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ABSTRACT

Offshore and near-offshore infrastructures are primarily supported by pile foundations
for transferring the super-structure load to the bearing stratum while bypassing the overlying
soft consolidating medium. Apart from the characteristics of the surrounding consolidating soil
medium, pile installation process can also significantly influence the development of negative
skin friction on the installed piles for such applications. The present study elucidates the
evolution of negative skin friction on both in-place and jacked pile with the aid of an updated
Lagrangian-based 2D-axisymmetric finite-element simulation framework. A particular
emphasis is given on the determination of optimum values of parameters like pile-tip cone
angle, contact stiffness and mesh size etc., which becomes imperative for the simulation of pile
penetration process exhibiting a large deformation phenomenon. Post installation of the pile,
the surrounding soil is subjected to a surficial surcharge to induce consolidation settlement of
soil strata. In contrary to the in-place pile, the squeezing effect induced by the penetration
process of a jacked pile leads to the dissipation of higher excess pore-water pressure and
subsequent marked increase in the effective radial stress. Consequently, it further leads to a
higher negative skin friction and greater drag load on the jacked pile.

Keywords: Pile installation; Negative skin friction; Neutral plane; Large deformation; Finite

element analysis; Pile-tip cone angle; Contact stiffness.
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1. Introduction

To support the demanding necessity of sustenance and resources in the coastal
boundaries, more and more land reclamation projects being undertaken in the coastal areas and
tidal flats all around the world in Canada, China, Malaysia, Scotland, Singapore and outer
countries with extensive coastal boundaries (Hosseini and Rayhani, 2017; Lee et al., 2019; Wu
et al., 2023). In this regard, several offshore and near-offshore infrastructures are becoming
increasingly prevalent including the construction of offshore wind turbines, wind power plants,
building infrastructures, high-speed railways, airports and harbour structures as well as
artificially reclaimed coasts and islands (lgoe et al., 2013; Jeong et al., 2014; Liu et al., 2020;
Shen et al., 2022; Sahu et al., 2024). Each of these infrastructure is primarily supported by pile
foundations to transfer the load to the bearing stratum while bypassing the overlying soft
consolidating medium. The near-offshore and offshore sites mostly comprise soft to medium
marine clay deposits, soft coastal soils, self-consolidating dredger slurries and fills comprising
clays and sands (Jeong et al., 2013; Liu et al., 2020; Wang et al., 2023; Ebrahimipour and
Eslami, 2024). Unlike the pile installation procedure commonly adopted in the inland, driven
piles are generally discarded as they lead to significant driving induced stress and increase in
the pore-water pressure that subsequently leads to the reduction in the effective strength of the
embedding medium (Hosseini and Rayhani, 2017). Hence, in such circumstance, installation
procedures such as bored, rotary, augur or jacked piling remains to be a preferred option. The
quasi-static jacking or push-in piling has ever gained popularity owing to the minimum
vibration, displacement and disturbance emanated during their installation process (Igoe et al.,

2013).

Negative skin friction (NSF) is often encountered for such piles installed in soft soils
or consolidating fills. It is the downward drag that acts on the pile surface when the soil
surrounding the pile undergoes comparatively larger settlement than the pile itself. The NSF-
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induced settlement is common in the clayey soils due to various reasons such as consolidation
of fill soil under its own weight (self-consolidation), application of surcharge load and
fluctuation in the water table (Poulos and Davis, 1980). Early research in regard to NSF and its
induced settlements majorly focused on field experiments. Fellenius (1972, 1984) and the
references therein reveal the significant influence of negative skin friction in increasing the net
axial load on pile with time. Further, NSF is also found to affect the group performance of the
pile owing to additional settlement of the pile cap (Blanchet et al., 1980). In addition to the
field experiments, laboratory-scale centrifuge studies are also available to understand the effect
of pile loading conditions on the development of negative skin friction (Leung et al., 2004).
Apart from the experimental investigations, literatures are also available on the numerical
simulations exploring the evolution of negative skin friction on piles installed in soft soil
(Comodromos et al., 2005; Lam et al., 2009; Liu et al., 2012), while addressing the influences
of pile-group effect (Lee et al., 2001), interface friction coefficient (Jeong et al., 2004) and
interface model behaviour (Cao et al., 2014). Although a number of literature are available on
the influence of negative skin friction on the pile capacity, most of these numerical studies
were conducted assuming the pile to be ‘in-place’ condition. In such type of modelling, the
numerical approach considers the pile to be installed in-situ after replacing the corresponding
volumetric domain of the soil. Hence, these studies do not take into account the pile jacking

procedure that is often followed in the field.

