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Abstract: Piled embankments are widely used to improve the weak soil charac-
teristics and elevate the ground level for the construction of transport corridors
on the weak soil. These embankments allow fast construction and a significant
reduction in differential settlement. In the pile-supported railway embankment,
most of the imposed load is transferred to the rigid pile through a shearing
stress mechanism named as “soil arching”. Several studies contribute to the as-
sessment of soil arching under static loading. However, studies dealing with the
effect of the seismic excitation on soil arching in pile-supported railway em-
bankment are scarce. The present study is focused on addressing the effects of
static loading and seismic excitation using Finite Element Analysis (FEA) in
Two-dimensional (2D) state of stress. The FEA results indicate that piled em-
bankment properties such as friction angle, pile and embankment fill modulus
should be improved for the efficient mobilization of soil arching. The arching
zone is influenced by varying the pile spacing. In addition, the available design
approach shows a variation with numerical results. The soil arching is poorly
developed indicating insufficient mobilization under the seismic excitation.
This in turn results in the transfer of higher stresses to soft soil. The present
study thus presents the detrimental effects of earthquake on transport infrastruc-
ture projects constructed in soft soil regions.

Keywords: Finite element analysis, Piled embankment, Soil arching, Earth-
quake.

Notations and Abbreviations

Notations

[C] Damping matrix (dimensionless)
[M] Mass matrix (dimensionless)
[K'] Stiffness matrix (dimensionless)
& Damping ratio (dimensionless)
w; and wy; Natural frequency (Hz)

a and Damping coefficients (kNs/m)

A Logarithmic hardening constant (dimensionless)
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7 Unit weight (kN/m®)

¢ Dynamic amplification factor (dimensionless)
v Poisson's ratio (dimensionless)

74 Dilation angle (degree)

g Friction angle (degree)

¢ Cohesion (kPa)

Po' Effective overburden pressure (kPa)

Oh Horizontal stress (kPa)

Op Vertical stress on pile (kPa)

os Vertical stress on subsoil (kPa)

oy Vertical stress (kPa)

Eem Embankment modulus (MPa)

E, Pile modulus (GPa)

Fy Design equivalent dynamic load (kN)

F Static wheel load (kN)

K, Lateral stress coefficient at rest state (dimensionless)
K, Lateral stress coefficient at passive state (dimensionless)
Nem Normalized embankment height (dimensionless)
Niys Normalized vertical stress (dimensionless)
Pes Plane of equal settlement (m)

ao Initial yield surface size (kPa)

e Initial void ratio (kNs/m?)

el Void ratio at unit pressure (kNs/m?)

D Pile diameter (m)

E Modulus of elasticity (MPa)

K Lateral stress coefficient (dimensionless)

M Critical-state stress ratio (dimensionless)

SAR Soil arching ratio (dimensionless)

d Pile wall width (m)

h Embankment height (m)

k Logarithmic bulk modulus (kPa)

q Surcharge on the embankment top (kN)

s Pile spacing (m)

a, b, c a,b'and ¢’ Relationship constant (dimensionless)
Abbreviations

2D Two-dimensional

3D Three-dimensional

CINPE4 Four-node plane strain linear infinite element

CPESR Eight-node plane strain element with reduced integration
EA Equivalent Area

FEA Finite Element Analysis

MC Mohr-Coulomb

MCC Modified Cam Clay

ORE Office of Research and Experiments

PGA Peak ground acceleration



1 Introduction

Across the globe, increase in population and demand of associated roads, railways
and public transport infrastructure has stimulated professionals to use soft compressi-
ble soils, which otherwise deemed conventionally unsuitable foundation material.
Since, the weak soil has less bearing capacity and high compressibility, piled em-
bankment is often used as a suitable engineering alternative providing benefits in
terms of rapid construction, lesser differential settlement and elevating the ground
level for construction of transport corridors on such weak soils.

