£5) plays a major role in the

settlement of embankment fill and load support on the subsoil. It is important to
investigate the effect of the one-dimensional modulus of subsoil.

4) Imposed load on the embankment top induced by different train speed is also

influence the load transfer mechanism. However, in this study, the imposed

load by 40 km/h train speed is much higher thus the effect of the imposed load

is not fully justified here.
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In this chapter, moving train load is considered as an equivalent dynamic load. The
equivalent dynamic load is equal to the weight of the train multiplied by a dynamic
amplification factor (DAF), which accounts for the dynamic effects due to the moving
train. Therefore, the true dynamic nature of traffic loading is needed to be investigated
further.
5) An earthquake applied additional vertical load on the soil arching which can
derived and considered in the analytical method.

o For the unreinforced condition, the SCR increases by up to 7.7% with
an increase in the vertical acceleration (4y) from 0.0g to 0.3g.

o For the reinforced condition, the SCR decreases by up to 53% with an
increase in the vertical acceleration (4y) from 0.0g to 0.3g, and it is
likely to an approach a limiting value for a larger embankment height.

o The tension in the geosynthetic layer increases by up to 1150% with an
increase the vertical acceleration (4y) from 0.0g to 0.3g.

This chapter discussed the force-based method for seismic analysis of a pile-supported
embankment. However, recently the displacement-based approach is becoming
popular (Son et al. 2010; Kelesoglu and Cinicioglu 2010; Deng et al. 2014). The
analytical method proposed in this chapter provides a simple approach for design
engineers. In chapter 6, a series of numerical simulations have been undertaken to
understand the effect of an earthquake on both stress and accumulated displacement in
the pile-supported embankment.

In addition, the 2D analytical method which is presented in this chapter is extended

into a 3D analytical method for soil arching in the next chapter.
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CHAPTER

A 3D ANALYTICAL ASSESSMENT OF SOIL ARCHING IN A PILE-

SUPPORTED RAILWAY EMBANKMENT

This chapter covers an analytical method of soil arching for a pile-supported railway
embankment in a three-dimensional (3D) condition. A uniform surcharge value is
considered on the embankment top to represent the rail track and moving train induced
load. The applied surcharge by the moving train is equivalent in dynamic nature, as
explained in chapter 3. The accurate evaluation of the surcharge on the soil arching
crown is considered. The accuracy of the proposed method is assessed with a field

study and some existing empirical methods.

5.1 INTRODUCTION

Pile-supported embankments are a feasible solution for the construction of transport
infrastructures on soft soil. As stated in chapter 2, soil arching occurs within the
embankment fill due to the stiffness difference between the rigid pile and adjacent soft
soil which has been well acknowledged in the past (Hewlett and Randolph 1988; Low
et al. 1994; Abusharar et al. 2009; Zhuang et al. 2014). Further, the inclusion of the
geosynthetic layer minimises the settlements and improves the load transfer
mechanism by the membrane effect (Zhuang and Wang 2017).

Several analytical methods (Hewlett and Randolph 1988; Zhuang et al. 2014;
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Zhang et al. 2016; Pham 2020a) have been reported to study soil arching in the 3D
condition. Hewlett and Randolph (1988) carried out model tests and proposed a semi-
spherical empirical method in the 3D condition to describe soil arching without any
reinforcement. Further, Zhuang et al. (2014) extended Hewlett and Randolph’s method
and investigated two critical failure regions (at the soil arching crown and at the pile
top) without any surcharge on the embankment top. Zhang et al. (2016) reported a field
study and a 3D analytical method considering the triangular arrangement of a pile. The
proposed analytical method is assessed with the existing empirical methods and field
data with no surcharge on the embankment top and a good agreement with existing
methods and field data was found in terms of pile efficacy and tension in the
geosynthetic layer. Pham (2020a) reported a comprehensive analytical method
considering the effect of soil layer, tension in the geosynthetic layer, subgrade reaction,
interaction between the geosynthetic layer and soil, and the consolidation of the subsoil
under both a linear and nonlinear nature. However, the precise estimation of a train-
induced surcharge on the soil arching crown in the 3D condition has not been
investigated yet.

The main objective of this chapter is to study soil arching, considering the
precise value of the surcharge on the soil arching crown, coming from the railway
corridor lying down on the embankment top. Two critical regions (at the soil arching
crown and at the pile top) within soil arching are investigated to determine the most

critical region in the 3D condition.

5.2 3D ANALYTICAL METHOD FOR GRPS RAILWAY EMBANKMENTS
The proposed analytical method is based on the same assumptions as followed in the

chapter 4.
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5.2.1 Theoretical analysis of soil arching in an unreinforced pile-supported railway
embankment

Hewlett and Randolph (1988) and Low et al. (1994) carried out model tests and
proposed a theoretical method for the assessment of load transfer in a pile-supported
embankment by assuming the limit equilibrium state of embankment fill. The proposed
analysis follows Hewlett and Randolph’s (1988) method where the failure of the soil
arch is either at the soil arching crown or at the pile top. The crown of the soil arching
is dominated by the performance of the pile-supported embankment at the low
embankment height relative to the pile spacing (i.e., 2 < s) while the failure region
transfers towards the pile head as the embankment height increases. Therefore, the
failure of the soil arching should be derived from both regions (i.e., at the pile head
and the soil arching crown) and a relatively larger value should be considered to
estimate the load transfer to the pile head. Vertical stress on the subsoil is estimated

for both conditions in the following two subsections.

Embankment

Subsoil
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Case a: When soil arching crown is dominated \\ o tdo /
Case b: When pile head 1s dominated \\ © (d /
~ -

~._ Casedb .~

Figure 5.1: Stress distribution on a three-dimensional (3D) element of soil arching
(modified from Hewlett and Randolph 1988)
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5.2.1.1 Soil arching in the three-dimensional (3D) condition when the arching
crown is critical
The radial equilibrium for an element resting on the crown of soil arching (refer Figure

5.1; case a) is calculated using Equation 4.1:

do, . 2(or —0g) _

- T try=0 (5.1)
where o = radial stress (kN/m?); ov = tangential stress (kN/m?); » = radial distance

(m); and y=unit weight of embankment fill material (kN/m?>). For a limit state analysis,

the tangential stress (ov) = kp.or; where k, = (1+sing)/ (1-sing).

& n 2.0r(1-kp)

= +y=0 (5.2)

The general solution of Equation (5.2) is:

o, = y.( r ) + ¢ r2lp=1) (5.3)

2.kp—3

The boundary condition at the soil arching crown, where r = s/N2 and &; = y(h
- s/N2) + orr (Van Eekelen et al. 2013; Zhuang et al. 2014). Hewlett and Randolph
(1988) considered a hemispherical shape of soil arching in the 3D condition and the
radius of the outer boundary of soil arching is 7 = s/\2, where ort = total vertical stress
on the soil arching crown due to the self-weight of the rail track and the equivalent
dynamic load on the embankment top (refer to Equation 4.4).

In this chapter, the equivalent dynamic load due to train ( Girin) Will be the same

as that obtained in chapter 4 (refer to Table 4.2). However, the stress coming from the
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3D geometry of the track will be changed. The vertical stress due to the track is shown

in Table 5.1.

Table 5.1: Calculation of the track surcharge on the embankment top

Vertical stress

Total  Area where (Ouac) dueto

Density Unit Mass weight  total weight self-weight of
Material k(er);f \(/%unnls Wg{lg)ht ) applied, rail t:;lgk on
g ’ kN (A (Strack) 1’1’12
embankment
top, kPa
Rail (UIC-
60) - 60
Sleeper 2350 1.1 2585 255.21 39.69 6.43
Ballast 1700 7.75 13173.3
Subballast 1800 5.67 10206

After deriving the constant of integration (C'), the radial stress at the soil arching crown

is:

_ r V2 r 2'(kp_1) s (2kp—2
or =7V (2kp—3) + ( s ) [yh B y_2<2kp—3) T GRT] (5.4)

where, orr is calculated in Equation 4.4.

Now, the vertical stress (o7) just below the inner boundary of the soil arching, where

= (s - d)N2, is:

_ (s—d) s—d Z(kp_l) s [2kp—2
9=V <x/7(2kp—3)) + (T) [yh B y_z(zkp—s) T URT] (5:5)

The vertical stress (o) acting at the base of embankment on geosynthetic layer is:

—-d
Ogeo = 0; T )/(\S/? ) (5.6)
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_ (s=a) [2kp—2 s—d 2(kp-1) _ i(ka—z) ]
Is =V 5 (ka—s) +( s ) vh Yz 2kp—3 + Ort (5.7)

5.2.1.2 Soil arching in the three-dimensional (3D) condition when the pile head is
critical
The radial equilibrium for an element resting on the pile head (refer Figure 5.1; case

b) is determined as

e (52 =0 e

Substituting ov value from Equation (5.2)

dor (Ur(l‘kp)) —0 (5.9)

dar r

Solving Equation (5.9) using boundary condition for radial stress at pile head (» = (s-

d)2)

s—d)(l_kp) (5.10)

o=ty (5

Total force acting on the pile head (P) which is arranged in a square pattern is obtained

by

P =4, < J2-a%6 .dAp”e> (5.11)

2

P =20,0.5.(s — d) ( a“: ) [(ﬁ)k” —1—k, (%)] (5.12)

kp+1

Now for overall equilibrium
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(yh + ogr7).5% = P + 0,(s? — d?) (5.13)
or

(yh + ory).s? = d.o, + (s* — d?). o, (5.14)

From Equation (5.12) and (5.13), the vertical stress (ogeo) acting at the base of

embankment on geosynthetic layer can be obtained:

oo = i+ e {(555) + (22) | (59 - () (=29} s

Derivation of the equations 5.4 to 5.15 is listed in the Appendix A.

5.2.2 Theoretical analysis of soil arching in a GRPS railway embankment

In this study, the geosynthetic layer is assumed to be placed at the base of the
embankment and fixed on the pile head. It is assumed that the geosynthetic layer is
deflected as a parabola shape and induced tension (7)) can be derived as (Zhuang et al.
2014):

T = 01250, (g) (5.16)

where 7' is the tension in geosynthetic layer; ogeo 1S the vertical stress in the
geosynthetic layer; / is the actual span of the geosynthetic layer; and y is the maximum
deflection in the geosynthetic layer. The span of the geosynthetic layer (/) is the
average value of the minimum clear pile spacing (i.e., s-d) and maximum clear pile
spacing (i.e., \2(s-d)) as shown in Figure 5.2. Thus, the tensile force in the
geosynthetic layer under the 3D condition can be obtained by the plane strain

condition.
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Figure 5.2: Vertical stress formation in a reinforced case of pile-supported
embankment

Based on the deflection in the geosynthetic layer, axial strain can be expressed as:

Ege0 = 2.67 (%)2 (5.17)

The tension in the geosynthetic layer is developed by two strain components, one due

to the load and the other due to the skin friction:

(s=d)
4

T=].6eo+T (5.18)

where J is the tensile stiffness of the geosynthetic layer (kN/m).

In this chapter, skin friction is neglected avoid any complexity due to 3D geometry
(Chen et al. 2008). In addition, Zhuang and Wang (2017) reported that pile-subsoil
interaction can be categorised into three sections: (i) negative skin friction up to a

certain depth of pile head which attains a maximum value, (ii) a transition zone, skin
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friction changes negative to positive up to maximum value, (iii) skin friction reduces
up to a specific value at the pile bottom. Thus, Equation (5.18) becomes:

T =] .0 (5.19)

From Equation (5.17) and (5.19), the vertical stress on the geosynthetic layer is:

3
Ogeo = 21.34] (f—4) (5.20)

In the reinforced case, the actual vertical stress carried by the subsoil is in equilibrium
with the upward vertical reaction stress on the bottom geosynthetic layer (oup),

calculated based on the one-dimensional compression modulus of the subsoil:

E,
Oup = Vs kg =2 (5.21)

Dgct

where ys is the maximum deformation of the subsoil top (in this study, ys = y); ks is the
modulus of the subgrade reaction; Dac is the active depth of the subsoil (full depth of
subsoil for this study); and E, is the one-dimensional modulus of the subsoil, which

can be derived using Young's modulus of the subsoil (Esubsoil) and Poisson’s ratio (v)

as follows:
= B ) N
Eo - Esubsoil [(1_'_1;).(1_2”) (5.22)
The overall equilibrium condition is shown in Figure 4.4 and Equation (4.18)
Ogeo + Oyp — 05 =0 (5.23)
Substituting Equation (5.20) and (5.21) into (5.23),
v\ | Y-Eo
21.34] (1—4) +22e =0 (5.24)
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Using Equation (5.24), the maximum deflection in the geosynthetic layer can be
obtained using a third-degree cubic equation and then the other unknown parameters

can be calculated.