Numerical simulation of the pile jacking process is very challenging due to the large
deformation and excessive mesh distortion associated with it. Few literature (Carter et al.,
1979; Randolph and Wroth, 1979; Randolph et al., 1979; Tolooiyan and Gavin, 2011)
employed the cylindrical cavity expansion method to simulate the pile penetration process,
which utilizes the horizontal expansion of a pre-defined cylindrical hole. This method is

capable of assessing the shaft resistance; however, the accuracy of tip bearing resistance
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remains debatable, especially for the jacking cases. In case of finite element based simulation,
large deformation problems are usually addressed by ‘Updated Lagrangian’ and ‘Coupled
Eulerian-Lagrangian (CEL)’ framework (Wang et al., 2015; Fan et al., 2021; Ghosh Dastider
et al., 2022; Zhao et al., 2023). While simulating a large deformation problem like pile
penetration, the updated Lagrangian approach often suffers from convergence issues (Mabsout
and Tassoulas, 1994; Henke, 2010; Yi et al., 2012); however, there are evidences that its
performance can be possibly improved by adjusting various parameters such as the contact
properties, pile-tip cone angle and initial mesh configuration (Sheng et al., 2005, 2006, 2009,
2013), especially for a relatively smooth soil-pile interface. On the other hand, the arbitrary or
coupled Eulerian-Lagrangian approaches does not exhibit such convergence issues (Walker
and Yu, 2006; Liyanapathirana, 2009; Qiu et al., 2011; Pucker and Grabe, 2012; Tho et al.,
2012; Sabetamal et al., 2014; Hamann et al., 2015; Fall et al., 2021). Capturing the evolution
of pore-water pressure in a CEL framework can be achieved by using an analogy of heat
transfer analysis as reported in Hamann et al. (2015). However, this approach can become very
complex, thereby requiring special attention while determining the same through available
FEM packages. Further, in recent times, the large deformation problems involving dissipation
of excess pore-water pressure as encountered during the pile or cone penetrations has also been
addressed by the use of coupled PFEM i.e. particle finite element method (Monforte et al.,
2018; Yuan et al., 2019) and coupled MPM i.e. material point methods (Ceccato et al., 2016;
Ceccato and Simonini, 2017). Although many of the previous works successfully simulated the
large deformation process associated with the pile penetration problems within a numerical
framework, the effect of the pile installation method on the manifestation of negative skin

friction is yet to be addressed.

The primary focus of the present study is to explore numerically the evolution of

negative skin friction on a pile inserted in multi-layered soft soil substrata by employing two
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different installation schemes. The first installation scheme represents a jacked pile, where the
pile penetration process is simulated by inserting the pile into the soil domain at a constant rate.
The second installation scheme, which is more commonly adopted from a numerical
perspective due to its convenience and ease, considers the pile to be ‘wish in-place’, where the
pile is considered installed by replacing an identical volumetric region as that of the pile from
the corresponding soil material. The large deformation based geometrically non-linear problem
of pile penetration process has been simulated in FEM by applying updated Lagrangian
approach (as per Belytschko et al., 2001) with suitable control over various simulation
parameters and employing a relatively smooth soil-pile interface. An associative Modified Cam
Clay model that can efficiently capture the non-linear elastoplastic constitutive response of soil
has been used in this study. Contact non-linearity has been considered at the soil-pile interface,
where the contact is numerically enforced through the penalty method (Wriggers, 2006).
Determination of optimum values of parameters such as cone angle, contact parameter and
mesh size have been carried out, as they are imperative for an effective large-deformation based
finite element simulation of pile penetration. The simulation results are validated against a case
study reported by Indraratna et al. (1992) where bitumen coated piles were penetrated into soft
Bangkok clay. The pore-water pressure (PWP) data obtained from the field test at different
depths have been used to validate the performance of the numerical model. Further, surficial
surcharge (fill load) in the periphery of the pile has been applied to induce negative skin friction
by permitting consolidation of the soft soil surrounding the pile. Subsequently, the two different
pile installation schemes are simulated numerically and the development of negative skin
friction in their post-surcharge response are critically analysed in terms of the development of