In the pile-supported railway embankment, most of the imposed load is transferred
to the rigid pile through a shearing stress mechanism named as soil arching [1]. In the
recent decade, several studies [2-5] focused on the mechanism of soil arching. Han
and Gabr [2] performed numerical investigations to assess the soil arching by consid-
ering three major influence factors: the height of the fill, the tensile stiffness of geo-
synthetic, and the pile elastic modulus under static loading condition. They reported
that soil arching is significantly affected by the variation in piled embankment proper-
ties. A case study of pile-supported transport embankment is reported by Liu et al. [3].
The case history was back analyzed in finite element analysis and authors concluded
that significant load was transferred on the pile top due to the soil arching. Wu et al.
[4] reported a full-scale experiment to investigate the performance of piled embank-
ment. A numerical analysis was also performed in two-dimensional (2D) plane strain
condition to compare applicability of the different numerical approaches. The numeri-
cal model adopting Equivalent Area (EA) approach was in good agreement with ex-
perimental results. In addition, Modified Cam Clay (MCC) soil constitutive model
yielded good prediction with the experimental results. Almeida et al. [5] performed
numerical and analytical modeling of a series of centrifuge tests. A static surcharge
was considered on the embankment top. The Numerical results yielded good agree-
ment with European guidelines.

Most of the past studies investigated soil arching under the static loading condition
on the piled embankment. Due to traffic loading and seismic excitation, the complex
behavior of soil arching in the pile-supported railway embankment is largely un-
known. Heitz et al. [6] reported model tests to investigate the vertical stress distribu-
tion on the pile and subsoil under the cyclic loading. Lehn et al. [7] conduced a three-
dimensional (3D) numerical simulation under the cyclic loading and observed that the
soil arching was stable upto 50 cycles of load. As per the writers’ best knowledge,
there is no study yet to be reported which deal with the investigation of the seismic
assessment of soil arching under a pile-supported railway embankment.

In the present book chapter, the results of Finite Element Analysis (FEA) focusing
on the static and seismic assessment of soil arching in a pile-supported railway em-
bankment are presented and discussed. This chapter also identifies the key input pa-
rameters of the piled embankment which are found to largely affect the mobilization
of soil arching.



2 Finite element analysis

The finite element based commercial software ABAQUS 2018 [8] is used to assess
the soil arching under the static loading and earthquake condition. The key points of
the FEA such as analyzed area, soil constitutive model, mesh size, element type, inter-
face, boundary condition, loading and modeling procedure are illustrated in this sec-
tion.

2.1  General description

A series of FEA simulations are carried out to assess the soil arching in the 2D plane
strain condition. The 2D modelling requires less computational facility and time
needed for simulation. The central part of a pile-supported railway embankment con-
sidered for the numerical simulation. The embankment height (%), pile spacing (s) and
diameter (D) are chosen as 3.5 m to 6.5 m, 2 m to 3.5 m and 1 m, respectively. Pile
length and subsoil depth are chosen same as 8 m. A typical schematic diagram of
modelled unit cell is shown in Fig. 1.
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Fig. 1. A typical pile-supported railway embankment with modelled unit cell (modified from
Meena et al. [9])

Various methods have been reported in the past which report the conversion of a
3D piled embankment into 2D and it is argued that Equivalent Area (EA) method is in
good agreement with the 3D model [4, 10]. Area replacement ratio of the pile to sur-
rounding soil in both 3D and 2D is preserved in the EA method. Whereas in other
methods, pile wall thickness is kept same with equivalent elastic modulus considering
the normal and flexural stiffness of pile. The pile arrangement is assumed in square
pattern (i.e., sx and sy = s). The principle of the EA method to convert a pile diameter
into the equivalent wall is explained in Fig. 2.



Fig. 2. Typical illustration of the principle of EA method (modified from Zhang et al. [10])

2.2  Boundary condition, mesh size, element type, interface and seismic input

Vertical boundaries of the numerical model are laterally restrained, while the base
boundary is fully fixed. The adoption of infinite element boundary can reduce the
wave reflection from the model boundaries during the seismic analysis. The FEA
results can be affected by the element type and mesh size. The eight-node plane strain
element with reduced integration (CPE8R) is used for this study. The four-node plane
strain linear infinite element (CINPE4) is used for infinite boundary under the seismic
analysis [11]. In addition, the interaction between the pile and surrounding soil is
stimulated using basic coulomb friction model [12]. The mesh size is chosen accord-
ing to the master and slave surface criteria.

