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Embankment: 2D FEM approach

Naveen Kumar Meena!, Sanjay Nimbalkar?, Behzad Fatahi, Gui Yang*

ABSTRACT

The construction of railway embankment on soft soil is a challenging task for practitioners. In
the past, several approaches have been employed in practice to overcome this problem. Pile
foundation is considered one of the reliable solutions for soft ground. In a pile-supported
railway embankment, soil arching plays a vital role in the efficient load transfer to the piles. In
this study, the soil arching phenomenon in a granular embankment subjected to train induced
loading is demonstrated based on the two-dimensional (2D) finite element modeling approach.
A 2D plane strain idealization is used to convert a real three-dimensional (3D) case into 2D.
The effects of the piled railway embankment properties on soil arching are investigated. It is
found that pile modulus, embankment modulus and friction angle affect the arching mechanism
significantly. Pile spacing (s) variation affects soil arching (i.e., the arching zone can be
increased by reducing s). In addition, the height and shape of arching are studied. A comparison
with the available analytical design methods for embankments is presented which indicates

inconsistencies in the previously published results.

Keywords: Railway, Piled-embankment; finite element modeling; soil arching.
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1. Introduction

The population growth in Australia is responsible for significantly increased construction
activities over unsuitable lands, such as coastal and low-lying marshy areas characterised by
thick deposits of soft compressible soil. The sustainable performance of transport
infrastructures on such soils requires innovative construction and ground improvement
techniques. Embankments are widely used to elevate the ground level for the construction of
railways on soft soils. However, soft soils pose problems of low bearing capacity, large
deformations and lateral movement, resulting in a longer construction time or preconstruction

failure.

In the past, several approaches have been used to address these challenges, such as: (i)
preloading or staged construction [1], (ii) insertion of vertical drains [2], (iii) use of the
lightweight embankment fill materials [3], (iv) height reduction or slope flattening of the
embankment, and (v) the addition of column supports [4]. The column supports can be rigid
such as piles [5], semi-rigid like cement mix columns [4, 6] or flexible as stone columns [7].
The benefits associated with the use of pile supports are: (i) stiffening of the surrounding
subsoil which, in turn, prevents the horizontal movement of subsoil; (ii) reducing embankment
settlement and allowing construction to occur in a single stage without any construction delays
or preconstruction failure; and (ii1) suitability for complex geological conditions and adjacent

to service utilities, such as cables and pipelines [8].

In a piled embankment, embankment fill tends to settle more in the regions between columns
due to stiffness differences between piles and the surrounding soil. However, this downward
movement is restricted by mobilized shear resistance. Due to this shear resistance, the stress
exerted on the soft ground is reduced while transferring to the piles. This load transfer

mechanism, known as soil arching, as introduced by Terzaghi [9].
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The soil arching mechanism has been described by soil arching ratio (SAR) and efficacy (Est).

The soil arching ratio (SAR) is defined as [10]:

Os

SAR = (vh+q)

(1)

where, o5 is subsoil stress; y is the unit weight of embankment fill; # is embankment height,
and ¢ is the applied surcharge over the embankment. SAR is also known as the stress reduction
ratio in the literature. SAR lies between 0 and 1. SAR = 0 represents the formation of full soil
arching, i.e. entire embankment load is transferred to the piles. In contrast, SAR = 1 denotes no

soil arching, implying the stress applied to the subsoil is equal to the embankment load [7, 11].

The efficacy (Esw) measures the portion of the embankment load transferred to the piles and is

expressed as [12]:

Q
Eser = ﬁ ()

where, Q is the total force carried by the pile; y is the unit weight of the embankment fill; 4 is

the embankment height; s is the pile spacing.