shear stress, drag load, effective radial stress, and the position of neutral plane.
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2. Simulation of pile jacking process

In the reference literature that has been used for the validation study, Indraratna et al.
(1992) reported penetration of a bitumen coated pile through soft Bangkok clay at a very slow
penetration rate of 1 m/min. In the present study, the same penetration rate (1 m/min) is
employed during the simulation of pile jacking process within an updated Lagrangian
framework in Abaqus version 6.14. As a result of the slow penetration rate in the field, a quasi-
static penetration has been carried out neglecting inertial forces. A similar approach for
modelling pile jacking can also be found in literature (Wang et al., 2015; Fan et al., 2018,
2021). A detailed discussion on model geometry, boundary conditions, material properties, and
other simulation parameters like mesh discretisation, contact stiffness, adopted pile-tip cone
angle and influence of soil domain have been presented in this section along with a validation

against a field study.

2.1 Model geometry

An axisymmetric 2D model has been used to simulate the penetration of a cylindrical
pile through the soft soil. The pile considered in the study is 20 m long and has a diameter of
0.4 m. In this regard, a soil domain having 40 m depth (twice the length of the pile) and 30 m
radial distance has been selected for the simulation (Fig. 1). Due to the accumulation of
excessive stress at the pile base, the penetration of a flat-ended pile into the soil is quite difficult
with the current contact theories. Given the various types of pile tip used in practice, a study
has been performed on the possible variation of the pile-tip cone angle, and an optimal cone
angle of 60° has been selected in the simulation. The effect of cone angle on the penetration

process has been discussed in detail in a subsequent section.
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Fig. 1: Schematic representation of the axisymmetric model used for the simulation of pile
jacking process (Figure dimensions are not to scale).

In an axisymmetric formulation, the boundary at the axis of symmetry usually remains
constrained from displacing in the horizontal direction during the FE simulation. However,
such constraint cannot be imposed for the pile penetration simulation due to radial distortion
of the soil adjacent to the pile. An alternate solution for such scenario is to provide a narrow
rigid solid tube at the axis of symmetry and enforcing a total fixity condition at its centre of
gravity (Yi et al., 2012; Ekanayake et al., 2013). Following the same, for this study, a rigid
solid tube of 1 mm radius has been provided at the axis of symmetry in order to allow the radial
movement of the soil during the penetration process. Interaction between the tube-soil and

tube-pile interface has been kept frictionless for both types of pile installation cases. Figure 1
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shows the placement of the rigid tube and pile in the axisymmetric model for the pile jacking

case.

2.2 Boundary conditions

The displacement boundary conditions have been applied to the pile head, at the centre
of rigid tube, and to the bottom and right lateral boundaries of the soil domain (Fig. 1). The
pile penetration procedure has been simulated through the applied displacement boundary
condition at the pile head and subsequent adjustment of the time step such that the penetration
velocity of the pile remains constant at 1 m/min throughout the jacking process. The motion of
rigid tube has been restricted in both the lateral and vertical directions by applying total fixities
at a reference point conforming to its centre of gravity. The far lateral boundary of the soil
domain has been restricted from radial movement by applying horizontal constraint, while total
fixity is applied at the bottom boundary, as shown in Fig. 1. Following the actual case study
(Indraratna et al., 1992), water table has been assumed located at 2 m depth below the ground
surface, and the soil above the water table has been assumed fully saturated due to capillary
rise. Hence, for modelling the initial geostatic stresses, a zero PWP boundary condition has
been applied at the depth of 2 m (ensuring a complete drainage boundary). Initial stresses within
the soil domain, prior to the jacking, have been generated by applying a gravity loading
condition; whereas, during the jacking process, a body force has been enforced on the pile by

specifying its unit weight.