The seismic input of Christchurch 2011 earthquake is used for the seismic assess-
ment of the soil arching [13]. The magnitude of this earthquake on Richter scale is 6.3
M, for 30 s time duration. The peak ground acceleration (PGA) is taken as 0.34g. The
seismic parameters of the Christchurch 2011 earthquake are similar with a few major
Australian earthquakes as summarized in Table 1.

Table 1. A few major earthquakes in Australian territories (data sourced from [14])

. Earthquake magnitude Peak ground acceleration
Year States of Australia ML) (PGA)
2016 Northern Territory 6.1 0.49g
1997 Western Australia 6.2 0.50g
1979 Western Australia 6.1 0.20g
1968 Western Australia 6.5 0.20g
1941 Western Australia 6.3 0.20g

2.3 Soil constitutive model and material damping

An appropriate constitutive model of soil in FEA is necessary to achieve the precise
results. The Mohr-Coulomb (MC) model is commonly used for granular material such
as embankment fill and gravel bed. The Modified Cam Clay (MCC) is well recog-
nized for describing the behavior of soft compressible soil such as clay. The material



damping is essential characteristics of the seismic analysis. The Rayleigh damping is
commonly used for the seismic analysis in finite elements and it is expressed as [15]:

[C]= a[M] + B[K'] M

where, [C] is damping matrix, [M] is mass matrix, [K'] is stiffness matrix, o and 3 are
the damping coefficients calculated as:

a=2x (::X}) X & 2)
p= ()6 3)

The w; and w; are natural frequencies of the model and & is the damping ratio. In
this study, the w; and w; are computed by model analysis. The damping ratio is con-
sidered as 3 %. From Egs. 2 and 3, the damping coefficients a and 8 are calculated as
0.032 and 0.0017.

All the material properties are summarized in Table 2. This study is performed as-
suming the fully drained condition consequently the development of excess pore wa-
ter pressure is neglected. For the subsoil simulated as MCC material, initial yield
surface size (a,) is calculated as [3]:

1 (1+ep)(e1—ep.k.Inp,")
R CR L] @

a, =

where, e, is initial void ratio; e; is void ratio at unit pressure; k is logarithmic bulk
modulus; p,' is effective overburden pressure and A is logarithmic hardening constant.

Table 2. Material properties used in FEA [3, 9]

Embankment Gravel

Material properties fill bed Subsoil
Constitutive model MC MC MCC
Unit weight,  (kN/m?) 20 21 19.7
Young's modulus, E (MPa) 20 25 -
Poisson's ratio, v 0.25 0.25 0.35
Effective cohesion ¢’ (kPa) 0.1 0.1 -
Effective friction angle, ¢ (degree) 30 35 -
Effective dilation angle, y (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, ao (kPa) - - 103*
Void ratio at unit pressure, e1 - - 0.87
Initial void ratio, eo - - 0.45

Note: * calculated from Equation (4)

2.4 Loading on the embankment top

In this study, an equivalent dynamic load is applied on the top of the modeled unit cell
to mimic the load of rail track with moving train. The equivalent dynamic load is
defined as [16, 17]:

F;= ¢.F, (5

where, Fy is design equivalent dynamic load (kN); ¢ is dynamic amplification factor
(dimensionless) and F is static wheel load (kN). Office of Research and Experiments
(ORE) and 2:1 methods are adopted to calculate the ¢ and equivalent dynamic load
on the embankment top, respectively. In this study, heavy haul freight train with axle
load of 35 tone moving at a speed of 40 km/h is considered. For more details on the
variation in train induced dynamic loads against the nominal range of train speeds (40
to 160 km/h) is provided in Table 3. The details of equivalent dynamic load on the
embankment top are summarized in Table 3.

Table 3. Train induced equivalent dynamic load on the embankment top (data sourced from

)

Train speed, V' Static wheel load, s  Dynamic amplifica- Equivalent dynamic
(km/h) (kN) tion factor, ¢ load, Fa (kN)
40 81.23 1.29 105
80 81.65 1.31 107
120 80.94 1.36 110
160 81.17 1.45 118

2.5 Modeling procedure

First, initial stress and predefined void ratio are established in the subsoil considering
geostatic step. Construction stages of embankment including the gravel bed are pro-
cessed followed by the insertion of rigid piles. After achieving full embankment
height in 4 days, an equivalent dynamic load of railways track including the moving
train is imposed on the embankment top. Subsequently, seismic excitation appropriate
to the Christchurch 2011 earthquake is applied on the bottom of model adopting the
dynamic implicit stepping scheme.