In the past, various numerical [8, 13-16] as well as experimental studies [14-17] were carried
out to investigate the load transfer mechanism in a piled embankment. A numerical study
performed by Han and Gabr [8] considered the impact of three factors namely: embankment
height, tensile stiffness of geosynthetics, and the elastic modulus of the pile on the load transfer
mechanism. Jenck et al. [13] showed an increase in efficacy with the increase in embankment
height. They assumed static load to represent traffic scenario and neglect the dynamic effect of
traffic speed and associated loading. Ariyarathne et al. [14] analyzed an actual piled
embankment in both three-dimensional (3D) and two-dimensional (2D) condition. Different

idealization methods were used in 2D plane-strain condition and found that equivalent area
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(EA) method yielded the closest results to 3D and field results. Bhasi and Rajagopal [15]
studied the influence of embankment fill properties, and the pile modulus considering 2D
axisymmetric and 3D models. They also reported that the efficacy is affected by friction angle.
Most of these studies assumed that soil arching is the principal mechanism for load transfer to
the pile, and considered the arrangement of piles in a square pattern. Nunez et al. [18]
concluded that consider all the design methods overestimated stress efficacy; while settlement
efficacy was a reliable parameter to assess the overall performance of the piled embankment.

Settlement efficacy (Eset) is termed as [18].

1)
Egee =1— ?p (3)

where, ¢, and ¢ are the soil settlements with and without piles, respectively.

In summary, the past studies were primarily concerned either on; 1) influence of piled
embankment parameters on the load transfer mechanism; or 2) height of soil arching,

considered static load as traffic scenario with the piles arrangement in a square pattern.

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 [8, 13]. However, these studies
considered static loading and 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 [21-22]. In addition, the past studies have considered the arrangement of piles in a
square pattern [8, 13, 15]. However, a triangular pattern can be useful for railway embankments
[23]. Therefore, this study addresses the effects of train loading and pile arrangement on the

stability of pile-supported railway embankment.
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In view of these, the finite element (FE) method is used to provide an insight into the behavior
of the railway embankment supported by piles that are arranged in a triangular pattern with
particular emphasis on the soil arching mechanism. The present study is focused on the
parameters as mentioned earlier 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. The comparison of different analytical methods has also been reported

to identify the variation and selection of an appropriate method.

The present study comprises of (i) calibration of the numerical model with existing
experimental data, (i1)) Comparison of the soil arching mobilization in embankment supported
by piles that are arranged in two different patterns (i.e., square and triangular), (ii1)
comprehensive study focusing on the size and shape of soil arching to investigate the most

critical parameters, and (iv) a comparison with the available design methods.

1.1 Two-dimensional (2D) idealization

Typically, pile-supported railway embankment is a 3D problem. However, 3D modeling is
complex, time-consuming and needs advanced computing facility. Therefore, 2D plane strain

modeling is used with reasonable accuracy in practice to overcome these problems [ 14, 24].

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 2D. The highlighted region of a piled embankment, as shown in Figure 1(a) is
adopted for 2D approximation. The soil arching is investigated in terms of vertical stress,
settlement and lateral stress coefficient above the center of the subsoil (point A) and piles (point

B), as shown in Figure 1(b).



138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

In the EA method, the individual piles and surrounding soil are considered as a composite area.
Individual piles are converted into plane strain wall with an equivalent thickness (d), calculated
by Eq. (4). The material properties for a converted wall are considered the same as used in 3D

for individual piles.

D2

d="= (4)

4s

where, D is the diameter of the circular pile, and s is center to center pile spacing between two

piles, which is arranged in a square pattern.

2. Numerical Modeling

2.1 Description and Material properties

The finite element method (FEM) based software, ABAQUS - version 2013 [25] is used to
simulate a piled railway embankment model in a plane strain (2D) condition. Figure 1(b)
represents a typical mesh profile of a piled-embankment model (4 = 3.5 m and s =2.5 m). The
vertical sides represent the lines which pass through the center to center 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.

A unit cell model with center to center pile spacing (s) is used for this study (refer Figure 1a).
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
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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 center to center pile spacing (s) is 2.0, 2.5 or 3.5 m (e.1.,
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 depth

of the subsoil and length of the pile are the same, both being 8 m.

2.1.1 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. 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 [24, 26-27]. The unsaturated soil and the
corresponding constitutive model was 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 summarized in Table 1.