2.3 Material properties

An associative modified Cam clay (MCC) model has been selected to capture the non-

linear elastoplastic constitutive response of the soil. The parameters of modified cam-clay
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model for various soil layers have been obtained from the case study by Indraratna et al. (1992).
The initial void ratio has been estimated from the reported critical state parameters and field
undrained shear strength data. The undrained shear strength (Sy) is obtained from the following

relation derived from the critical state concepts:

M ~€ini
Su="F =7 exp(*500), €y

where qf is the deviatoric stress at failure, e is the void ratio on the critical state line at
reference pressure, e;,;; is the initial void ratio, M and A are slopes of the critical state line in
stress (p-q) and volume (e-In p) space, respectively. The pile and soil material properties used
in this study for the finite element simulation have been listed in Table 1 and Table 2,

respectively.

Table 1: Material properties of the pile used in the FE model.

Young Modulus Diameter Poisson’s ratio Unit weight
E (kN/m?) D (m) 7} ¥ (KN/m?3)
30 x 10° 0.4 0.33 15




200  Table 2: Material properties of the soils used in the FE model.
Layer Yd E Pc k; (m/day) Su
Layer M k A €in K, y Z OCR
No. Y «Nmd) o (kPa) ' (kPa) (x107%) (kPa)
L1 Weat?g_rg;j day 1165 o033 - 105 005 018 132 222 0716 6.76 3 29.4
L2 Weat?;_rj;j day 1165 033 - 105 005 018 132 5531 0716 6.76 3 29.4
L3 S?ffé?y 722 033 - 0.97 008 051 267 3558  0.62 0.55 1.2 12.1
L4 S(‘igt_g'oa)y 1023 033 - 098 006 032 159 5941 0.661 0.26 1.2 26.6
L5 Med'?;‘)_sztgf day 1345 o033 - 0.9 003 012 097 10323 0.666 0.37 14 42.1
L6 S“ﬁ(cz'j}’?)g)sa”d 1448 033 - 09 003 012 083 1409 0.685 0.37 15 252.6
L7 Stffclay*sand 00 033 27440 - - - 089 18962 0.685 0.37 i i
(30-40)
201 *The symbols referred in the table indicates the following: y,; = dry unit weight of soil, u = Poisson’s ratio, E = Young’s modulus, M = slope of
202  the critical state line in stress (p-q) space, k =slope of the unloading line in volume (e-In p) space, A1 = slope of the critical state line in volume (e-
203 Inp) space, e;n;; = initial void ratio, p. = pre-consolidation pressure, K, = lateral earth pressure coefficient at rest, k; = coefficient of permeability,
204  OCR = over-consolidation ratio, S,, = undrained shear strength.
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2.4 Mesh convergence study

As stated earlier, numerical simulation of pile penetration process involves severe
distortion of elements. Such distortions become more prominent during simulations with finer
mesh and produce negative determinant of the Jacobian matrix (Bathe, 1996; Sheng et al.,
2009), which ultimately results in non-physical negative element stiffness. The selection of a
coarser mesh can avoid the excessive element distortion, but it provides crude results due to
lesser discretization of the domain. Hence, three different single-biased meshes (comprising
finer discretisation near the pile-soil interface and coarser discretisation towards the far lateral
boundary) have been considered for the convergence study and the details of which is given in

Table 3.

Table 3: Mesh sizes selected for convergence study.