3 Results and discussions

3.1 Vertical stress distribution in the embankment fill

The soil arching can be assessed in terms of the vertical stress distribution from the
embankment top to base at point A (refer Fig. 1). Fig. 3 and 4 show the vertical stress
distribution in the embankment fill over point A. The vertical stress and embankment
height are normalized for the sake of general applicability. The effect of embankment
height (4) and pile spacing (s) is shown in Fig. 3 and 4, respectively. The pile spacing
(s) is taken 2.5 m to investigate the effect of embankment height on the soil arching. It
is evident from Fig. 3 that normalized vertical stress (Nys = oy/{7.(s-d)}) follows the
depth-wise linearly increasing trend of geostatic stress from the embankment top to
the depth attaining 1.5 fold normalized embankment height (Nem = //(s-d)). This em-
bankment height represents the outer boundary of soil arching for all considered em-
bankment height (i.e., 3.5 m, 5.0 m and 6.5 m). Below this outer boundary, the Nys
shows decrease up to the 0.4xNem which is represented as the inner boundary of soil
arching. The vertical depth located between the upper and inner boundaries of soil
arching can be defined as soil arching zone and the majority of vertical stress is trans-
ferred to the pile top (on point B or B’) at the inner boundary of soil arching. The Ny
again increases following the linearly increasing trend due to the self-weight of em-
bankment fill underneath the inner boundary of soil arching. The same trend of verti-
cal stress on subsoil has been observed elsewhere in the literature [3]. It is worth not-
ing that the soil arching zone is not effected by the embankment height.
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Fig. 3. Vertical stress over the point A in embankment fill for different embankment height



In Fig. 4, the embankment height (%) is chosen 3.5 m and it is evident that for the
given range of pile spacing, the Ny, trend follows the same trend as illustrated in Fig.
3. The inner boundary is the same for all pile spacing. However, the upper boundary
varies with pile spacing. The upper boundary lies on the 1.9xNem, 1.5%Nem and
1.3xNem for the pile spacing of 2.0 m, 2.5 m and 3.5 m, respectively. It implies from
Fig. 4 that the soil arching zone increases with a decrease in pile spacing. Therefore, it
is crucial to provide an optimum pile spacing, allowing for the installation tolerances
of rigid piles.
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Fig. 4. Vertical stress over the point A in embankment fill for different pile spacing

3.2 Settlement in embankment fill

Settlement of embankment in the piled embankment is a crucial factor from the ser-
viceability aspect. The soil arching can be associated with the serviceability of piled
embankment through reduction in settlement of soft soil. Fig. 5 and 6 show the set-
tlement in the embankment-fill over point A and B (or B’) for different embankment
height (k) and pile spacing (s). The settlement of embankment fill associated to dif-
ferent embankment heights is shown in Fig. 5. The pile spacing is considered as 2.5
m. It is evident that the settlement on the pile top (point B or B’) is nearly zero for all
considered embankment height. However, the settlement on the mid of embankment
base (point A) is slightly increased with an increase in embankment height. In addi-
tion, uniform settlement on point A and B (or B') is observed above the 1.9%Nem for
all considered embankment height. This embankment height is referred as plane of
equal settlement (Pes) in the literature [18].
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Fig. 5. Settlement over points A and B (or B’) in embankment fill for different embankment
height

Effect of the pile spacing on the settlement of embankment fill under the fixed em-
bankment height (i.e., 3.5 m) is shown in Fig. 6. It is observed that for the considered
range of pile spacing, the settlement follows the same trend as Fig. 5. However, the
P varies with the pile spacing. The Pes occurred at 2.4xNem, 1.9xNem for the pile
spacing of 2 m and 2.5 m, respectively. The P does not seem to exist for the pile
spacing 3.5 m. From Figs. 4 and 6 it is concluded that the outer boundary of soil arch-
ing develops below the Pe.
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3.3 Effect of key parameters of piled embankment on soil arching ratio

The degree of soil arching in a piled embankment can be described by the soil arching
ratio (S4R). The ratio of vertical stress on point A (o) to geostatic stress including
surcharge (.A+q) is known as soil arching ratio [2]:

5
SAR = Thed) (6)

where, o is vertical stress on point A; ¥ is unit weight of embankment fill; / is em-
bankment height and ¢ is surcharge. The unit value of S4R implies no soil arching.
While SAR = 0 denotes full mobilization of soil arching.