2.1.2 Interface

In this study, basic Coulomb friction model was used to simulate the interaction of pile with
the surrounding soil. 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, while under tension pile and soil will
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separate. 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:

u=tané (5)

where, ¢ is the interface friction angle between pile and the surrounding subsoil, and it can be

determined as [28-30]:

tand = (0.5 — 1.0) tan ¢ (6)

where, ¢'is the friction angle of the soil. In this study, the ratio of the interface friction
coefficient (tan &) and the soil friction coefficient (tan ¢') is assumed to be 0.7 for pile - subsoil

interface.

2.2 Model calibration

The model calibration was 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. [31] to ensure the accuracy of the numerical modelling (refer Figure 2). Material
properties of the embankment are taken as reported by King et al. [31], whereas appropriate
properties of subsoil have been assumed. King et al. [31] obtained the settlement results for the
different increment of normalized settlement plate displacement (&,/b"). However, in this study
only o&p/b" =2.8-4.0 % has been considered for validation. Four different idealization methods
as discussed in the earlier section are used to convert 3D into 2D plane strain. It is found that
the EA method shows an acceptable agreement between numerical modeling and experimental

result, which serves the basis of further analysis for this study.

2.3 Stress determination on the pile-supported embankment
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A typical railway track is considered above the pile-supported embankment (refer Figure 1a).
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 [22, 32-33]:

Fq =@ F (7

where, F; 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:

e=1+a+ B+ (8)

where, a’and B’ 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 2.

Various alternatives such as Odemark, Zimmermann, Trapezoidal approximation (2:1), and
AREMA exist to calculate the maximum vertical stress on a subgrade [32]. 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 (o1) corresponding to 40-160 km/h speeds are determined as 105-118 kPa which is

10



227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

applied the top of the modeled unit cell. More details on train-induced vertical stresses are

provided in Table 3.

2.4 Effect of pile arrangement on soil arching

Figure 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 Eq (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 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.

3. Results and discussion

3.1 Vertical stress

The vertical stress profile in the railway embankment fill (including the gravel layer) can be
used to assess the soil arching phenomenon. Figure 4 shows the vertical stress contours for
different embankment heights and pile spacing above point A and point B. The vertical stress
(o) 1s normalized by y(s-d), whereas the varying embankment height (%) is normalized by (s-
d). Figure 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 normalized embankment height increases on the point B for all considered

11
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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 4 =

5 m, which is quite similar to the studies in the past (refer Table 4).

Figure 4(b) shows the vertical stress contours for a fixed embankment height (2 = 3.5 m) varied
with three pile spacing (s) (i.e., 2.0 m, 2.5 m, and 3.5 m). For s = 2 m, the arching height
increases more compared to 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.

3.2 Comparison with Hewlett and Randolph [12] predictive method

Fagundes et al. [19] and Zhuang et al. [34] proposed three failure modes at the maximum
arching to compare the observed behavior with the Hewlett and Randolph method [12]. Figure
5 shows the ultimate subsoil stress (o%), illustrating the variation in normalized embankment
height (4/s). The ultimate subsoil stress is normalized by ps. These three failure mechanisms
(i.e., no arching, failure at the crown, and failure at pile head) are shown in Figure 5 by dotted
(for no arching, and failure at pile head) and solid lines (failure at the crown). The different

colored solid lines show the FE results for different s.

12
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The first mechanism is stipulated for the ‘no arching’ condition (i.e., as = yh). In the second
mechanism, the failure is based on the limiting conditions at the crown of the soil arch (failure
at the crown). This mechanism indicates o5 = 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. [10] is shown by the dotted

centerline. The results plotted in Figure 5 show similar trends with other studies [19, 34].

It is evident that the stress value on the subsoil 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 [12]. However, for plane strain conditions, Hewlett and Randolph [12] predict
that conditions at the crown of the arch are always critical. Figure 5 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 [12].
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 Settlement

The settlement of railway embankment, especially when located on soft soils, is the crucial
factor governing the embankment design and construction stages. Soil arching minimizes the

settlement of the subsoil by load transfer onto the piles.

Figures 6 shows the normalized settlement contours for the embankment on the vertical side

through point A and point B (refer Figure 1b). Figures 6(a) and 6(b) show the settlement

13
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contour for varied 4 and s, respectively. The embankment height (#) and settlement were

normalized 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.