5.2.3 Soil arching indices
The stress efficacy (Esy) is defined as the portion of the embankment weight that

carried by the piles:

oy As

Eyp=1——204
str (yh+ogrT).A

(5.25)

where oy is the vertical stress at the embankment base (in unreinforced case = oz and
in reinforced case = oup); 4s = area of clear spacing = (s>-d) and 4 = area of centre to

centre pile spacing = s°.

From Equation (5.14), the stress concentration ratio (SCR) is as follows:

op _ (yh+ogy).s? —(s?-d?).0y

SCR = (5.26)

oy d.oy

Further, the soil arching ratio (SAR) is defined as the ratio of vertical stress on the
subsoil top (os) to the vertical stress induced by the self-weight of the embankment
and applied surcharge on the embankment top (4 + Oiotal). Its value lies between 0 to
1. The 0 value indicates that the whole vertical load is transferred to the pile head,
whereas SAR = 1 indicates that the vertical stress on the subsoil top is equal to the

overburdened stress.

Oy

SAR = (5.27)

Yh+oORT
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5.3 VALIDATION OF THE PROPOSED ANALYTICAL METHOD

In this section, the proposed analytical method is validated against a model test
conducted by Xu et al. (2015). Details of the site condition and monitoring scheme are
reported in Xu et al. (2015). However, a brief of the parameters that are used to validate
the analytical model is given in Table 5.2.

Table 5.2: A brief of the parameters used to validate the proposed 3D analytical
method.

Parameters Xu et al. (2015)

Embankment height, 4 (m) 0.4

Unit weight of embankment fill,  (kN/m?) 17.9
Friction angle of embankment fill, ¢ (degree) 38
Modulus of the subgrade reaction, ks (kPa/ m?) 350

Pile diameter width, d (m) 0.3
Centre to centre pile spacing, s (m) 0.5
Tensil‘e stiffness of geosynthetic layer (biaxial PP 500
geogrid), J (kN/m)

Surcharge on the embankment top, ot (kPa) 71

A comparison of the proposed method with the existing methods and field data is
shown in Table 5.3. It is found that the proposed method is a good match with a 2.4%
difference against the field data in terms of stress efficacy. The proposed method
achieves a lower value of the stress efficacy compared to Xu et al.’s (2015) field data.
However, the maximum tension and deflection in the geosynthetic layer (biaxial PP
geogrid) is higher than the measured data. In addition, the existing methods also show

the overestimated predictions.
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Table 5.3: Comparison of present method with Xu et al. (2015) measurement and
other methods

Measured
Parameters BS8006 EBGEO Zhuanget CUR226 Present  field data
(2010)  (2011)  al.(2014)  (2016) method (Xuetal.

2015)

Efficacy, E, (%)  72.60 77.90 70.30 84.90 74.20 76.00

Max. tension in

geosynthetic 7.40 26.20 2.20 2.60 1.40 0.80
layer, T (kN/m)

Max. deflection

in geosynthetic 5.4 12.6 4.2 4.3 2.9 2.0
layer, y (mm)

5.4 PARAMETRIC STUDY
The effect of the pile-supported railway embankment parameters using the proposed
analytical method on soil arching is investigated here. A train speed of 40 km/h and a
normalised embankment height (4/s-d) = 3 are considered to see the effect of other
parameters, except for train speed and embankment height, respectively. For general
applicability, embankment height is normalised by clear spacing (s-d) to see the effect
of embankment height. Moreover, the most critical region for soil arching failure is
investigated by comparing both cases (i.e., soil arching failure at the crown or at the
pile head).

Meena et al.’s (2020) study is used as a reference case for the parametric study.
The input parameters of Meena et al. (2020) are listed in Table 3.1. In addition, details
of the considered parameters are as follows: (i) Embankment - height (%) = varies from
1 m to 15 m, unit weight () = 20 kN/m>, Young's modulus of elasticity (E) =20 MPa,
internal frictional angle (¢) = 30°, cohesion (c¢) = 0.1 kPa; (i7) Subsoil - depth (Dact) =
8 m, unit weight () = 18.4 kN/m®, Young's modulus of elasticity (E) = 2.2 MPa,

internal frictional angle (@) = 22°, cohesion (c) = 8 kPa; and (#ii) Pile - width (d) = 1
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m, spacing (s) = 2.5 m; (iv) Geosynthetic layer (Secugrid® 60/60Q1 @ 2 % strain @

rib thickness of 2 mm) - tensile stiffness (J) = 1000 kN/m.

5.4.1 Effect of embankment height

Figures 5.3 - 5.6 show the effect of embankment height (/) on the soil arching
indices and tension in the geosynthetic layer for different ratios of pile width (d) to
clear spacing (s-d). The effect of embankment height on the stress concentration ratio
(SCR) is shown in Figure 5.3. As shown in Figure 5.3(a) for an unreinforced case, the
SCR increases by up to 57% with an increase in the ratio of d/(s-d) from 0.4 (i.e., 1/2.5)
to 1 (i.e., 1/1) for both failure regions (failure at the soil arching crown and the pile
head). Also, it increases by up to 20% with an increase in the normalised embankment
height from 1 to 6 in the case of failure occurring at the soil arching crown. However,
in the case of soil arching failure at the pile head, the SCR is not influenced by
embankment height.

The effect of embankment height on the SCR for a reinforced case is shown in
Figure 5.3(b). It can be seen that at both failure regions, the SCR increases by up to
58% with an increase in the normalised embankment height from 1 to 6 and the ratio
of d/(s-d) from 0.4 (i.e., 1/2.5) to 1 (i.e., 1/1). However, in the case of failure at the pile
head, the SCR is slightly affected by embankment height. Thus, the inclusion of
reinforcement at the base of the embankment enhances the load transfer mechanism

and prevents the failure of soil arching at the pile head.
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Figure 5.3: Effect of embankment height on the stress concentration ratio in (a)
the unreinforced case, and (b) the reinforced case
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Figure 5.4 shows the effect of embankment height on stress efficacy (Esu). It
can be seen from Figure 5.4(a) that in the unreinforced case, the E increases by up to
68% with an increase in the ratio of d/(s-d) from 0.4 to 1 for both failure regions
(failure at the soil arching crown and the pile head). In the case of failure at the soil
arching crown, the Eg increases by up to 7% with an increase in the normalised
embankment height from 1 to 6. However, embankment height has not been found to
have a significant effect on failure at the pile head.

For the reinforced case, the effect of embankment height on the stress efficacy
is shown in Figure 5.4(b). The E increases by up to 36% with an increase in the ratio
of d/(s-d) from 0.4 to 1 for both failure regions (failure at the soil arching crown and
the pile head).

It is worth noting in Figure 5.3 and Figure 5.4 that the SCR and E, respectively
in the case of failure at the pile head is less compared to the case of failure at the soil
arching crown which implies that failure at the pile head is the more critical region for

soil arching. This argument is in good agreement with Zhuang et al. (2010).

167



100
%Train speed () =40 km/h
90

Unreinforced case
R

.
80 —h- —h 4 e
R N e =
= ]
;’ ] I~ J J ™~ M
2 50 1> L 1 1>
é 1 Pile width (d) to clear pile spacing (s-d) ratio
K40 T at the soil arching crown at the pile head
30 1 —E—=d(s-d)=1/1.0 —{—dl(s-d)=1/1.0 |
] —A—di(s-d)=1/15 ——dl(s-d)=1/1.5
20 1 —O0—dl(s-d)=1/2.0 ——dl(s-d)=1/2.0
——dl(s-d)=1/2.5 —>—dl(s-d) = 1/2.5
ot
( ) 1 2 3 4 5
a

Normalised embankment height, |[#/(s-d)]

Reinforced case

100 T T T
1 Train speed (V) =40 km/h
90

.

* - s . 1
80 : %
_ 1 ; } )
é 70 ‘ 1
% g0 | | |
AUE S B
é ] Pile width (d) to clear pile spacing (s-d) ratio
w40 E at the soil arching crown at the pile head
30 —m—d/(s-d)=1/1.0 —L—d/(s-d)=1/1.0 |
] —A— d/(s-d)=1/1.5 ——d/(s-d) = 1/1.5
204 —®—dl(s-d)=1/2.0 ——d/(s-d)=1/2.0
—P—di(s-d)y=1/2.5 ——d/(s-d)=1/2.5
10 f=—r——+———— —t——t——
(b) 1 2 3 4 5

Normalised embankment height, [#/(s-d)]

Figure 5.4: Effect of embankment height on stress efficacy in (a) the unreinforced
case, and (b) the reinforced case

Figure 5.5 shows the effect of embankment height on the soil arching ratio

(SAR). Figure 5.5(a) shows that in the unreinforced case, the SAR decreases by up to
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62% with an increase in the ratio of d/(s-d) from 0.4 to 1 for both failure regions
(failure at the soil arching crown and the pile head). Also, it increases by up to 12%
with an increase in the normalised embankment height from 1 to 6 in the case of failure
occurring at the soil arching crown. However, in the case of soil arching failure at the
pile head, the SAR is not influenced by embankment height.

The effect of embankment height on the SAR for the reinforced case is shown
in Figure 5.5(b). It can be seen that at both failure regions, the SAR decreases by up to
12% with an increase in the normalised embankment height from 1 to 6 and the ratio
of d/(s-d) from 0.4 to 1. As shown in Figure 5.5(b), the SAR value in the reinforced
case is lower than the unreinforced case (refer to Figure 5.5(a)), which implies that
subsoil significantly contributes to the vertical equilibrium and reinforcement

enhances the load transfer mechanism to the pile top.
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Figure 5.5: Effect of embankment height on the soil arching ratio in (a) the
unreinforced case, and (b) the reinforced case
Figure 5.6 illustrates the effect of embankment height on tension in the
geosynthetic layer. It can be seen that tension in the geosynthetic layer decreases by
up to 62% with an increase in the ratio of d/(s-d) from 0.4 to 1 for both failure regions
(failure at the soil arching crown and the pile head), whereas it increases by up to 135%
with an increase in the normalised embankment height from 1 to 6. The tension in the
geosynthetic layer is more noticeable for a small ratio of d/(s-d). It can also be seen
that for the same d/(s-d) ratio, the tension in the geosynthetic layer is higher in the case

of failure at the pile top compared to failure at the soil arching crown.
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Figure 5.6: Effect of embankment height on tension in the geosynthetic layer

5.4.2 Effect of the one-dimensional modulus of subsoil

The effect of one-dimensional modulus of subsoil (o) on soil arching indices
and tension in the geosynthetic layer for different ratios of pile width (d) to clear
spacing (s-d) is shown in Figures 5.7 - 5.10. The effect of E, on the stress concentration
ratio is shown in Figure 5.7. For the unreinforced case as shown in Figure 5.7(a), no
change has been found in the SCR with a variation in E, whereas Figure 5.7(b) shows
the effect of £, on SCR for the reinforced case. It can be seen that the SCR decreases
by up to 72% with an increase in the E, from 0.5 MPa to 3.0 MPa. However, the SCR
increases by up to 43% and 38% for the unreinforced and reinforced case, respectively
with an increase in the ratio of d/(s-d) from 0.4 to 1 and is likely to approach a limiting
value for a higher E, value of the subsoil.

Thus, this implies that the subsoil plays a major role in the load transfer

mechanism, especially in the reinforced case. A comparison of Figure 5.7(a) and 5.7
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(b) shows that the role of the geosynthetic layer is more pronounced for very

compressible subsoil (0.5 MPa in this study).
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Figure 5.7: Effect of one-dimensional modulus of subsoil on stress concentration
ratio in (a) the unreinforced case, and (b) the reinforced case
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Figure 5.8(a) shows the effect of E, on stress efficacy (Esy) in the unreinforced
case. It can be seen that the E is not affected by the one-dimensional modulus of
subsoil (E,) as the subsoil makes no contribution in the unreinforced case, whereas in
the reinforced case, as shown in Figure 5.8(b), the E: decreases by up to 24% with an
increase in the E, from 0.5 MPa to 3.0 MPa. However, a variation in efficacy is more
noticeable for the small d/(s-d) ratio (0.4 in this study) and failure at the pile head case.
It is also worth noting that the efficacy is likely to approach a limiting value at a small
value of E,. Thus, this implies that the efficiency of load transfer to pile top is

influenced by the subsoil characteristic.
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Figure 5.8: Effect of one-dimensional modulus of subsoil on stress efficacy in (a)
the unreinforced case, and (b) the reinforced case

In the unreinforced case, the effect of the one-dimensional modulus of the
subsoil on the SAR is shown in Figure 5.9(a). The SAR decreases by up to 57% and
63% for failure occurring at the crown and pile head, respectively with an increase in
the ratio of d/(s-d) from 0.4 to 1, while it remains constant with the variation of the E,
from 0.5 MPa to 3.0 MPa.