Mesh size (m)

Along radial direction from Along the depth from
SI.No. ~ Mesh axis of symmetry ground surface
Otol0m 10to 30 m 0Oto30m 30to 40 m
1 Medium 05to1 1to?2 0.5 05to1
2 Fine 02to1l 1to2 0.2 0.2tol
3 Veryfine 0.1tol 1to?2 0.1 0.1tol

Seeding has been done in such a way that the elements near the pile have an aspect ratio
of 1. As the region farther from the pile is expected to have lesser influence of jacking process,
lower mesh density has been assigned in that region. Owing to the higher rigidity of the pile

compared to the surrounding soil, the pile is expected to undergo less distortion and hence,
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larger element size has been assigned for the pile. The pile has been discretized with CAX4
element (4-noded bilinear axisymmetric quadrilateral element), while CAX4P element (4-
noded axisymmetric quadrilateral element with bilinear displacement and bilinear pore
pressure) has been chosen for discretizing the soil domain. An attempt has been made to
generate a structured mesh that will predominantly comprise of rectangular elements. The
convergence study has been carried out by jacking the pile up to a depth of 8 m into the soil,
with a penetration rate of 1 m/min. It is to be noted that a penetration depth of only 8 m has
been chosen for performing the mesh convergence study in order to economize the
computational time. For the remaining part of the study, a full depth penetration of the pile (i.e.

20 m) has been considered.

Figure 2 shows the load-displacement curves, estimated at the pile head, for the three
types of mesh densities used in this study. Although the mean value of load-displacement
curves looks similar, smoother curves have been obtained by adopting finer meshes, while the
coarser meshes exhibited significant oscillations in the results. Such oscillations in the quasi-
static pile penetration are a feature commonly observed in penetration problems (Simo and
Meschke, 1993; Sheng et al., 2013; Kouretzis et al., 2014; Fan et al., 2018, 2021) and is not
attributed to be an indicator of numerical instability. The oscillations in the contact forces are
primarily attributed to the sudden change in the normal direction along the penetrating body,
i.e. at corners or vertices (Sheng et al., 2006, 2009). With the change in the normal direction,
a sudden reduction in the vertical reaction force occurs when a soil node traverses around the
sharp corner, the effect of which is magnified for the low-density meshes. The type of scheme
adopted for the contact surface discretization can further impact such oscillatory nature (Sheng
et al., 2009; Aubram et al., 2015; Wang et al., 2015). In general, a finer mesh discretization
reduces these oscillations (Sheng et al., 2009) and the same has been adopted in this study.

Based on the results of mesh convergence study, finally, a ‘very fine’ single-biased mesh has

12
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been selected (Fig. 3) for further simulations, such that the elements of 0.1 m size would be
present just beneath the pile tip. The selected size is exactly half of the radius of the pile and
satisfies the proposition by Sheng et al. (2005), which states that the soil elements just beneath
the pile should have a size ranging between 0.5-1.0 times the pile element size in order to obtain
appreciable results without any convergence issues. The combination of mesh discretization
and contact parameters are very important to ensure the optimal performance of the numerical
simulation. The details of the contact modelling employed for the soil-pile interface has been

discussed in the following section.

50
40 A
. Medium mesh
Z 30 T \
=
=
=
) \
.J 20 “.’-.
10 \
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Fine mesh
p o e e R e
5 6 7 8

Displacement (m)

Fig. 2: Load-displacement curve for different mesh densities.
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Fig. 3: Discretization and meshing adopted for the soil domain and pile for the present study
(Figure dimensions are not to scale).

2.5 Selection of contact stiffness parameter

Lagrangian multiplier and penalty method are widely used to enforce the normal
contact constraints in FEM (Wriggers, 2006); therefore, these two methods have been tested
for their suitability in this simulation. Lagrangian multiplier method has been used in the
preliminary trial simulations, which exhibited convergence issues and required higher
computational time. Hence, the simulations are further carried out in this study applying the
penalty approach, which allows small penetration at the soil-pile interface. It is important to
note that the selection of a lower penalty stiffness reduces the convergence issues; however, it
can increase the penetration at soil-pile interface leading to unrealistic solution. Hence, the
selection of a proper penalty stiffness is an important decision in order to acquire reliable
results. The value of penalty stiffness has been obtained here by an iterative approach. Initially,
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a very small value of penalty stiffness, € =10* kPa/m has been selected for the iteration with a
smooth soil-pile interface. The chosen smooth soil-pile interface condition conforms to the
very low frictional resistance offered by the bitumen coated pile used in the field study reported
by Indraratna et al. (1992). A surface-to-surface contact has been provided at the soil-pile
interface. The pile having more rigidity than the soil has been assigned as the master surface;
whereas, the soil is considered to act as slave surface. Subsequently, the stiffness value has
been increased gradually and the load-displacement curves are plotted to monitor the response

of the penetration process.