As shown in Figure 6(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 normalized 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 /.

In addition, Figure 6(b) shows that the settlement contour for different pile spacing. It is
observed that settlement increases with an increase in s. For s = 2 and 2.5 m, the plane of equal
settlement occurs corresponding to the normalized height of 1.34 and 1.6, respectively.

However, no plane exists for s = 3.5 m owing to the non-formation of soil arching.

3.4 Settlement ratio (Oem/0p)

The differential settlement at the embankment top is defined as the difference between the
maximum settlement at the top surface of the embankment above point A and B (refer Figure

1) (i.e., dem-0p). However, the settlement ratio (dem/0p) can be employed to represent the

14
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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 7(a) shows the settlement ratio variation with normalized embankment height (%/s). For
(h/s) > 1.7, dem/0p becomes one, implying uniform settlement. As / decreases, dem/Jp Increases,
while showing a steep increase for (4/s) < 1. Figure 7(b) demonstrates the increase in settlement
ratio at point A (dem/0s), With an increase in A/s for the entire range of pile spacing (s) considered
in this study. For s = 3.5 m and low embankment height (4 < 3.5 m), den/ds 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.

3.5 Lateral stress coefficient (K)

The lateral stress coefficient (K) [Eq. (9)] is plotted on a vertical profile at point A and point
B, further demonstrating soil arching. Figure 8 shows the lateral stress coefficient (K) profiles
for a range of / and s, plotted with vertical distance upwards from the base of the embankment
(h) normalized by (s-d). The results do not extend to the top of the embankment for higher
embankments. Only the values of 0.25(s-d), 0.5s and 1.5(s-d) are highlighted on the Y-axis;
and K = K, (= 0.33); Ko (= 0.5) and K}, (= 3.0, considering the standard Rankine passive value
and ignoring the small value of cohesion) on the X-axis. Figures 8(a) and 8(b) represent the K
profile for varied 4 and s = 2.5 m at point A and point B respectively, whereas Figures 8(c) and

8(d) show the equivalent plot for # = 3.5 m at different s.

K=24 (9)

Oy

Referring to Figure 8(a) for [A/(s-d)] > 1.5, K is deduced to Ko and is not influenced by soil
arching. For the embankment height (4) > 2.5, K increases with depth for A/(s-d) < 1.5,
approaching K, when 4 = 0.25(s-d). Although for 4 =2.5, K tends to approach the Ko stage;

15
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however, the complete Ko stage is not achieved due to lower / (undeveloped soil arching). The
lower embankments (i.e., # < 2.4) show that stress along the entire height of the embankment
is under the passive state. Figure 8(b) shows K profile at point B, an active state observed for
higher embankments when //(s-d) < 1.0, and K returns to Ko at a similar height to Figure 8(a)

which implies that for embankment (%) > 3.5, no stress disturbance occurred.

As discussed earlier, Figure 8(c) shows K profile at point A for # = 3.5 m at different s, resulting
in the outer boundary of arch being dependent on s. The inner boundary remains the same for
different s, also referred to in Figure 4(b). Moreover, Figure 8(d) shows the equivalent plot at
point B for different s. The K profile returns to at rest (Ko) after the active state for s =2 m, and
2.5 m. Further increments in s will not result in the K value returning to Ko owing to the non-

formation of soil arching.

The results observed in Figure 8 are consistent with the three-dimensional arch theory proposed
by Hewlett and Randolph [12] 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 Ko as % increases.

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

16



365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

arching. Only one parameter is changed at a time, while the others are kept at standard case

values. The details of these parameters were given in Table 1.