Further, the effect of the one-dimensional modulus of the subsoil on the SAR
in the reinforced case is shown in Figure 5.9(b). The SAR increases by up to 200%
with an increase in the E, from 0.5 MPa to 3.0 MPa for both failure regions (failure at
the soil arching crown and the pile head). However, a small d/(s-d) ratio is more
prominent and the SAR is likely to approach a limiting value at the same ratio. The
value of SAR in the reinforced case is smaller compared to unreinforced case which

implies that reinforcement improves the load transfer from subsoil to pile top.
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Figure 5.9: Effect of one-dimensional modulus of subsoil on the soil arching ratio
in (a) the unreinforced case, and (b) the reinforced case
Figure 5.10 illustrates the effect of the one-dimensional modulus of subsoil on

tension in the geosynthetic layer. The tension in the geosynthetic layer decreases with
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an increase in the ratio of d/(s-d) from 0.4 to 1. In addition, it decreases by up to 76%
and 72% for failure occurring at the crown and pile head, respectively with an increase
in the E, from 0.5 MPa to 3.0 MPa for both failure regions (failure at the soil arching
crown and the pile head). The tension in the geosynthetic layer is more noticeable for
small one-dimensional modulus of subsoil and the ratio of d/(s-d). For a large value of
the E,, it is likely to approach a limiting value which implies that the geosynthetic
layer is more significant for very compressive subsoil. It can also be seen that for the
same d/(s-d) ratio, the tension in the geosynthetic layer is higher in the case of failure

at the pile top compared to failure at the soil arching crown.
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Figure 5.10: Effect of one-dimensional modulus of subsoil on tension in the
geosynthetic layer
5.4.3 Effect of tensile stiffness of the geosynthetic layer
The effect of tensile stiffness of the geosynthetic layer (J) on soil arching indices and

tension in the geosynthetic layer for different ratios of pile width (d) to clear spacing
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(s-d) is shown in Figures 5.11 - 5.14. The effect of tensile stiffness (J) on the stress
concentration ratio is shown in Figure 5.11. It can be seen that the SCR increases by
up to 28% for a failure occurring at arching crown, while it increases by up to 62% for
a failure occurring at the pile head with an increase in tensile stiffness (J) from 0 to
2000 kN/m. It is also evident that the SCR increases with an increase in the ratio of

d/(s-d) from 0.4 to 1.
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Figure 5.11: Effect of tensile stiffness of the geosynthetic layer on the stress
concentration ratio in the reinforced case
Figure 5.12 shows the effect of tensile stiffness of the geosynthetic layer on the
efficacy. The Es increases by up to 32% and 70% for a failure occurring at the crown
and pile head, respectively with an increase in the ratio of d/(s-d) from 0.4 to 1. The
effect of tensile stiffness of the geosynthetic layer is more prominent on a small d/(s-

d) ratio.
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Figure 5.12: Effect of tensile stiffness of the geosynthetic layer on the stress
efficacy in the reinforced case
Figure 5.13 illustrates the effect of the J on the SAR. The SAR decreases by up
to 18% with an increase in the J from 0 to 2000 kN/m in the case of a failure occurring
at the pile head, whereas there was a negligible effect in the case of a failure occurring
at the soil arching crown. A comparison with Figure 5.9(b) shows that the one-
dimensional modulus of the subsoil contributes significantly to the load transfer

mechanism.
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Figure 5.13: Effect of tensile stiffness of the geosynthetic layer on the soil arching
ratio in the reinforced case

Figure 5.14 illustrates the effect of tensile stiffness of the geosynthetic (J) on
tension in the geosynthetic (7). The tension in geosynthetic layer decreases with an
increase in the J and the ratio of d/(s-d) from 0.4 to 1. The tension in the geosynthetic
layer is more prominent for the large tensile stiffness of the geosynthetic layer and a
small ratio of d/(s-d). For a small value of J, it is approaching zero which implies that
higher stiffness of the geosynthetic layer is more significant for soil arching. It can
also be seen that for the same d/(s-d) ratio, tension in the geosynthetic layer is higher

in the case of failure at the pile top compared to failure at the soil arching crown.
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Figure 5.14: Effect of tensile stiffness of the geosynthetic layer on tension in the
geosynthetic layer

5.4.4 Effect of equivalent dynamic load induced by different train speed

The effect of train speed (V) on soil arching indices and tension in the
geosynthetic layer for different ratios of pile width (d) to clear spacing (s-d) is shown
in Figures 5.15 - 5.18. Figure 6.15(a) shows the effect on the SCR in the unreinforced
case. It can be seen that the SCR increases by up to 2% for failure occurring at the
crown with an increase in the ratio of d/(s-d) from 0.4 to 1. However, it remains
constant for the case where failure occurs at the pile head. Moreover, in the crown
failure case, the SCR increases with an increase in the normalised embankment height
which is similar to the result shown in Figure 5.3(a). It is also evident that pile head
failure is critical compared to arching crown failure as the SCR value for the pile head
failure case is lower than for the soil arching crown case.

In the reinforced case, as shown in Figure 5.15(b), a similar trend to Figure

5.15(a) can be seen. However, the SCR value is higher in the reinforced case compared
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to the unreinforced case due to the inclusion of the geosynthetic layer which enhances

the load transfer from the subsoil to the pile top.
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Figure 5.15: Effect of train speed on the stress concentration ratio in (a) the
unreinforced case, and (b) the reinforced case
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The effect of train speed on stress efficacy in the unreinforced case is shown in
Figure 5.16(a). Train speed has a negligible effect on stress efficacy with an increase
in the ratio of d/(s-d) from 0.4 to 1, although in the crown failure case, the Es increases
with an increase in normalised embankment height. It is also evident that the pile head
failure is critical compared to arching crown failure as the Eg value for the pile head
failure case is lower than the soil arching crown case.

Figure 5.16(b) shows a similar trend to Figure 5.16(a). However, the Eg value
is higher in the reinforced case compared to the unreinforced case due to the inclusion
of the geosynthetic layer which enhances the load transfer from the subsoil to the pile

top.
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Figure 5.16: Effect of train speed on stress efficacy in (a) the unreinforced case,
and (b) the reinforced case

Figure 5.17 shows the effect of train speed on the SAR. It can be seen that train
speed has a negligible effect on the SAR for both unreinforced and reinforced cases
(refer to Figure 5.17(a) and (b), although in the crown failure case, the SAR decreases
with an increase in the normalised embankment height. Pile head failure is critical
compared to arching crown failure as the SAR value for the pile head failure case is
higher than the soil arching crown case. Also, the SAR value is lower in the reinforced
case compared to the unreinforced case due to the inclusion of the geosynthetic layer

which enhances the load transfer from the subsoil to the pile top.
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Figure 5.17: Effect of train speed on the soil arching ratio in (a) the unreinforced
case, and (b) the reinforced case
Figure 5.18 illustrates the effect of train speed (V) on tension in the
geosynthetic (7). The tension in the geosynthetic layer is not affected by a variation in
train speed, although in the crown failure case, the 7 is much more prominent and

increases with an increase in the normalised embankment height. The 7 value for the
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pile head failure case is lower than for the soil arching crown case.

It is worth noting that the surcharge induced by different train speeds does not
significantly influence soil arching due to a higher value. However, if we consider a
small value of surcharge we can see the effect of the surcharge which can be considered

by different train speeds.
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Figure 5.18: Effect of train speed on tension in the geosynthetic layer

5.5 SUMMARY

In this chapter, an 3D analytical method considering the accurate evaluation of
surcharge over the soil arching crown is proposed. The accuracy of the proposed
method is assessed using a field study and a few existing empirical methods and it is
found to be in good agreement with both studies. In particular, the present method
enables a realistic approximation of vertical stress on the soil arching crown which can

be useful to design a pile-supported railway embankment.
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The analysis results show that the performance of soil arching is significantly
affected by several parameters of the pile-supported railway embankment such as clear
pile spacing, embankment height, subsoil compression modulus, tensile stiffness of
geosynthetic and train speed. Based on the present method, the following findings are
made:

1) The failure of soil arching at the pile top is critical in the 3D condition, whereas
the soil arching failure at crown is more critical in the 2D condition.

2) The soil arching phenomena increase with an increase in the ratio of pile width
(d) to clear pile spacing (s-d), which implies that pile spacing is a key parameter
for efficient soil arching. The soil arching enhances up to 30% in terms of stress
efficacy under the effect of different pile-supported railways embankment
parameters.

3) The geosynthetic layer and compression modulus of subsoil significantly
contribute to the load transfer likely to be for large pile spacing and very
compressive subsoil (e.g. E, = 0.5 MPa for this study). The soil arching
increases up to 26% with the inclusion of a geosynthetic layer resting at the
base of the embankment and it increases up to 43% with an increase the E,
from 0.5 to 3.0 MPa.

4) The surcharge induced by a railway corridor resting on the embankment is also
influenced to the soil arching mechanism. However, due to a higher surcharge
value, the effect of surcharge induced by different train speeds is not fully
captured in this chapter.

The next chapter is covered the numerical simulation of soil arching under the

earthquake condition.
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CHAPTER

INVESTIGATION OF SOIL ARCHING IN A PILE-SUPPORTED

EMBANKMENT UNDER THE EARTHQUAKE

The seismic assessment of soil arching is covered in this chapter. It primarily focuses
on the different aspects of soil arching under seismic excitation for both unreinforced
and reinforced cases. Subsequently, the most influential parameters of the pile-

supported embankment, as explained in chapter 3, are investigated.

6.1 INTRODUCTION

The geosynthetic-reinforced pile-supported (GRPS) embankments provide
feasible solutions for railroad construction on soft soil due to their rapid construction
and less differential settlements. In GRPS embankments, soil arching is a key
mechanism for load transfer from the subsoil to the pile top. Several finite element
method (FEM) based numerical studies (Han and Gabr 2002; Huang et al. 2009; Nunez
et al. 2013; Meena et al. 2020) and model tests (Chen et al. 2010; Iglesia et al. 2014;
Fagundes et al. 2017; Rui et al. 2019) have been conducted to investigate the soil
arching under the static loading condition.

The dynamic behaviour of soil arching has also been investigated under cyclic
loading, representing traffic loading, in a few recent studies (Han et al. 2015; Niu et

al. 2018; Pham and Dias 2019). Han et al. (2015) conducted a series of model tests and
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FEM-based numerical simulations and found that the reinforcement and subsoil
characteristics can enhance soil arching mobilisation under dynamic loading. Niu et
al. (2018) reported that the height of soil arching is reduced under the dynamic load
induced by a high-speed train compared to the static loading condition. Pham and Dias
(2019) investigated the behaviour of a GRPS embankment subjected to cyclic loading.
However, the seismic analysis of soil arching is yet to be investigated for GRPS
embankments.

Although Australia is widely recognised as a seismically non-active country,
small to moderate seismic activities continue to occur (Daniell and Love 2010). The
locations of these seismic events in Australia are illustrated in Figure 6.1 and Table
6.1 details these events. This study analyses the impact of seismic activity on GRPS

embankments.

*
O Major city

. > 7 magnitude earthquake
@® < 5.0 magnitude earthquake

Country capital

Figure 6.1: Locations of the key seismic events in Australia (map modified from
Geoscience Australia)
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Table 6.1: Seismic events in Australia and territories (Meena and Nimbalkar 2019)

LO;?;ISEI;O]' mn Year Location State Ma(%\r/l[ILt)u de
1. 2018 Lake Muir Western Australia 5.3
2. 2016 Petermann Ranges Northern Territory 6.1

Offshore East of
3. 2015 Fraser Island Queensland 54
4, 2012 Moe Victoria 54
5. 2011 Near Bowen Queensland 7.1
6. 2010 Kalgoorlie Western Australia 5.0
7. 2000 Boolarra South Victoria 5.0
8. 1997 Collier Bay Western Australia 6.2
9. 1989 Newecastle New South Wales 54
10. 1988 Tennant Creek Northern Territory 6.6
11. 1979 Cadoux Western Australia 6.1
12. 1968 Meckering Western Australia 6.5
13. 1954 Adelaide South Australia 54
Offshore East of .
14. 1946 Flinders Island Tasmania 5.8
15. 1941 Meeberrie Western Australia 6.3
16. 1934 Gunning New South Wales 5.6
17. 1918 Offshore Gladstone  Queensland 6.0
18. 1902 Warooka South Australia 6.0
19. 1897 Offshore Beachport ~ South Australia 6.5
20. 1892 Tasman Sea NE Tasmania 6.9
21. 1885 Tasman Sea Tasmania 6.8

6.2 NUMERICAL MODELLING

The finite element (FE)-based commercial software ABAQUS (2018) is used to assess

soil arching under the earthquake condition. The key points of the FE analysis, such

as the analysed area, soil constitutive model, element type, interface, boundary

condition, loading and modelling procedure are detailed in this section.