The effect of piled embankment parameters such as pile and embankment modulus,
friction and dilation angle on the SAR is shown in Figs. 7 and 8. The SAR associated
with pile and embankment modulus is illustrated in Fig. 7. It shows that the SAR de-
crease up to 25 % with an increase in embankment modulus (Eem) from 15 MPa to 30
MPa. However, the pile modulus (£,) has a negligible effect on the SAR due to higher
modulus of elasticity of rigid pile. The E, is considered fixed at 20 GPa for the SAR
corresponding to the Eem. In contrast, the E.n is fixed at 20 MPa. The effect of Een on
the SAR is confirmed in Han and Gabr [2].
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Fig. 7. Effect of pile and embankment modulus on the soil arching ratio

Fig. 8 shows the SAR associated with the angles of friction and dilation. It is ob-
served that the SAR decreases up to 30 % with an increase in effective friction angle
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(¢) from 30° to 45°. In addition, the SAR decreases up to 7 % with an increase in
dilation angle () from 0° to 15°. The value of y is fixed at 0° for the SAR corre-
sponding to the varying ¢ In contrast, ¢ is fixed at 30°. It implies that effective fric-
tion angle of embankment fill is an important parameter compared to dilation angle.
Thus, Figs. 7 and 8 conclude that the embankment modulus and friction angle is more
prominent parameters of the piled embankment and higher values must be maintained
for achieving full mobilization of the soil arching.
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Fig. 8. Effect of friction and dilation angle on the soil arching ratio

3.4  Effect of the earthquake on soil arching

The piled embankment with 3.5 m embankment height and 2.5 m pile spacing is con-
sidered to study the effect of earthquake on soil arching. Fig. 9 illustrates the Ny dis-
tribution in the embankment fill over point A with and without earthquake condition.
In the absence of earthquake, the Nys distribution follows the same trend as shown in
Fig. 3. The Nis is consistent with the geostatic stress from the embankment top to 1.5
Nem. Subsequently it decreases up to 0.4xN.m and beneath this height, the N,s again
increases due to the self-weight of embankment fill. In contrast, the N,s consistently
increase from the embankment top to bottom during the earthquake. However, a mar-
ginal increment of the N,s is observed on the pile top (point B or B'). It implies that
soil arching is not mobilized properly under the earthquake condition.
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Fig. 10 shows the lateral stress coefficient (K) in embankment over the point A
with and without earthquake. The lateral stress coefficient is the ratio of horizontal

13

stress (on) to vertical stress (oy). In the absence of earthquake, the lateral stress coeffi-
cient exists at rest (K, = 0.5) after the normalized embankment height (Nem) of 2.0.

This embankment height is referred to as the plane of equal settlement as discussed
earlier in Fig. 5. Subsequently the K tends to approach the passive state (K, = 3.0) at
the Nem of 0.4, which represent the inner boundary of soil arching as explained in the
Fig. 3. In contrast, the K does not follow the same trend during the earthquake. The K
remains almost the same (i.e., K = 0.8) throughout the Nem. It is worth noting that
earthquake disrupts the mobilization of the full soil arching, while achieving the par-

tial soil arching and consequently, the majority of vertical stress is imparted on sub-

soil (i.e., point A) which in turn could lead to failure.
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3.5 Review of available design approaches

Three well-established design approaches such as Terzaghi [1], Hewlett and Randolph
[19] and BS8006 [20] are used to compare the numerical results. Terzaghi method [1]
is based on assumption of equal settlement plane. Terzaghi [1] defined an imaginary
soil column in the embankment-fill between vertical slip up to a certain height and
this height is referred to as the plane of equal settlement. Consequently, shape of the
soil arching is rectangular. Hewlett and Randolph [19] and BS8006 [20] follow the
limit equilibrium model. Hewlett and Randolph [19] observed the semicircular arch
and a hemispherical dome with uniform thickness corresponding to 2D and 3D condi-
tions. The failure is presumed either on the crown of soil arch (i.e., semicircular arch
and a hemispherical dome) or on the pile top. It is confirmed that the pile top is criti-
cal area in the plane strain condition while, crown of soil arch is more critical in 3D
condition [19]. The failure theory adopted in Hewlett and Randolph [19] is shown in
Fig. 11.