4.1 Settlement ratio (Oem/0p)

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 (£},) and embankment modulus (Eem)
on the ratio (dem/dp) for pile spacing 2.5 m is demonstrated in Figure 9(a). It shows a trend
which is depending on the Eenm value (i.e., the settlement ratio increases 2 % with an increase
in E, when the Eem has a minimum value, while the settlement ratio decrease by 3 % with an
increase in £, when the Eer has maximum value). It implies that the pile modulus (£p) should
be enough with maximum embankment modulus (Eem) to reduce the differential settlement at
embankment surface. A similar trend has been found for s = 2 and 3.5 m. Figure 8(b) indicates
the effect of friction angle (¢') and dilation angle () for 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 den/dp. However, for higher friction angle with lower dilation angle shows a
higher value of the settlement ratio. An increase in pile spacing (s) leads to an increase in

(Oem/0p).

Thus, the settlement ratio (i.e., differential settlement) is substantially affected by the input
parameters; the pile and embankment modulii, embankment height (refer Figure 7a) and pile
spacing. A pile spacing equal to 2 m and 2.5 m follows the serviceability condition, which

means there is no differential settlement on the embankment surface.

4.2 Soil arching ratio (SAR)

The effect of pile modulus (E£p) and embankment modulus (Eem) is shown in Figure 10(a). The

SAR negligible effects with an increase in Ejp. Further, SAR decreases (i.¢., the tenancy of stress
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transfer to pile increase) by up to 61 % with an increase in Een from 15 to 30 MPa, which
implies that a specific value of Een is required for maximum stress transfer to pile. The effect
of friction angle (¢) and dilation angle () is demonstrated in Figure 10(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, SAR 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

&

4.3 Efficacy (Est)

The effect of pile modulus (£,) and embankment modulus (Eem) on efficacy is shown in Figure
11(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
Eem, and it should be up to a specific value (25 MPa for this study) for maximum efficacy.
Figure 11(b) shows the effect 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. Resulting, the effect of friction angle is more

pronounced as soil arching increases with an increase of ¢’.

4.4 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 [36], soil arching will occur when the embankment height
is equal to 1.4(s-d), whereas EBGEO [37] suggested 0.7/4. 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 spacing
(s) is presented in Figure 12(a), which shows that the height of the soil arch (/arch) is closely

18



411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

related to 4. For a specific s, it increases with an increase in 4 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 4(a), 6(a), and 8(a) for s =2.5 m.

The influence of the clear spacing between the piles (s-d) on the height of the soil arch for
different 4 can be observed in Figure 12(b). It is evident that (s-d) has a significant effect on
the height of the soil arch. For a specific /4, (harch) 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 (%arch) versus (s-d) are almost

the same trend when / is higher than its critical height (5Sm for this study).

The results of the (4aren) plotted against the internal friction angle (¢’) of the embankment fill
are given in Figure 12(c). It can be seen that (hacn) increases with an increase in the ¢”value.
When s =2 m, the (4areh) value is dramatically increased after 40° friction angle. The effect of

h and (s-d) on the arching height are consistent with Yang et al. [38] findings.

4.5 Influence of train speed

Figure 13 refers to the effect of vertical stress (ot) induced by a range of train speeds (V) on the
differential settlement and SAR. Figure 13(a) shows that the settlement ratio (dem/dp) increases
with an increase in 4/(s-d) (due to reduction in s). The settlement ratio decreases with an
increase in train speed (V) for a given value of 4/(s-d). As Table 3 indicates, the increased train
speed implies increased ot on the top of the railway embankment. The effect of vertical stress
(ov) 1s evident in Figure 13(b). It implies that for smaller pile spacing, SAR decreases with an
increase in train speed (i.e., the tenancy of stress transfer to pile increase). However, the effect

on SAR found to be negligible for larger pile spacing.

4.6 Shape of soil arching
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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 summarized by Van Eekelen et al. [39] as
(a) rigid arch models, where the 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 [12] 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 [36] and was recently extended by Zhang et
al. [23] by considering the triangular arrangement of the piles. The other is the multi-shell
arching theory models proposed by Kempfert et al. [40], in which a set of multi-shell domes
represent the soil arch. The multi-shell arching theory was adopted in the German guidelines
EBGEO [37] and Dutch guidelines. (¢) Frictional models [9, 41]: In these models, the soil arch
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 14.