6.2.1 Geometric profile of FE model

As shown in Figure 3.1, the same central part of a typical pile-supported railway

embankment is considered for the earthquake analysis. However, the FE model

consists of a hard stratum underlain by subsoil and end-bearing piles. The pile length

and subsoil depth are the same (8 m). The pile spacing (s) and diameter (D) are 2 m to

3.5 m and 1 m, respectively. An embankment fill, including a 400 mm thick gravel
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layer, is laid over the pile foundation. A 2 mm thick geosynthetic layer is sandwiched
between two gravel bed layers in the reinforced condition. First, a 200 mm thick gravel
layer is placed on the piled improved subsoil area, then the geosynthetic layer is laid
without any physical damage. Another 200 mm layer of thick gravel is placed on the
geosynthetic top to achieve the required thickness of the gravel layer (i.e., 400 mm).

The embankment height (/) varies from 2.5 m to 6.5 m.

6.2.2 Boundary condition, element type and interface

As explained in chapter 2, the adoption of the infinite element boundary can reduce
the wave reflection from the model boundaries during the seismic analysis. The four-
node plane strain element with reduced integration (CPE4R) is used for the finite
domain of the FE model, whereas the four-node plane strain linear infinite element
(CINPEA4) is used for the infinite domain. In addition, the interaction between the pile
and surrounding soil is stimulated using the basic Coulomb friction model (Potyondy

1961).

6.2.3 Constitutive model, material parameters and damping

The Mohr-Coulomb (MC) constitutive model is chosen for embankment fill, gravel
layer and hard stratum, whereas the Modified Cam Clay (MCC) model is used for the
subsoil. The piles and geosynthetic layer are considered to follow an isotropic linear
elasticity. The Young's modulus of pile (£,) and geosynthetic layer are 20 GPa, and
500 MPa, respectively. The biaxial geogrid @ 5 % tensile strength with a rib thickness
of 2 mm is used as a geosynthetic layer for the reinforced case. Table 6.2 illustrates

the material properties used for the seismic analysis.
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Table 6.2: Material properties used for the seismic analysis

Material properties Emba;lkment Gravel bed Subsoil Hard
ill stratum

Constitutive model MC MC MCC MC
Unit weight, y (kN/m?%) 20 21 18.4 21
Young's modulus, £ (MPa) 20 25 - 500
Poisson's ratio, v 0.25 0.25 0.30 0.30
Effective cohesion ¢’ (kPa) 1 1 - 1
Effective friction angle, ¢ (degree) 30 35 - 45
Effective dilation angle, i (degree) 0 5 - -
Critical-state stress ratio, M - - 1.2 -
Logarithmic hardening constant, A - - 0.06 -
Logarithmic bulk modulus, & - - 0.012 -
Initial yield surface size, a, (kPa) - - 103 -
Void ratio at unit pressure, e; - - 0.87 -
Initial void ratio, e, - - 0.45 -
Geosynthetic stiffness, 1000

J(kN/m) =F x tgeo

In the dynamic or seismic analysis of soil, energy dissipation occurs, which is referred
to as hysteretic damping. This damping can significantly influence the FE model’s
response. The indefinite travel of stress waves without changing amplitude is not
possible in real soil (Kramer 1996). The amplitude of the stress waves is reduced with
distance in the soil. The possible reason for this reduction may be material or geometric
damping. Material damping is mainly associated with soil properties such as friction
and sliding in the inter-particles pore fluid viscosity. The viscous damping is
commonly used to characterise this damping. Due to the material damping of soil, the
elastic energy of the stress waves decreases with the distance, resulting in the
amplitude of stress waves also being reduced (Bakr and Ahmad 2018). Consequently,
the elastic energy per unit volume (specific energy) can also reduce due to the
geometry of the material, which is known as geometric damping. Rayleigh damping is
commonly used as geometric damping.

Rayleigh damping is subjected to viscus damping where energy is resealed

from a finite source, ranging from large-scale earthquake fault to small-scale vibrating
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foundation (Kramer 1996). Rayleigh damping instead of viscous damping is used in
the FE analysis to obtain a correct response from the FE model during these types of

analyses. Rayleigh damping is obtained as in Nimbalkar et al. (2012):

[C] = a[M] + B[K'] (6.1)
where [C] is the damping matrix, [M] is the mass matrix, [K'] is the stiffness matrix,

a and f are the damping coefficients calculated as:

a=2x (f::}) x & 6.2)
p= () x4 6.3)

where « and f are obtained using the first two vibration modes i and j, respectively;
w; and @y are the angular frequencies of the vibrating material and & is the damping
ratio.

The angular frequencies (an) of the selected vibration modes are calculated as

in (Kramer 1996; Nimbalkar et al. 2012)

_nVs
©n = G0

(2n—-1) (6.4)
where Vs is the shear wave velocity, 4’ is material height, and » is mode number
(referred to as 7 and j in this study). The damping ratio (&) is assumed to be 3% to
compute the damping coefficients o and £ (Bi et al. 2020). In addition, the stiffness

(k) and damping (c) coefficients are determined as:

_ 04E(1-v)
T R'(14v)(1-2v)

_ / Ep
€= (1+v)(1-v) (6.6)

where E is the elastic modulus, v is Poisson’s ratio, p is the density of particular

(6.5)
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material. The values of the different parameters which are used to determine shear

wave velocity (V5), stiffness (k) and damping coefficient (c¢) are listed in Table 6.3.

Table 6.3: Parameter values to determine the shear wave velocity, stiffness and

damping coefficient

Material
P t
Arameters Embankment  Gravel bed Subsoil Hard
stratum
Height, /' (m) 3.1 0.4 8 0.5
Young's modulus, E
(N/m?) x 106 20 25 10 250
Density, o (kg/m?) 2039.44 2141.41 1876.30 2141.41
Poisson's ratio, (v) 0.25 0.25 0.30 0.30
Shear wave velocity, Vs 62.63 68.34 45.30 211.90

(m/s)

Material response in seismic analysis depends on its dynamic characteristics.

Therefore, it is crucial to determine the Rayleigh damping coefficients precisely. The

choice of targeted modal periods for the determination of Rayleigh damping

parameters is dependent on the modal periods of the considered structure. Table 6.4

shows the dynamic parameters used in the FE model to compute the Rayleigh damping

coefficients.

Table 6.4: Dynamic parameters used for the seismic analysis

Stiffness

- Datffrvlp'ingt Angular Rayleigh damping
: cocthicient, — coeticient,  freqyencies (rad/s coefficient
Material type k (10%) ¢ (106 q ( )
(N/m) (Ns/m) o o a P
Embi.?llfmem 0.03 0.21 3174 158.68  1.5868  0.00032
Gravel bed 0.30 0.24 268.36 1341.76 13.4178  0.00004
Subsoil 0.01 0.14 8.89 44 .45 0.4445 0.00112
Hard stratum 2.69 0.77 665.71 3328.53 33.2853 0.00002
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6.2.4 Seismic input

A few Australian earthquakes followed similar seismic parameters to the Christchurch
2011 earthquake (Meena and Nimbalkar 2019). Therefore, the acceleration time
history of the Christchurch 2011 earthquake is chosen in this study. Only horizontal
acceleration is considered for an earthquake excitation. The magnitude of this
earthquake was 6.3 Mr on the Richter scale with 0.34g peak ground acceleration
(PGA) for 30 s (refer to Figure 6.2a). Fast Fourier transform (FFT) analysis is
conducted to obtain the dominant frequency (foq) of the input earthquake time history
(refer to Figure 6.2b). In the literature, none of the studies has investigated the seismic
assessment of soil arching. Thus, this thesis mainly focuses on the soil arching
behaviour under a seismic condition. According to seismic zones and relevant ground
motion parameters the mobilization of soil arching. The use of earthquake records
obtained from single accelerogram is the first step which is deemed suitable for the
model validation, in light of the absence of comprehensive earthquake records

obtained from multiple accelerograms in the literature.
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Figure 6.2: (a) Horizontal acceleration time history of the Christchurch 2011
earthquake, and (b) Fast Fourier transform amplitude of the Christchurch 2011
earthquake

6.2.5 FE simulation procedure

The numerical analysis starts by establishing the initial stress in the subsoil using the
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geostatic step. The installation of the rigid piles and the stage construction of the pile-
supported embankment, including the gravel bed and geosynthetic layer, are simulated
in the following steps. After attaining full embankment height, the horizontal
acceleration time history of the Christchurch 2011 earthquake is applied at the base of
the FE model. In this Chapter, dynamic implicit analysis procedure is used for the

dynamic analysis. The meshed profile of finite element is shown in Figure 6.3.

Infinite _k . Infinite
element BC Himite element element BC

Y e I BC ﬂ

K Geosynthetic
i - layer
Gravel bed
] Hard

[ | stratum

[ i + Embankment height (h)=2.5mto 6.5 m

I Analysed FE || Pilespacing (s)=2.0mto3.5m

model region

Figure 6.3: Mesh profile of the FE model

6.3 MODEL VALIDATION

None of the existing studies validate the numerical simulation of soil arching
assessment in the earthquake condition. However, verification of material models with
the existing static or dynamic triaxial tests could be useful. Such model verification is

the future scope of this thesis.
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6.4 RESULTS AND DISCUSSION

6.4.1 Vertical stress

Figure 6.4 shows the contours of vertical stress in the unreinforced condition at
different time instances (i.e., 0, 13.16, and 30 s) above points A and B referred to in
Figure 3.1. The embankment height (%) and vertical stress (o) are normalised by clear
pile spacing (s-d) and (s-d), respectively, for the sake of general applicability. The
normalised vertical stress on the subsoil is 0.89 when there is no earthquake (i.e., =10
s) whereas it increases to 1.67 at the end of an earthquake (i.e., # =30s). At t=0s, the
soil arching zone lies between 0.32 - 0.59 of the normalised embankment height, while
no soil arching zone is formed at # = 30 s. The normalised vertical stress has a
negligible effect on the pile top. This implies that the vertical stress on the subsoil
increases when the duration of an earthquake increases, disturbing the soil arching

mobilisation.
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Figure 6.4: Vertical stress contour for different time instances
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A comparison of the vertical stress contours in the unreinforced and reinforced
case at t = 30 s is shown in Figure 6.5. In the unreinforced case, as shown in Figure
6.5(a), the normalised vertical stress on the subsoil is 1.67, similar to Figure 6.4 at t =
30 s. It decreases to 1.17 in the reinforced case, and the soil arching zone lies in
between 0.36 - 0.50 of the normalised embankment height (referred to Figure 6.5b). In
addition, the normalised vertical stress on the pile top decreases to 2.8. Thus, this
implies that a reinforcement layer at the embankment base improves the soil arching

mobilisation at time () 30 s.
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Figure 6.5: Vertical stress contour at earthquake time (¢) = 30 s for (a) the
unreinforced case, and (b) the reinforced case

As illustrated in Figures 6.4 and 6.5, the vertical stress on the subsoil and pile
is altered during an earthquake excitation time (¢). Therefore, it is crucial to examine
the time history of vertical stress during an earthquake. Figure 6.6 shows the
normalised vertical stress time history on the subsoil and pile for both unreinforced
and reinforced cases during the earthquake. The vertical stress on the subsoil and pile
are designated by amid and above the pile, respectively. In the unreinforced case, the
normalised vertical stress on the subsoil starts at 0.89 and slightly increases by up to
11 s. Subsequently, it significantly increases in the time frame of 11-14 s. The input
acceleration has a maximum intensity in this time frame. The normalised vertical stress
gradually increases further increase in an earthquake time and attains a maximum of
1.67 at 30 s. In the reinforced case, the normalised vertical stress decreases by up to
11% and 30% at 0 s and 30 s, respectively. However, it follows the same trend.

In contrast, the normalised vertical stress on the pile is 3.56 at 0 s in the
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unreinforced case. It is consistent up to 11 s, and suddenly it is disturbed (i.e., initially
it increases and then decreases) in the time frame of 11-14 s. The normalised vertical
stress decreases further increase in an earthquake time and decreases to 3.40 at 30 s
whereas in the reinforced case, the normalised vertical stress increases by up to 8.6%
at 0 s and decreases by up to 30% at 30 s.