The BS8006 [20] altered these empirical model using plane of equal settlement.
The BS8006 [20] reported two conditions for soil arching; (i) partial aching, when 0.7
(s-D) < h < 1.4 (s-D) and (ii) full arching, when 4 > 1.4 (s-D). In this chapter, the
range of embankment height (/%) is taken as 3.5 - 6.5 m. Also, full soil arching formula
[20] is considered.
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Fig. 11. Failure theory for (a) 2D plane strain and (b) 3D condition (modified from Hewlett and
Randolph [19])

Table 4 is illustrated the different equations used to estimate the SAR in these ap-
proaches. Fig. 12 shows the variation in the results even for the same piled embank-
ment condition. The effect of seismic excitation is not considered in these approaches.
BS8006 [20] shows the higher value of the SAR followed by the Terzaghi [1]. Hewlett
and Randolph [19] shows closely follow the numerical results. The pile spacing (s) is
fixed at 2.5 m. It may due to the assumed shape of the soil arching in these design
approaches. Thus, it is vital to propose a general approach for piled embankment de-
sign.

Table 4. Review of different design approaches

Design Method Soil arching ratio (SAR)
$2 _ g2 (—4.h.d.K.tan¢'>
: sap=—C"D (1 T
Terzaghi [1] 4.h.d.K.tan ¢

where, K = (1-sing)

At the pile top:

Hewlett and SAR = (

1
Randolph [19] 2K, dy(1=K») d d d2
(K,, 21)|(1-5) T -(1-9 (k)| +a-5
__ (1+sing)
where, K, = (1=sind)
For full arching:
2.8s 2 2 (%p

where, gy, is vertical stress on the pile
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Fig. 12. Review of different design approaches for piled embankment

Practical implications

Followings are the practical implications of this study:

(@)

It is evident that soil arching is associated with the minimum embank-
ment height. In this study, the minimum embankment height is associat-
ed with the clear pile spacing (s-d). However, results also infer that piled
embankment parameters have a significant effect on the soil arching.
FEA results show that embankment modulus and effective soil friction
angle are the key parameters for the mobilization of soil arching. The re-
lationship between soil arching ratio (S4R), Embankment modulus (Eecm)
and effective friction angle (¢') is given as:

SAR = a.(E,)? — b. (Eop) + € (7

SAR= a'. (¢ —Db.¢'+ )
where, a, b, ¢, a', b’ and ¢’ are empirical parameters and their values are
determined as 9x10%, 4.64x102, 8.67x10"', 2x10*, 2.16x102 and

7.63x107!, respectively. The graphical representation of these relation-
ships are shown in Figs. 13 and 14.
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This study reports the effect of seismic excitation on the soil arching

which is a crucial aspect for the piled embankment design in earthquake-
prone areas and there is need of a general design approached for the
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piled embankment. The mobilization partial soil arching, if not at all, is
evident during seismic excitation as revealed from the numerical inves-
tigations.

Therefore, this study has practical implications to identify the key parameters of piled
embankment. In addition, seismic assessment of soil arching which may lead to pre-
vent the potential embankment failure in earthquake prone area.

5 Summary

In this study, static and seismic assessment of the soil arching mechanism in a piled
embankment has been investigated under the plane strain condition. Based on the
results and discussions following important findings may be summarized:

1) The pile spacing significantly influence to the soil arching zone. The soil
arching zone expands with less pile spacing. Thus, the pile spacing
should be optimized to achieve the full use of soil arching.

(i1) The embankment modulus and effective soil friction angle are the key
parameters for soil arching. The soil arching increase with an increase in
embankment modulus and effective friction angle. Thus, the values of
embankment modulus and effective friction angle should be maintained
large enough to attain the full mobilization of soil arching.

(1i1) The seismic excitation significantly affects the soil arching which may
lead to failure of piled embankment. Thus, the seismic assessment of
soil arching should be considered in the design of piled embankment.

(iv) The comparison with different design approaches reveals that current
design approaches need to be improved including the seismic considera-
tions in the piled embankment design.
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