To demonstrate the shape of arch inside the embankment fill, the vertical stress profile along
different vertical planes in the clear pile spacing (s-d) is used. The 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.
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The vertical stress profile decreases at the height of 1.3 m [/4/(s-d) = 0.6] above the base of the
embankment and then again starts to increase at the height of 0.54 m [4/(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 [12] and BS8006-1 [36] assumed that the shape of the arch is
semicircular with a uniform thickness which is equal to half of the pile head width. Thus, it
confirms that the shape of the soil arch is not semicircular. The shape of the arch is very similar
to the multi-shell arching theory proposed by Kempfert et al. [40]. The effect of the pile
modulus (Ep) on the arching shape is shown in Figure 14(a). The shape of the arch negligible
influenced at point A by increasing E,. The effect of the embankment modulus (Eem) on the
shape of the arch is shown in Figure 14(b), showing that the shape of the arch increases by
increasing Eem. It may be concluded that E.n should be sufficient to develop soil arching. The
friction angle (¢’ effect on the shape of the soil arch is evident in Figure 14(c). It implies that
amore stable arch can be formed by increasing ¢’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 14(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.

5. Comparison with design methods

Various analytical methods [9, 12, 36-37, 42] are available for piled embankment design. Table
5 summarizes the different equations used in various design methods to calculate soil arching
ratio (SAR) and efficacy (Es). However, these design methods show variations in the arching
results due to the use of different analytical models. In this study, the soil arching ratio (S4R)
and efficacy (Es) are compared using different analytical design methods for a range of
normalized embankment heights (%4/s). The pile spacing (s) is fixed (2.5 m) whereas the

embankment height changes. Figure 15(a) shows the variation in soil arching ratio (SAR) using
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these methods. It is observed in Figure 15(a) that the Guido method [42] is under-predicated.
The Terzaghi [9] and BS8006 methods [36] are over-predicated. However, the Hewlett and
Randolph method [12] shows nearly the same trend with an increase in embankment height.
Figure 15(b) compares efficacy (Esw), showing that Terzaghi method [9] is very conservative.
However, Hewlett and Randolph [12], and BS8006 [36] methods are shown closer prediction
with higher embankment height. It also can be seen that for efficacy, Guido [42] shows the
slightly higher result with all embankment height. Figure 15 confirms that the FE results are
inconsistent with these methods. Also, different methods show the same trend in terms of soil
arching which implies that each design method demonstrates soil arching in a certain term (i.e.,
SAR and Es). Thus, there is a need to develop a method which could be considered globally

for the design of a piled embankment.

6. Practical implications

Minimising differential settlement is the primary concern for the piled embankment design,
and it has been acknowledged that soil arching help to reduce the differential settlement. In the
literature, an optimum embankment height (%opt) 1s introduced to account for soil arching
beyond which differential settlement is minimal [5]. In this study, 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 mobilizing soil arching. The

practical implications of this study are as follows:

(1). The height of soil arching in the present study is summarized in Table 4, and it is verified
with other published results. It is worth noting that in this study, 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, the uniform settlement is observed.
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This implies that Zope should be equal to 1.04 times of clear pile spacing (s-d) for complete

mobilization of soil arching.

(i1). It is noteworthy to mention that soil arching is concerned with the optimum embankment
height. However, FEM results of this study indicate that variations in the piled embankment
parameters also have significant effects on the extent to which soil arching would be mobilized.
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 (SAR) and the embankment modulus and friction angle

as below:

SAR = a (E,y)? + ¢ (10)

where, a, b, ¢ are coefficients and the values are 1.331e+6, -6.079, and 0.2803, respectively.

SAR = —0.0061¢ + 0.4791 (11)

Therefore, this study is beneficial to identify optimum embankment height as a function of
clear pile spacing, and the most critical design parameters to the optimize embankment design

(refer to Eq. 10 and 11).

7. Limitations

Following are the limitation of this study which can be incorporated in future study:

(1). In this study, 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. The low stress at

embankment top is meant for the gravity loading analysis (self-weight of embankment). The
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low stress condition is applicable to stress state in embankment top 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 [22, 43]. In the present
study, the dynamic nature of train loading is not considered and hence the use of M-C model
was considered appropriate for the modeling. The use of M-C model is also consistent with
other past studies [27, 44]. Ye et al. [27] simulated embankment fill as linear elastic-perfectly
plastic model with Mohr-Coulomb (MC) failure criterion considering surcharge. Li et al. [44]
simulated a ballasted railway track with Mohr-Coulomb (MC) model for embankment

considering train speed from 100 km/h to 440 km/h.