It is worth noting that in both the unreinforced and reinforced cases, vertical
stress is transferred to the pile before 11 s while after that, the vertical stress on the

subsoil and pile is approaching close, which ruins the soil arching mobilisation.
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Figure 6.6: Normalised vertical stress on the subsoil and pile during the
earthquake
6.4.2 Settlement
Figure 6.7 shows the settlement contours of the embankment in the unreinforced
condition at different time instances (i.e., 0, 13.16, and 30 s). The normalised

settlement of the subsoil top is 0.4 when there is no earthquake (i.e., =0 s), whereas
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it increases to 2.52 at the end of the earthquake (i.e., =30 s). However, the settlement
on the pile top is negligible. When there is no earthquake, a uniform settlement is
observed above the normalised embankment height is 0.8. This embankment height is
known as the plane of equal settlement. However, embankment settlement increases

and the plane of equal settlement is ruined by a further increase in z.
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Figure 6.7: Settlement contour for different time instances

Figure 6.8 shows the effect of reinforcement on embankment settlement at ¢ =
30 s. The unreinforced case (Figure 6.8a) is the same as that shown in Figure 6.7 at ¢
= 30 s, with a normalised settlement of 2.52 at the subsoil top, whereas as shown in
Figure 6.8b, it reduces to 2.10 with the inclusion of a reinforcement layer. In addition,

the settlement on the embankment top is also reduced by up to 20%. This implies that
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reinforcement reduces the settlement during the earthquake, which can prevent the

potential failure of the embankment.
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Figure 6.8: Settlement contour at earthquake time (f) = 30 s for (a) the
unreinforced case, and (b) the reinforced case
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Figure 6.9 shows the effect of an earthquake on embankment settlement on the
subsoil and pile top for both the unreinforced and reinforced cases. The settlement is
normalised for the general applicability. In the unreinforced case, the normalised
settlement starts at 0.4 at # = 0 s. It considerably increases after 11 s and reaches 2.52
at the end of the earthquake (i.e., # =30 s). In contrast, the normalised settlement starts
at 0.35 at # = 0 s. and reduces by up to 17% (i.e., 2.10) at the end of the earthquake.

The settlement on the pile top is negligible in both cases.
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Figure 6.9: Normalised settlement on the subsoil and pile top during the
earthquake
6.4.3 Soil arching indices
6.4.3.1 Stress concentration ratio (SCR)
Figure 6.10 shows the stress concentration ratio during the earthquake. A higher SCR
representing more stress is transferred from the subsoil to the pile top. In the

unreinforced case, the SCR is initiated with 4 at ¢ = 0 s. It gradually decreases with an
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increase in time by up to 11 s. However, the SCR value drastically decreases within
the time frame of 11 s to 15 s, and it reaches 2 at the end of the earthquake.

In contrast, the SCR is introduced with 4.9 in the reinforced case, and reducing
to 2.40 at the end of earthquake, although there is a negligible difference in the SCR
within the time frame of 12 s to 27 s in both the unreinforced and reinforced cases.
The SCR value is 22.5% higher in the reinforced case compared to the unreinforced
case at =0 s. This implies that stress transfer from the subsoil to the pile top decreases
with an increase in earthquake time. Also, more stress is transferred to the pile top in

the reinforced case compared to the unreinforced case.
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Figure 6.10: Stress concentration ratio time history during the earthquake

6.4.3.2 Soil arching ratio (SAR)
A profile of the soil arching ratio during the earthquake in the unreinforced and
reinforced cases is shown in Figure 6.11. The value of SAR varied between 0 to 1. The

unit value of SAR represents no soil arching, whereas zero denotes the complete
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mobilisation of soil arching. In the unreinforced case, SAR starts at 5.5, increasing with
an increase in earthquake time. In the time frame of 12 to 14 s, it reaches the unit value.
After 20 s, it crosses the unit value of SAR and reaches 1.07 at the end of the
earthquake. This implies that the degree of soil arching decreases with an increase in
earthquake time, and after 20 s, there is no soil arching mobilisation, whereas in the
reinforced case, it starts from 4.75 and increases to 15 s time, and after that, it remains
consistent with further increases in the earthquake time. However, it slightly decreases
at 27 s and drops to 0.73 at the end of the earthquake. It is observed that a reinforced
layer enhances the degree of soil arching by up to 14% and 32% at the £ = 0 s and 30

s, respectively.
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Figure 6.11: Soil arching ratio time history

6.5 PARAMETRIC STUDY
As previously discussed, a reinforcement layer enhances the performance of soil

arching during an earthquake. Therefore, only a reinforced case is considered for the
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parametric study. Only one parameter is varied at a time, while the others remain the

same to investigate the effect of particular parameters.

6.5.1 Effect of embankment height and pile spacing

Figures 6.12 - 6.16 show the effect of embankment height and pile spacing on different
aspects of soil arching. The embankment height varies from 2.5 m to 6.5 m, whereas
pile spacing is 2 m to 3.5 m. The earthquake time (7) = 30 s is taken to investigate the
effect of embankment height and pile spacing. Figure 6.12 illustrates the effect of
embankment height (/) and pile spacing (s) on the normalised vertical stress on the
subsoil. It is observed that the normalised vertical stress increases by up to 110% with
an increase in embankment height from 2.5 m to 6.5 m. However, it decreases by 52%
with an increase in pile spacing from 2 m to 3.5 m. The semicircular shape of soil
arching is mobilised with a higher radius in pile spacing 2 m compared to other pile

spacing. Therefore, more load is observed at the subsoil top in pile spacing 2 m.
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Figure 6.12: Effect of embankment height and pile spacing on normalised vertical
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stress on the subsoil at the end of the earthquake

The effect of embankment height and pile spacing on normalised settlement is
shown in Figure 6.13. The normalised settlement increases by up to 87% with an
increase in embankment height from 2.5 m to 6.5 m, whereas it increases by up to 76%

with an increase in pile spacing from 2 m to 3.5 m.
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Figure 6.13: Effect of embankment height and pile spacing on the normalised
settlement of the subsoil top at the end of earthquake
Figure 6.14 shows the influence of embankment height and pile spacing on the
maximum tension in the geosynthetic layer which increases by up to 108% with an
increase in both embankment height and pile spacing. A higher tension is observed for
larger pile spacing. This implies that the function of the geosynthetic layer is more

pronounced in a higher pile spacing.
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Figure 6.14: Effect of embankment height and pile spacing on maximum tension
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The effect of embankment height and pile spacing on soil arching indices;
stress concentration ratio (SCR), and soil arching ratio (S4AR) are shown in Figures 6.15
and 6.16, respectively. In Figure 6.15, for pile spacing 2 m and 2.5 m, the SCR
increases by up to 42% with an increase in embankment height of 2.5 m to 6.5 m.
However, pile spacing of 3.5 m has a negligible effect. Also, the SCR increases by up
to 77.5% with an increase in pile spacing at a larger embankment height. As shown in
Figure 6.16, the SAR decreases by up to 70% with an increase in embankment height
of 2.5 mto 6.5 m. The reduction in SAR is higher in smaller pile spacing which implies
that smaller pile spacing enhances the degree of soil arching. It can also be observed
that the SAR increases by up to 500% with an increase of pile spacing from 2 m to 3.5

m at a larger embankment height.
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6.5.2 Effect of the embankment modulus and friction angle

Figures 6.17-6.21 show the effect of embankment modulus (Eem) and friction
angle (¢') on different aspects of soil arching. The embankment modulus varies from
15 MPa to 30 MPa, and the friction angle is 30° to 45°. Figure 6.17 shows the effect
of the embankment modulus and friction angle on the normalised vertical stress acting
on the subsoil during the earthquake. Figure 6.17(a) shows that from 0 s to 11 s, the
normalised vertical stress decreases by up to 16%, increasing the embankment
modulus from 15 MPa to 30 MPa. After 11 s, the embankment modulus has a
negligible effect on normalised vertical stress. This implies that the embankment
modulus reduces the vertical stress on the subsoil in the initial phase of an earthquake.

In contrast, Figure 6.17(b) shows that the normalised vertical stress on the
subsoil decreases by up to 37%, increasing the friction angle from 30° to 45°. The
normalised vertical stress reduction is more pronounced at the end of the earthquake.
This implies that the friction angle is an effective parameter that can enhance soil

arching even in the earthquake.
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Figure 6.17: Effect on normalised vertical stress due to (a) embankment modulus,
and (b) friction angle
The effect of the embankment modulus and friction angle on normalised
settlement of subsoil during the earthquake is shown in Figure 6.18. As observed in

Figure 6.18(a), the embankment modulus has a negligible effect on normalised
211



settlement. The normalised settlement increases by up to 500% with an increase in
earthquake time from 0 to 30 s. As shown in Figure 6.18(b), the normalised settlement
decreases by up to 24% with an increase in the friction angle from 30° to 45°. The

reduction in the settlement is more noticeable at the end of the earthquake.
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Figure 6.18: Effect on normalised settlement due to (a) embankment modulus, and
(b) friction angle
Figure 6.19 shows the effect of the embankment modulus and friction angle on
maximum tension (7max) in a geosynthetic layer. It is observed in Figure 6.19(a) that
the embankment modulus has a negligible effect on the maximum tension in a
geosynthetic layer. However, the Tmax increases by up to 975% with an increase in
earthquake time from 0 s to 30 s. However, the Tmax decreases by up to 19% with an
increase in friction angle from 30° to 45° (refer to Figure 6.19b). This is due to
improved embankment quality, leading to less deformation and thus less tension in the

geosynthetic layer.
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The effect of the embankment modulus and friction angle on the stress

concentration ratio (SCR) is shown in Figure 6.20. As shown in Figure 6.20(a), from
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0 s to 11 s, it increases by up to 51% with an increase in the embankment modulus
from 15 MPa to 30 MPa. However, the embankment modulus has a negligible effect
after 11 s, and it decreases by up to 61% at the end of the earthquake. This implies that
the embankment modulus is effective for the stress transfer to pile in the initial phase
of an earthquake. In contrast, as shown in Figure 6.20(b), the friction angle
significantly affects the SCR. The SCR increases by up to 273% with an increase in
the friction angle from 30° to 45°. The effect of the friction angle is more pronounced

at the end of the earthquake.
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Figure 6.20: Effect on stress concentration ratio due to (a) embankment modulus,
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Figure 6.21 shows the effect of the embankment modulus and friction angle on
SAR. As shown in Figure 6.21(a), from 0 s to 11 s, it decreases by up to 15% with an
increase of the embankment modulus from 15 MPa to 30 MPa. However, the
embankment modulus has a negligible effect after 11 s and it increases by up to 77%
at the end of the earthquake. This implies that after 11 s, the soil arching is not full
mobilised. However, it decreases by up to 35% with an increase in the friction angle
from 30° to 45° (referring to Figure 6.21b). The SAR approaching a smaller value with
an increase in the friction angle further indicates that the degree of soil arching
mobilisation is improving by increasing the friction angle.
It is worth noting from Figures 6.17-6.21 that the friction angle is an effective
parameter in an earthquake. The friction angle should be higher to reduce the potential

failure of pile-supported embankment during an earthquake.
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6.5.3 Effect of tensile stiffness of the geosynthetic layer

Figures 6.22-6.26 show the effect of tensile stiffness of the geosynthetic layer (J) on
different soil arching aspects. The effect of tensile stiffness on normalised vertical
stress acting on the subsoil is shown in Figure 6.22. The normalised vertical stress
decreases by up to 19% with an increase in tensile stiffness from 500 kN/m to 2000
kN/m. The reduction in normalised vertical stress is pronounced at the end of the
earthquake. This implies that sufficient tensile stiffness of a geosynthetic reduces stress

on the subsoil and enhances soil arching.
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Figure 6.22: Effect of geosynthetic tensile stiffness normalised vertical stress
acting on the subsoil
Figure 6.23 shows the effect of tensile stiffness on settlement. It is observed
that initially, there is no effect of tensile stiffness on the settlement. However, at the
end of the earthquake, the settlement decreases by up to 11 %, increasing geosynthetic

tensile stiffness from 500 kN/m to 2000 kN/m.
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Figure 6.23: Effect of geosynthetic tensile stiffness on normalised settlement of
subsoil
The influence of geosynthetic tensile stiffness on the maximum tension (7max)
is shown in Figure 6.24. The Tmax increases by up to 93% with an increase in tensile
stiffness from 500 kN/m to 2000 kN/m. The maximum tension in the geosynthetic

layer is more pronounced at the end of the earthquake.
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Figure 6.24: Effect of geosynthetic tensile stiffness on maximum tension in the
geosynthetic layer

As shown in Figure 6.25, the effect of geosynthetic tensile stiffness on stress
concentration ratio (SCR) is found to be negligible. The SCR starts at 4.9 and decreases
with an increase in earthquake time, decreasing to 2.2 at the end of the earthquake.
Figure 6.26 shows the influence on the soil arching ratio (SAR). The SAR decreases by
up to 18% with an increase in tensile stiffness from 500 kN/m to 2000 kN/m. This
implies that the degree of soil arching mobilisation improves with the higher tensile

stiffness of the geosynthetic layer.
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6.5.4 Effect of the amplitude of input seismic excitation

This study uses the horizontal acceleration time history of the Christchurch 2011
earthquake. However, input peak ground acceleration (PGA) is scaled from 0.1g to
0.5g to investigate the effect of earthquake amplitude. The effect of earthquake
magnitude could be different from PGA. Kramer (1996) is reported a relationship
between PGA and different magnitude. However, this thesis is limited to the different
PGA. The dominant frequency (feq) is fixed at 5.91 Hz. Figures 6.27-6.34 show the
effect of earthquake amplitude on the different soil arching aspects.

Figure 6.27 shows the contours of normalised vertical stress for different PGA
at £ =30 s. It is observed that the normalised vertical stress on the subsoil increases by
up to 23% with an increase in input amplitude from 0.1g to 0.5g, whereas it decreases
by up to 17% on the pile top. This implies that the input amplitude can be one of the
reasons for the potential failure of soil arching. Therefore, soil arching behaves

according to the earthquake scenario.
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Figure 6.27: Vertical stress contour for different peak ground acceleration

The profile of normalised vertical stress acting on the subsoil during the
earthquake with different PGA is shown in Figure 6.28. At ¢ = 0 s, the normalised
vertical stress is observed at 7.75 for all considered PGAs. However, it increases with
an increase of PGA with respect to time. The normalised vertical stress consistently
increases for all considered PGAs by up to 11 s, and subsequently, a sudden jump is
observed. The normalised vertical stress increases by up to 26% with an increase of
PGA from 0.1g to 0.3g. A further increase in PGA leads to failures of soil arching, and

less vertical stress is observed at the end of the earthquake for PGA = 0.5g.
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Figure 6.28: Effect of peak ground acceleration on the normalised vertical stress
acting on the subsoil

The effect of the peak ground acceleration on normalised settlement couture at
t =30 s is shown in Figure 6.29. The normalised settlement on the subsoil increases
by up to 433%, increasing PGA from 0.1g to 0.5g, while no difference is found on the
pile top. This implies that the amplitude of input acceleration can be a major concern
for GRPS embankment and soil arching failure. In addition, the effect of PGA on
normalised settlement of subsoil during the earthquake is shown in Figure 6.30. It
increases slightly to 11 s, and it drastically increases by up to 433% with an increase

in PGA from 0.1g to 0.5g.
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Figure 6.30: Normalised settlement of subsoil for different peak ground
acceleration

Figure 6.31 shows the effect of PGA on maximum tension in a geosynthetic
layer during the earthquake. The maximum tension initiates with 0.3 kN/m att=0s
for all considered PGAs. It increases with respect to time and a higher PGA leads to
higher maximum tension in the geosynthetic layer. Also, at t = 30 s, it increases by up
to 298%, increasing PGA from 0.1g to 0.5g.

Figure 6.32 illustrates the effect of PGA on the tension throughout a
geosynthetic layer. Nonuniform distribution of tension is observed throughout the
geosynthetic layer. Two peak values of tension are observed for a specific PGA near
the inner edges of adjacent pile heads. The left side peak tension is smaller compared
to the right side. This may be due to the earthquake excitation. For PGA = 0.1g, the
tension in the geosynthetic layer increases to its maximum value from the outer to the
inner edge of piles. Subsequently, it decreases to zero up to the middle of the

geosynthetic layer, whereas for the other PGA values, it increases up to the maximum
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and then decreases in the middle of the geosynthetic layer. Notably, the tension in the
geosynthetic layer increases by up to 500% near the inner edges of the pile heads with

an increase in PGA from 0.1g to 0.5g.
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Figure 6.31: Effect of peak ground acceleration on maximum tension in the
geosynthetic layer
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Figure 6.32: Effect of peak ground acceleration on tension in a geosynthetic layer

Figure 6.33 shows the effect of PGA on the SCR. The SCR starts with 0.49 and
decreases with respect to time. It decreases by up to 34% with an increase in PGA
from 0.1g to 0.5g. A higher reduction up to 0.3g PGA is observed. A further increase
in PGA has a negligible effect on the SCR. This implies that the stress does not transfer
to the pile top, and soil arching is not mobilising, thereby increasing PGA.

The effect of PGA on the SAR is shown in Figure 6.34. The SAR starts at 0.48
and increases with respect to time. It increases by up to 25% with an increase in PGA
from 0.1g to 0.5g. A higher increment of up to 0.3g PGA 1is observed. The SAR
decreases with further increases in PGA. This implies that the degree of soil arching

deteriorates with an increase in PGA.
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It is worth noting that in all cases of parametric study, the input accelerogram
is not exciting the FE model with the maximum PGA at 7 = 11 s. It implies that the FE
model does not get amplified at = 11 s, and it can be used for further investigation of

seismic behaviour of soil arching.

6.6 SUMMARY
This chapter reports on a seismic assessment of soil arching in a pile-supported
embankment. Primarily, soil arching is investigated under earthquake excitation.
Further, it extends to a parametric study to see the influence of different parameters of
a pile-supported embankment on soil arching under seismic excitation. Based on the
numerical analysis, a summary of this chapter is as follows:

1) The load transfer mechanism is significantly affected by the pile-supported

embankment parameters.

o Embankment modulus has a negligible effect on settlement.
However, it decreases by up to 24% with an increase in the
friction angle from 30° to 45°. This reduction in the settlement
is more noticeable at the end of the earthquake.

o The maximum tension in a geosynthetic layer is not affected by
the embankment modulus. However, it decreases by up to 19%
with an increase in the friction angle from 30° to 45°.

o The maximum tension in a geosynthetic layer does not affect by
embankment modulus. However, it decreases up to 19% with
an increase in friction angle from 30° to 45°.

o The stress concentration ratio (SCR) initially increases by up to

51% with an increase in the embankment modulus from 15 MPa
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to 30 MPa. However, the embankment modulus has a negligible
effect after 11 s, whereas it increases by up to 273% with an
increase in the friction angle from 30° to 45°. The effect of the
friction angle is more pronounced at the end of the earthquake.
Therefore, the friction angle is the most sensitive parameter of a pile-supported
embankment which significantly affects soil arching during the earthquake.
2) The geosynthetic layer at the base of the embankment encourages stress
transfer to the pile head through the tension in the geosynthetic layer.
o The settlement of the subsoil top reduces by up to 17% with the
inclusion of a geosynthetic layer at the base of the embankment.
o The SCR value is 22.5% higher in the reinforced case compared
to the unreinforced case at =0 s. However, there is a negligible
difference in the SCR after 11 s in both the unreinforced and
reinforced cases.
o A reinforced layer enhances the degree of soil arching by up to
14% and 32% at the 1 = 0 s and 30 s, respectively.
Thus, it is clear that the inclusion of a geosynthetic layer can enhance soil arching
under the earthquake condition and transfer more load on the pile top through the
tension.
3) Soil arching is significantly affected by the amplitude of the input earthquake.
o Vertical stress increases by up to 26% with a PGA increase from
0.1g to 0.3g. A further increase in PGA leads to failures in soil
arching, and less vertical stress is observed at the end of
earthquake for PGA = 0.5g. Also, the settlement increases by

up to 433% with an increase in PGA from 0.1g to 0.5g.
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o The maximum tension in the geosynthetic layer increases by up
to 298%, increasing PGA from 0.1g to 0.5g.
o The SCR decreases by up to 34% with an increase in PGA from
0.1gto 0.5g. A higher reduction by up to 0.3g PGA is observed.
A further increase in PGA has a negligible effect on the SCR.
This implies that the stress does not transfer to the pile top and
soil arching is not mobilising, thereby increasing PGA.
Thus, it is evident that the peak horizontal acceleration of an earthquake significantly
affects soil arching.
In chapter 3, the true dynamic nature of traffic loading and soil arching is investigated
under the equivalent dynamic load. Therefore, moving train load and dynamic
response of soil is considered in chapter 7, and the soil arching is numerically

investigated.
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CHAPTER

INVESTIGATION OF SOIL ARCHING IN A PILE-SUPPORTED

RAILWAY EMBANKMENT UNDER THE MOVING TRAIN LOAD

7.1 INTRODUCTION

Rail transport is the economic backbone of many countries, including Australia.
Moreover, the Australian economy is largely dependent on railroad network which
traverse the Australian coastal regions containing soft soil. As discussed earlier, pile-
supported embankments have the potential to improve the unfavourable characteristics
of soft soil. In the pile-supported railway embankments, soil arching reduces the load
and settlement on the subsoil. However, the soil arching can get affected by the moving
train in a railway embankment. Therefore, the effect of moving train on the soil arching
in a pile-supported railway embankment cannot be ignored. Studies of the soil arching
under static loading are well acknowledged. However, the dynamic behaviour of the
soil arching under the moving train loading is limited.

In this chapter, a two-dimensional (2D) numerical simulation is carried out to
demonstrate the effect of moving train induced loading on the soil arching.
Subsequently, parametric study is performed to investigate the effect of different
parameters of pile-supported railway embankment. A relationship between optimum
embankment height and clear pile spacing is also established, which can be beneficial

for the professionals.
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7.2 FINITE ELEMENT METHOD (FEM) SIMULATION

7.2.1 Brief description

The numerical simulation is carried out using FEM based software ABAQUS (2018).
As shown in Figure 7.1, the central portion of a typical pile-supported railway
embankment is considered to investigate the effect of moving train on the soil arching.
The geometric profile of the considered portion of pile-supported railway embankment

is the same as used in chapters 3, and 6 (static and seismic analysis, respectively).

Subballast
Gravel bed :
400 mm Embankment =

Y
E|| Subsoil
%

Y
* 7 AR :
L, N Embankment height (h) = 3.5 to 6.5 m

X [hn— Pile spacing (s) =2.0t0o 3.5 m

Figure 7.1: A typical cross section of pile-supported embankment including FE
simulated model
The boundary conditions, element type, interface between pile and surrounding
soil, soil constitutive model, material properties and damping are the same as
considered during the seismic analysis in chapter 6. Additionally, Drucker-Prager
constitutive soil model is used for the ballast and subballast. Sleeper and rail are

modelled as linear elastic materials. The rail pad is modelled as spring dashpot with
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stiffness of 1.20 E +06. The material properties for rail track are listed in Table 7.1.

Table 7.1: Material properties of rail track

Material properties Subballast Ballast Sleeper Rail
Constitutive model Drucker-Prager ~ Drucker-Prager ;2:32 éig:gz
Unit weight, y (kN/m?) 21 16 23 75.51
Young's modulus, £ (MPa) 100 125 25.5x10° 206000
Poisson's ratio, v 0.30 0.25 0.20 0.30
Friction angle, ¢' (degree) 38 45 - -
Dilation angle, y (degree) 8 15 - -

The dynamic response of a material is different from static response, and for

dynamic analysis, it is important to determine the Rayleigh damping coefficients. The

dynamic parameters used to compute the Rayleigh damping coefficients for rail track

material are listed in Table 7.2. The damping ratio (&) is assumed as 3% to compute

the damping coefficients « and £ (Bi et al. 2020). However, the Rayleigh damping

coefficients for other material of pile-supported embankment is the same as

determined in chapter 6.

Table 7.2: Dynamic parameters of ballast and subballast used in numerical simulation

for moving train*

Material
Dynamic parameters
Ballast Subballast

Modulus of elasticity, £ (MPa) 125 100
Stiffness coefficient, k (10%) (N/m) 2.00 3.59
Damping coefficient, ¢ (10°) (Ns/m) 4.56 4.82

) o) 0.94 1.41
Angular frequencies (rad/s) o 468 706
Rayleigh damping a 0.0469 0.0706
coefficient B 0.00001 0.00001

* Dynamic parameters for other track materials are the same as those used in chapter 6 hence not

provided here again.
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7.2.2 Moving train load

The dynamic load induced by a moving train is simulated by specifying the nodal force
as a function of time history in a triangular pattern. This loading procedure is similar
to Hall (2003). In this study, axle load of 25 ton with eight moving carriages including
32 wheels are considered for the moving train load calculation (refer Figure 7.2a). In
addition, Figure 7.2(b) shows the loading pattern of a moving train at the 40 km/h

speed. The moving train load is applied at the mid of the rail top as shown in Figure

7.1.

140

120 4

100

Figure 7.2: (a) Description of considered train configuration for moving train load
calculation (b) Loading pattern induced by a train moving at 40 km/h train speed

10.0

F = axle load by 25 ton train
All values in m

Load induced by moving tram at 40 km/h speed

Time, s
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7.2.3 Numerical analysis procedure

The numerical simulation initiated with establishing the geostatic stress condition in
the subsoil. Further, installation of piles and stage construction of embankment
including gravel bed with geosynthetic layer is proceed in the static general steps. After
the achieving desired height of the embankment, 150 mm thick subballast and 300 mm
thick ballast layers are modelled on the embankment top. Subsequently, sleeper with
rail is simulated in the next step. The rail and sleeper are connected by a spring dashpot
which is represented as a rail pad. Afterwards, a moving train load is imposed on the
rail top using a dynamic implicit step for a time instant (Zhuang and Wang 2018; Pham
et al. 2020). During the dynamic implicit step, the smaller time step (i.e., 0.002 s) is

used to achieve a good convergence.

7.3 VALIDATION OF FE MODELLING
Accuracy of the FE model has been investigated by comparing of the analytical model
and field measurement reported Yang and Yau (1997) and Paixdo et al. (2014),
respectively. The model calibration is already explained in chapter 3. Therefore, only
model validation is covered in this chapter. Figure 7.3 shows a comparison of the beam
displacement reported in Yang and Yau (1997) and the FE simulation result. The
model parameters are taken the same as reported in Yang and Yau (1997). It can be
seen that the present numerical simulation follows the same trend of displacement in
the beam. The present numerical simulation shows an acceptable agreement with 11%
difference compared to Yang and Yau (1997).