(i1). The current study 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.

8. Conclusions

A numerical study on pile-supported railway embankment under the plane strain condition has
been presented in this paper. The soil arching behavior 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

and embankment height.

Based on the FE analysis, the following conclusions may be drawn from the present study:

e Arching was significantly affected by the piled railway embankment properties. Pile
and embankment modulii and friction angle were found to play a vital role in soil

arching behavior.
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e The arch height was significantly affected by the embankment height and clear spacing
between the piles and the friction angle.

e The soil arching significantly increases with a decrease in pile spacing. Thus, pile
spacing should be limited for efficient load transfer to the piles.

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

e The comparison of the plane strain 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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666 LIST OF TABLES:

667 TABLE 1. Material parameters for Piled embankment

Material Unit weight, Young's modulus, Poisson's  Cohesion  Friction angle, Dilation angle,
7 (KN/m?) E (MPa) ratio, v c’(kPa) ¢’ (degree) v (degree)
Pile 24 20 x 103 (15 x 10% - 30 x 10%) 0.15 - - -
Embankment fill 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

668  Note: bold values are for standard case (4 =3.5 m and s = 2.5 m)

669

670  Table 2. Dynamic Amplification Factor (DAF or @) calculation with different methods

Train speed,

Method Equation V (km/h) DAF Remarks
40 1.21
0.00521 -V 60 1.32
=1+ D— 80 1.43
AREA! w 100 1.54 Dy, is the diameter of wheel (m)
120 1.64
where, Dy, = 0.97 140 1.75
160 1.86
®=1+6ént 40 1.20
o gg 13(3) 0 is a factor that depends on the track condition;
Eisenmann Where, 0 =0.2 (for good track condition); 7 =1; 100 1' 26 t is a factor that depends on the upper confidence limit;
n = 1; for V< 60 km/h 120 1'29 7 is factor that depends on the speed of the vehicle

n = (1+Z20); for 60 < V<200 kin/h
140

4 140 1.31



160 1.34
d=1+a +p +v 40 1.30 o' is a coefficient that depends on the track irregularities,
60 1.30 train suspension, and speed; f’ is a coefficient that accounts
h ' — 0.04 (L)3 80 1.31 for the movement of train along a curve, )’ is a coefficient
where, f o 100/ °’ 100 1.33 that depends on the train speed and configuration, and track
ORE? B = VZ@hths) thsh; 120 1.36 condition; /4 is the cant/super-elevation deficiency (m), /g is
, 127Rclg g 140 1.40 the gauge width (m), % is the vertical distance from rail top
Y =Yoao - bo; 5 to centre of gravity of train (m), A is the super-elevation (m),
— 0140017 (L) 160 1.45 R. is the radius of curvature (m), a, and b, are the locomotive
Yo ] ] 100 and track maintenance factors.
40 1.46
v 60 1.53
¢=<1+o.3-—)(1+0) 80 161
Japanese 100 100 170 Cis a coefficient
Standard
where. C = 0.3 120 1.77
ere, =5 140 1.84
160 1.92
os 40 1.20
=1+ 8.784(0 + 62)V (Kqu> gg }gg (6:+ 0,) is the total dip angle of the rail joint (radians); K is
British Po g ' the track stiffness at joint (kN/mm); W, is the unsprung
. 100 1.48 . . . .
Railways weight at one wheel (kN); g is the acceleration due to gravity
where, (0i+ 6) = 0.005; K; = 55; W, = 120 1.58 >
(m/s?).
2.11x9.81; g =9.81 140 1.67
160 1.77
40 1.08
% 60 1.13
. =1+——— 80 1.18
05
h?dlan 58.14(k) 100 1.22 k is the track modulus (MPa)
Railways
here. k= 60 120 1.27
where, £ 140 1.31
160 1.36
South 1 B2 6 130
African - Dy R0 1' 40 Dy, is the diameter of wheel (mm)
formula 100 1.50

30



671
672
673
674

where, Dy = 970 120 1.60
140 1.71
160 1.81
40 1.04
60 1.09
® = (1 +0.0001V,%)0¢7 80 1.16 Vs is the speed of train (miles/h)
3 100 1.24
WMATA where, Vo=V % 0.621371 120 1.34
140 1.46
160 1.58
40 1.12
. 60 1.18
Sctzggsrz d=1+aVv 18000 igg
(Mg)()f(()l;l){C, where, o = 0.003 120 1.36
140 1.42
160 1.48
2 40 1.06
HP=1+_—3; 60 1.13
German for <100 km/h 80 1.21
formula 100 1.30 -
(i) =14 23V _15V2. 120 1.39
108 107 7 140 1.47
for > 100 km/h 160 154
Australian
Standard =25 ) 25 This value of @ may be taken when the data from field
(AS1085.1 ' ’ investigations is unavailable.
4,2012)

! American Railway Engineering Association

20Office for Research and Experiments

3Washington Metropolitan Area Transit Authority
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682

TABLE 3. Summary of Induced vertical stress on embankment obtained using Trapezoidal method

Stress calculation method Impact factor Vehicle speed, Vertical stress on
calculation method V (km/h) subgrade, o; (kPa)

40 105

Trapezoidal approximation 60 106

(2:1 method) ORE method 80 107

100 108

-_° [@ = 1+a/+B"+y'] 120 110

g = " -
L0z max (b+h)(§+h)] 140 114
160 118

where, O = 0,45 (As), [ is sleeper length (m), o and B’ are related to the mean value of impact factor while y' is related to the standard deviation of the impact

factor.

TABLE 4. Soil arching height verified by various studies

. . . Zhuang et al. Potts and Present
Terzaghi [9]  Bhasi and Rajagopal [15] 34] Zdravkovic [35] study
Normalized length Void width (s-d) (s-d) Void width (s-d)
Soil arching height in 2.3 2.9 3 3 225

Plane strain

Note: All values in meter

TABLE 5. Equations for calculating soil arching ratio (SAR) and efficacy (Es) by different design methods

Design Soil arching ratio

method (SAR) Efficacy (Esu)
Terzaghi (s2 —d?) B I\ 2 g2 (SRR)(s%? — d?)
SAR = 1— (—4hdK tang )/(s*—d*) -1 _
[9] 4hdK tan¢’( ¢ ) Eser =1 52
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685
686

where, K = (I-sing)

At the crown:

(2Kp—1) B _ ~
SAR = (1_§> <1 2s(K, — 1) >+<2(s d) (K, 1))

s " V2Zh(2K, - 3)) "\ VZh(2K, - 3)

Hewlett At the pile top:

and
Randolph 1
[12] SAR =
2Ky, dr(1=Kp) d d d2
() |-9 - (-9 ()| a- %
_ (1+sing)
where, K, = (1—sind)
For partial Arching:
2s P, 1 P,
SAR = 73 s2—d?(— Estr=1——252—d2—
(s +d)(s* —d?) yh s Yh
BS8006 For full arching:
[36] 2.8s P L4(s —d)
_ . C —_ —_ B 2
SR = oyl = 4 (57| Foer =1= = — I[
=[5 - ()
where, (y—h) = [T] d yh
Guido [42] sap ==Y
uido =
3v2h

where, s is pile spacing, d is pile width, % is the embankment height, and K is the lateral stress coefficient at rest (Ko), Kp 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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modeled embankment (s = 2.5 m, 2 = 3.5 m).
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Fig. 14 Influence of train speed on (a) settlement ratio, (b) soil arching ratio (SAR)
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Figure 14: Influence on arching shape due to (a) pile modulus, (b) embankment modulus, (c)

friction angle, and (d) dilation angle
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Figure 15: Comparison of Present study with different design methods, (a) soil arching

ratio (SAR), and (b) efficacy (Esr)
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