In addition, as shown in Figure 7.4, the FE model is also compared with the
field data reported by Paixao et al. (2014). They reported the rail displacement at

different sections of the railway track, under the Portuguese passenger train. Two
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underpasses (i. €., UP1 and UP2) are considered to investigate the dynamic response
of rail track. In this study, field measurement of the UP2 underpass rail track is
considered for comparison purpose. Figure 7.4 shows a comparison of the rail
displacement between field data and the FE result at the S1 section, resting on the
embankment soil. The FE model result is in an acceptable agreement with the field
measurement. Thus, Figures 7.3 and 7.4 confirm that the present FE model can predict

the response of the pile-supported railway embankment with reasonable accuracy.
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Figure 7.3: Comparison of vertical displacement of a beam with the data reported
by Yang and Yau (1997)
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Figure 7.4: Comparison of vertical displacement of rail with the data reported by
Paixdo et al. (2014)
7.4 RESULTS AND DISCUSSION
After the validation of moving train load, it is crucial to investigate the effect of
moving train load on the soil arching phenomenon in a pile-supported railway
embankment. The vertical stress and settlement can be attended as the soil arching

investigation.

7.4.1 Vertical stress

Figure 7.5 shows vertical stress distribution for both reinforced and unreinforced
conditions under the embankment construction and a moving train at the speed of 40
km/h. To investigate the vertical stress in both conditions, the embankment height and
pile spacing are considered as 3.5 m and 2.5 m, respectively. The normalised vertical

stress starts with the 2 s representing gravel bed including the geosynthetic layer is
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laid. Subsequently, for both reinforced and unreinforced conditions, it gradually
increases with respect to time up to 11 s on the subsoil and piles. However, a higher
normalised vertical stress can be seen on the pile top due to the soil arching. In the
reinforced condition, the normalised vertical stress reduces up to 15% on the subsoil
compared to the unreinforced condition. Whereas, it increases up to 10% on the pile
top. It implies that the reinforced layer reduces the vertical stress on subsoil by
transferring it to the pile top. In addition, it is also worth noting that the soil arching

zone expands by the inclusion of a geosynthetic layer.
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Figure 7.5: Normalised vertical stress distribution under the embankment
construction and moving train loading

7.4.2 Settlement
Settlement of embankment fill at the pile top and subsoil are shown in Figure 7.6. It

can be seen that the settlement on the subsoil gradually increases with respect to time
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up to 11 s. Subsequently, it fluctuated due to the moving train load up to 23 s and then
attained maximum value of 0.56 normalised settlement. The settlement of subsoil
decreases up to 18% by the inclusion of a geosynthetic layer at the base of
embankment. However, a negligible settlement is found on the pile top for both

unreinforced and reinforced conditions.
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Figure 7.6: Normalised settlement under the embankment construction and
moving train loading

7.5 PARAMETRIC STUDY

It is evident that the inclusion of a reinforcement layer at the base of embankment fill
is beneficial for the load transfer from the subsoil to the pile top. Consequently, the
parametric study is incorporated only for the reinforced condition. Only one parameter

is changed at a time to see the effect of specific parameters.
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7.5.1 Effect of pile spacing (s) and embankment height (h)

Soil arching effected by pile spacing and embankment height. Figures 7.7-7.10 show
the effect of pile spacing and embankment height on the vertical stress, settlement,
stress efficacy and maximum tension in geosynthetic layer. The pile spacing is varied
from 2.0 m to 3.5 m while embankment height ranged between 2.5 to 6.5 m. The load
induced by a train at 40 km/h speed is considered on the rail top.

The effect of pile spacing and embankment height on the vertical stress acting
on the subsoil is shown in Figure 7.7. The vertical stress is normalised by As-d) for
general applicability. It can be seen that the normalised vertical stress increases up to
220% with an increase of embankment height from 2.5 to 6.5 m for pile spacing 2.0
m. In addition, it increases up to 250% with an increase of pile spacing from 2.0 m to
3.5 m. It implies that the vertical stress on subsoil increases with an increase of
embankment height and pile spacing. In addition, the soil arching zone increases for

smaller pile spacing which helps to soil arching mobilisation.
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Figure 7.7: Effect of embankment height and pile spacing on normalised vertical
stress at the subsoil top
Figure 7.8 shows the effect of pile spacing and embankment height on
normalised settlement. The normalised settlement increases up to 600% with an
increase of embankment height from 2.5 m to 6.5 m. In addition, the normalised

settlement increases up to 114% with an increase pile spacing from 2.0 m to 3.5 m.
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Figure 7.8: Effect of embankment height and pile spacing on normalised
settlement of subsoil
Stress efficacy corresponding to different embankment heights (#) and pile
spacing (s) is shown in Figure 7.9. The stress efficacy increases up to 44% with an
increase of embankment height 2.5 m to 6.5 m for the pile spacing 2.0 m. In addition,
it decreases up to 62% with an increase of pile spacing from 2.0 m to 3.5 m. Thus, it
is evident that most of the load is transferred to the piles at smaller pile spacing and

optimum embankment height (i.e., 5 m for this study).
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Figure 7.9: Effect of embankment height and pile spacing on stress efficacy

The effect of pile spacing and embankment height on maximum tension in
geosynthetic layer is shown in Figure 7.10. It is can be seen that the maximum tension
1s increases up to 87% with an increase in embankment height from 2.5 m to 6.5 m. In
addition, it increases up to 100% with an increase in pile spacing from 2 m to 3.5 m at
large embankment height. The function of reinforced layer is more effective in a large

pile spacing and embankment height.
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Figure 7.10: Effect of embankment height and pile spacing on maximum tension
in geosynthetic layer

7.5.2 Effect of the embankment modulus and friction angle

The effect of pile-supported embankment parameters such as pile and embankment
modulus, and friction and dilation angle illustrate in this section. The embankment
height and train speed are considered as 3.5 m and 40 km/h, respectively to see the
effect of these parameters. Figure 7.11 shows the effect of pile and embankment
modulus on the stress efficacy for different pile spacing. It can be seen that the stress
efficacy increases up to 28% with an increase of embankment modulus (Eem) from 15
to 30 MPa. However, pile modulus has a negligible effect on stress efficacy. The
smaller pile spacing (i.e., 2.0 m for this study) shows a higher stress efficacy and it

decreases with an increase of pile spacing.
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Figure 7.11: Effect of pile and embankment modulus spacing on stress efficacy

The influence of friction and dilation angle on stress efficacy is shown in
Figure 7.12. It shows that stress efficacy increases up to 45% with an increase in
friction angle from 30° to 45°. While the effect of dilation angle is found to be
negligible. It is worth noting that smaller pile spacing shows higher stress efficacy. It
implies that pile spacing should be optimum for efficient load transfer from subsoil to
the pile.

In addition, it is clear from Figures 7.11 and 7.12 that embankment modulus
and friction angle are the effective parameters of embankment fill for soil arching, and
these both should be higher for fully mobilisation of soil arching. The same trend of
efficacy is observed in chapter 3 under the equivalent dynamic load. However, a higher

efficacy is observed in the moving train load compared to the equivalent dynamic load.
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Figure 7.12: Effect of friction and dilation angle on stress efficacy

Further, the effect of embankment modulus and friction angle on the settlement
of embankment base is shown in Figure 7.13. The effect of embankment modulus (Eem)
on settlement is illustrated in Figure 7.13(a). A negligible settlement is found on the
pile top, while it increases with an increase of centre to centre distance up to half of
the pile spacing. The maximum settlement occurs at half of the pile spacing. It
decreases up to 55% with an increase of embankment modulus (Eem) from 15 to 30
MPa. Figure 7.13(b) shows the effect of friction angle on the settlement profile at the
embankment base. It can be seen that the maximum settlement, which occurs at the
mid of pile spacing, decreases up to 46% with an increase in friction angle from 30°
to 45°. In addition, the difference in settlement profile is decreases with an increase of
embankment modulus and friction angle, which implies that an optimum value of
embankment modulus and friction angle is required for efficient soil arching.
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Figure 7.14 shows the effect of embankment modulus and friction angle on the
tension in geosynthetic layer. As shown in Figure 7.14(a), the maximum tension occurs
near the inner edge of piles and it decreases up to 30% with an increase of embankment
modulus from 15 MPa to 30 MPa. Whereas, the maximum tension in geosynthetic
layer decreases up to 40% with an increase of friction angle from 30° to 45°(refer to
Figure 7.14b). The tension in the geosynthetic layer decreases with an increase of
embankment modulus and friction angle which helps in load transfer to pile through
the soil arching.

Thus, it is evident that embankment modulus and friction angle are important
parameters of the embankment which can affect the load transfer mechanism including

the soil arching even in the moving train condition.
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Figure 7.14: Effect of (a) embankment modulus and (b) friction angle on the

tension in geosynthetic layer

7.5.3 Effect of the train speed

Figures 7.15-7.18 show the effect of train speed on soil arching. Figure 7.15 shows the

lateral stress coefficient plotted on the vertical profile at subsoil and pile top. The

lateral stress coefficient represents the ratio of horizontal to vertical stress as explained

earlier in chapter 3. Embankment height (%) and pile spacing (s) is considered as 3.5

m and 2.5 m, respectively to see the effect of train speed.

Figures 7.15(a) shows the lateral stress coefficient (K) profiles for a range of
train speed plotted with vertical distance upwards from the base of the embankment
(h) normalised by (s-d). The profile of lateral stress coefficient under the moving train
load does not follow to lateral stress coefficient in static condition. The lateral stress
coefficient (K) profile initiate with 0.7 for moving train at the speed of 40 km/h.
Subsequently, it approaches the active stage of lateral stress coefficient (K,) at the

normalised embankment height of 1.1, and with a further decrease in normalised
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embankment height of 0.95, it attained at the lateral stress coefficient of 0.4. Up to this
normalised embankment height, the lateral stress coefficient profile is shifted toward
the active stage (Ko) with an increase in moving train load. This variation in the lateral
stress coefficient is due to the influence of the dynamic load induced by the moving
train. For normalised embankment height (4/(s-d)) < 0.95, lateral stress coefficient (K)
is tens to approach at passive stage (K,) up to (h/(s-d)) = 0.35. However, it is not
approaching at passive stage due to the dynamic load induced by the moving train.
Subsequently, the lateral stress coefficient (K) decreases until the embankment base
for all moving train load which attribute the inner arch of soil arching. In addition, it
is worth nothing that the zone of lateral stress coefficient at rest to passive stage is
decreases with an increase in moving train load. Thus, it implies that the vertical stress
significantly affected by the load induced by a moving train.

Figure 7.15(b) shows the lateral stress coefficient at pile top. It can be seen that
the lateral stress coefficient profile gets disturbed and tends to rest at active stage. Due
to the load induced by the moving train, the horizontal stress is disturbed up to 0.8

normalised embankment height from the embankment top.
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Figure 7.15: Effect of train speed on the Lateral stress coefficient (K) (a) at
subsoil, (b) at pile top

Figure 7.16 shows the settlement time history on the subsoil for different load
induced by different moving train. The embankment height and pile spacing are

considered as 3.5 and 2.5 m, respectively. Time is normalised to evaluate the accurate
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settlement value under the train pass with different speed. It can be seen that settlement
on subsoil increases up to 220% with an increase in load induced by the moving train
from 40 km/h to 120 km/h. The settlement is varied by the moving train and maximum
occur under the wheel passages. In addition, a content settlement occurs after the train

passage.
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Figure 7.16: Effect of train speed on the embankment settlement on the subsoil

Influence of train speed on the stress efficacy is shown in Figure 7.17 for a
range of pile spacing. In this study, pile spacing of 2 m is shown the higher stress
efficacy. However, it decreases up to 69% with an increase in pile spacing (s) from 2
to 3.5 m. After the train speed of 100 km/h, the stress efficacy decreases due to higher
load in the embankment top. However, this reduction in stress efficacy is more
pronounced in the large pile spacing. It implies that pile spacing should be optimum

for efficient load transfer from subsoil to pile.
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Figure 7.17: Effect of train speed on stress efficacy

The effect of moving train load on the tension in geosynthetic layer is shown
in Figure 7.18. It is evident that maximum tension which occurs near the inner edge of
piles increases up to 162% with an increase in train speed from 40 to 120 km/h. This
is due to an increase in vertical stress on the subsoil with an increase in train speed. In
addition, the function of the geosynthetic layer is more significant under the higher

train speed.
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7.6 SUMMARY
In this chapter, a series of 2D numerical simulations of a pile-supported railway
embankment is carried out to investigate the soil arching under the moving train load.
The moving train load is validated against the existing literature which served as the
basis of further analysis. Based on the numerical results, following summary may be
drawn in the details:
1) The soil arching is significantly affected by different parameters of pile-
supported embankment.
o The vertical stress increases up to 250% with an increase of
embankment height (/) from 2.5 to 6.5 m and pile spacing (s) from
2 to 3.5 m. The soil arching zone increases for smaller pile spacing
which helps to soil arching mobilisation.

o In addition, the stress efficacy also increases up to 44% with an
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increase of embankment height 2.5 m to 6.5 m for the pile spacing
2.0 m. Thus, it is evident that most of the load is transferred to the
piles at smaller pile spacing and optimum embankment height (i.e.,
5 m for this study).

Maximum settlement of subsoil decreases up to 55% with an
increase of embankment modulus (Eem) from 15 to 30 MPa.
Whereas it decreases up to decreases up to 40% with an increase of

friction angle from 30° to 45°.

Thus, pile-supported parameters such as embankment height, pile spacing,

embankment modulus and friction angle are the major parameters that can affect the

soil arching in the moving train loading.

2) The load induced by the moving train at different speed is also affected to

soil arching.

o The zone of lateral stress coefficient at rest to passive stage is

decreases with an increase in moving train load.

The settlement on subsoil increases up to 220% with an increase in
load induced by the moving train from 40 km/h to 120 km/h.

A smaller pile spacing of 2 m shows the higher stress efficacy under
the different train speed. However, after the train speed of 100
km/h, the stress efficacy decreases and it is more pronounced in the

large pile spacing (i.e., 3.5 m in this study).

3) The inclusion of a geosynthetic layer at the base of embankment improve

the load transfer to the pile top.

o The maximum tension in geosynthetic layer increases up to 162%

with an increase in train speed from 40 to 120 km/h. It implies that
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the function of the geosynthetic layer is more significant under the
higher train speed.

Further, the maximum tension in geosynthetic layer decreases with
an increase of embankment modulus and friction angle which helps

in load transfer to pile through the soil arching.
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CHAPTER

CONCLUSIONS AND RECOMMENDATIONS

This chapter covers the general conclusions and summarised the major findings from
this research study. Directions for future research regarding this research are outlined

in the last section of this chapter.

8.1 CONCLUSIONS
The soil arching mechanism is significantly investigated by many researchers.
However, Seismic assessment of soil arching and accurate evaluation of vertical stress
on the soil arching are not yet to be investigated. The solution of these issues is
explored using FEM based software ABAQUS in the current research study. A unit
cell of the pile-supported railway embankment is simulated in this study. Different
parameters of GRPS embankments are assessed and investigated the influence on the
soil arching. Based on the results of this study, the following conclusions could be
delivered:
8.1.1 Soil arching in a pile-supported railway embankment
e The pile spacing embankment height, embankment modulus and friction angle
are the most critical embankment parameters which can influence the soil
arching. The dilation angle has a negligible effect at a lower friction angle.

e The geosynthetic layer at the base of embankment encourages stress transfer
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to the pile head through the tension in geosynthetic. The application of
geosynthetic layer is more notable for large pile spacing.

e The shape of the soil arch is not semicircular with uniform thickness, rather, it
follows the multi-arch theory proposed by Kempfert et al. (2004). Thus, more
research is needed on the shape and formation of the soil arch, in particular.

e Comparison of the numerical results with the existing design methods show

inconsistencies which may lead for further research.

8.1.2 2D analytical scheme of soil arching in a pile-supported railways embankment

e The vertical load carried by the pile increases with an increase in the
embankment height (/) and ratio of pile width (d) to clear pile spacing (s-d).

e The geosynthetic reinforcement plays a crucial role in the load transfer
mechanism, especially for a large pile spacing and for very compressible
subsoil (e.g. £, = 0.5 MPa for this study). Due to membrane effect of
geosynthetic, the extra load is transferred to the pile top from the subsoil and
enhance the soil arching. In addition, number of piles can be reduced with the
inclusion of geosynthetic reinforcement resulting in a more economic design
of pile-supported embankment.

e The subsoil contributed a significant role in the reinforced pile-supported
embankment and it cannot be ignored during the design of a piled embankment.

e Imposed load on the embankment top induced by different train speed is also
influence the load transfer mechanism. However, in this study, the imposed
load by 40 km/h train speed is much higher thus the effect of the imposed load

is not fully justified here.
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8.1.3 3D analytical assessment of soil arching in a pile-supported railway

embankment

The failure of soil arching at the pile top is critical in the 3D condition, whereas
the soil arching failure at crown is more critical in the 2D condition.

The soil arching phenomena increase with an increase in the ratio of pile width
(d) to clear pile spacing (s-d), which implies that pile spacing is a key parameter
for efficient soil arching.

The geosynthetic reinforcement and compression modulus of subsoil
significantly contribute to the load transfer likely to be for large pile spacing

and very compressive subsoil.

8.1.4 Investigation of soil arching in a pile-supported embankment under the

earthquake

During the earthquake, embankment modulus has negligible effect on the
settlement. However, it decreases with an increase in friction angle and it is
more noticeable at the end of earthquake. Therefore, friction angle is the most
sensitive parameter of a pile-supported embankment which significantly
affects the soil arching during the earthquake.

The geosynthetic layer at the base of embankment encourages stress transfer
to the pile head through the tension in geosynthetic and enhance the soil
arching under the earthquake.

The efficiency of soil arching mobilisation depends on the peak horizontal
acceleration of an earthquake. Increase in peak horizontal acceleration may

leads to the failures of soil arching.
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8.1.5 Investigation of soil arching in a pile-supported embankment under the
moving train load

e The dynamic behaviour of soil arching is different from static behaviour. In
addition, it is significantly affected by different parameters of pile-supported
embankment. Higher vertical stress on subsoil is observed in dynamic loading
induced by moving train compared to the static surcharge imposed on the
embankment top.

e The soil arching zone reduces with an increase in train speed. Smaller pile
spacing encourages soil arching even in the dynamic loading induced by a
moving train. Consequently, the settlement of subsoil reduces.

e Tension in geosynthetic layer increases with an increase in train speed, which
improve the load transfer mechanism. In addition, the function of the

geosynthetic layer is more significant under the higher train speed.

This thesis emphasises to accurate evaluation of vertical stress on the soil arching top.
Chapter 4 and 5 is beneficial to calculate the vertical stress on the soil arching top. In
addition, the seismic behaviour of soil arching should be considered during the design
of'a pile-supported embankment. It is worth noting from chapter 6 that the mobilisation
of soil arching decreases according to the PGA during seismic excitation. A
geosynthetic layer improves the performance of a pile-supported embankment even
during the seismic activity. Therefore, this thesis has practical importance for design
of a pile-supported embankment. In addition, this thesis suggested an optimize values
of strength and stiffness parameters such as friction angle and elastic modulus of

embankment which leads to cost effective and safe design.
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8.2 RECOMMENDATIONS FOR FURTHER RESEARCH

The current study mainly focused on the seismic assessment of soil arching and precise

evaluation of vertical stress on the soil arching using FEM and existing method. In this

study a 2D unit cell is numerically simulated under the drained condition. This research

study can be further extended considering limitations which are discussed in chapter

1. In the continuation to extend this research study following points can be considered

in the future research:

In this thesis, soil arching is investigated using a unit cell neglecting the slope
of the embankment which can affect the overall performance of GRPS
embankments. Thus, it is important to simulate a full-scale 3D numerical
model of the GRPS embankment to assess each aspect. In addition, a single rail
track is considered to avoid any complicity in stress calculation. However,
commonly GRPS railways embankments have a double rail track which can be
investigated in the future study to see the effect of rail track lines on the soil
arching.

The seismic response of a soil embankment and pile foundation is highly
influenced by the frequency of ground excitation and amplification of inertial
forces. A preliminary result is shown in this direction in section 4.5 of this
thesis. It can be extended in future work with the effect of the frequency of
ground excitation and the amplification of inertial forces.

Analytical solution proposed in the Chapter 5 can be compared with a FEA in
the future work.

During an earthquake, the soil behaviour depends on the characteristics of the
soil. In reality, subsoil properties can be varied with respect to subsoil layer
depth. In this thesis, a uniform profile of subsoil is taken. However, it can be
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extended in future studies taking a different subsoil profile.

Considering different frequency ground motions could be useful for assessing
the earthquake response of pile supported railway embankment.

Effect of pore water pressure can be considered, as the pore water pressure
influenced to lead transfer mechanism and overall performance of GRPS
embankments.

The seismic response of pile-supported railway embankments can be assessed
under the different amplification of earthquake forces.

The numerical investigation of earthquake assessment on soil arching should

be verified using some field test.
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APPENDIX A

Derivation of analytical approach to determine soil arching in the three-dimensional
(3D) condition

A.1 Soil arching in the three-dimensional (3D) condition when the arching crown

is critical

o tdo=a,

Figure A.1: Soil element at the (a) soil arching crown (b) pile head

From Figure A.1(a), areas and volume of the soil arcing top element are:

\

Area of the element which is located on the inner side,
1
dA; = Zn(r. do)?

Area of the element which is located on the top of the soil arching,

1
dA, = Zn(r + dr)?

Area of side of the element (refer to Figure 5.1 (case a)), (A-1)

1
dAs = Zﬂ' r.df.dr
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Volume of the element located on the soil arching top,
1
dv =~ Zn.rz. do?.dr

The radial equilibrium equation follows that:
. (de
—0,.dA; + (0, + do,).dA, — gg.sin (7).dAS +y.dV =0 (A-2)
Substituting Equations (A-1) into (A-2), and ignoring the terms with a product of more

than one increment;

doy | 2(or —0gg)

dor +y=0 (A-3)
For limit state analysis, Equation A-3 becomes:
doy 2.0r(1-kp) _ )
ot tv= 0 (A-4)

Equation A-4 is represented the differential equation for the radial stress in the three-

dimensional hemisphere as explained by Hewlett and Randolph (1988).

Equation A-4 can be written as:
L (eI PO ) = o] PO g() (A-5)

with, P(r) = 572 q(r) = —;

Solution of Equation A-5:

eUP@ar) — pJ (Z(pr))dr — o(2(1-kp)In7) _ . (2(1-kp)) (A-6)

Thus, Equation A-5 becomes:
% (r(z(l_kp))_ O-r) = —y. r(z(l_kp)) (A-7)
A e R Y-
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o, =Y. (2.k:—3) + C.r2(p=1) (A-9)

Equation A-9 is the general solution of Equation A-4. From Figure A.1(a), it is clear
that the outer radius of the hemisphere is » = s/ \2, and stress become (o7) = Ah-s/ \2).

Substituting these into Equation A-9:

corlrg T EE)] e

In this thesis, a railway track and the equivalent dynamic load is considered on the
embankment top. Thus, total vertical stress on the soil arching crown due to the self-
weight of the rail track and the equivalent dynamic load (ort) is calculated similar to
Equation 4.4. Using the constant of integration (C”) and the orr, the radial stress at the

soil arching crown is:

B . T 2.(kp—1) s (2ky-2
Or =YV (ka—3) ol ( s ) [yh N y\/_?<2kp——3) T GRT] (A-11)

Equation of A-11 is the same as Equation 5.4.

From Figure 5.1(case a), the inner radius of soil arching (i = (s - d)/\2), and thus, the
vertical stress on the inner boundary of the soil arching (oi) can be calculated by

putting r = (s - d)/N2 into Equation A-11.

_ (s—a) s—a\2(kp—1) s (2kp-2
01 (o) * (50 horE(Es)roe] @

Equation of A-12 is the same as Equation 5.5.

The vertical stress (o) acting at the base of embankment on geosynthetic layer is the
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product of the (i) and overburden stress below the inner boundary of soil arching:

0y =0, + ”j;” (A-13)

Substituting Equations (A-12) into (A-13),

_ (s=d) (2kp-2 s—a\2(kp=1) 7 i(zch—z)
%=V 7 (ka—3) +( s ) vh Yz \2k,-3 + Ort (A-14)

Equation of A-14 is the same as Equation 5.7.

A.2 Soil arching in the three-dimensional (3D) condition when the pile head is
critical

Total force acting on the pile head (P) which is arranged in a square pattern is arisen
by four hemispherical shape of soil arching (refer to Figure A.2), and is obtained by
integrating the tangential stress (ov) = kp. or = Kp. Ogeo.

Thus,
%
P =4 [ % - dApite (A-15)

Equation of A-15 is the same as Equation 5.11.

Substituting Equations (A-11) into (A-15),

P =205 (s—d) (%) [(ﬁ)k” ~1—k, (%)] (A-16)

Equation of A-16 is the same as Equation 5.12.
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Figure A.2: Failure theory for (a) 2D plane strain and (b) 3D condition
(modified from Hewlett and Randolph 1988).

Now for overall equilibrium condition;

(yh + orr).s? = P + 0,(s? — d?) (A-17)

Substituting Equations (A-16) into (A-17),

oneo = rh o)/ | (555) + (22) (59 - (59 (29} )

Equation of A-18 is the same as Equation 5.15.
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