The general trend observed in the load-displacement plot can be attributed to the
variation in soil stratification in terms of their density, stiffness and undrained shear strength
(Table 2). The variations of the layer properties result in the sudden changes in the reaction
force as the pile traverses into the successive soil layers, and a detailed discussion on the same
has been presented in the next section. It has been further noticed that with increase in the
penalty stiffness, the magnitude of reaction force gradually increases and attains higher values.
However, the load-displacement curves begin to portray significant spuriousness and
oscillations, especially for £ > 2x10* kPa/m, which is attributed to the stiff contact constraint
at the nodes (Fischer et al., 2007). This is further illustrated through the load-displacement
curve presented in Fig. 4a for different penalty stiffness. It can be noticed that the load-
displacement response for penalty stiffness ¢ =10* kPa/m is quite smooth; however, at any
displacement level, it exhibits considerably lower magnitude of load than those obtained from
the higher stiffness parameters. On the other hand, a higher stiffness parameter gives higher
load-displacement response but laden with oscillations. Figure 4(b and c) show the post-
penetration distorted mesh pattern at 20 m soil depth, as obtained from the penalty stiffness &
=10* kPa/m and 2x10* kPa/m, respectively. It can be observed that penalty stiffness has

significant effect on the mesh distortion and higher penetration has been recorded at the soil-
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pile interface for ¢ =10* kPa/m when compared to the case with stiffness ¢ =2x10* kPa/m.
Based on the above observations, a penalty stiffness of ¢ =10* kPa/m has been selected for 0-
10 m pile depth and & =2x10* kPa/m for 10-20 m pile depth. Considering the fact that the
penalty stiffness depends on the stiffness of the bodies in contact and owing to the pressure-
dependent nature of soil resulting in increased stiffness with depth, a higher value of contact
stiffness is judiciously assigned to the lower part of the pile-soil interface as compared to the
upper part. Besides making a judgement of the penalty parameter from the spuriousness and
oscillations, it is worth mentioning that the contact stiffness can also be determined with the
aid of iterative adjustments of the penalty stiffness while ensuring the inter-penetration of the

contact surfaces remains within a tolerable limit (Wriggers, 2006).

40
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Fig. 4. (a) Load-displacement curve for different penalty stiffness, and post penetration
distorted mesh pattern as obtained from two penalty stiffness (b) ¢ = 10* kPa/m and (c) ¢ =
2x10* kPa/m, respectively.
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2.6 Influence of pile-tip cone angle

Selection of the proper pile-tip cone angle is essential for simulating any pile
penetration related field study. Preliminary trials highlighted that the penetration of a flat-tip
pile causes excessive distortion of mesh and creates convergence issues. The influence of cone
angle on the pile penetration response has been explored by performing simulations with a pile
of 20 m length and 0.4 m diameter, and having pile-tip half-cone angles (6, see Figure 1)
ranging from 15° to 45°. In this regard, the load-displacement and excess PWP dissipation
responses are assessed for determining the optimum cone angle suitable for simulation of the

pile penetration process.

Figure 5(a) shows the development of reaction force during the penetration process for
three different pile-tip half-cone angles, i.e. 15°, 30° and 45°. A similar trend can be noticed in
the load-displacement response obtained for all the adopted half-cone angles. It is worth
mentioning that due to the assumption of smooth soil-pile interface, the pile jacking simulation
neglects the contribution of shaft resistance towards mobilization of the load-displacement
response. As a result, the load-displacement is solely governed by the pile tip resistance which
is significantly guided by the stratification characteristics of the substrata, namely the density,
stiffness and undrained shear strength variation along the depth. It can be observed from Table
2 that the average undrained shear strength of the soft clay layer located within the depth 4-10
m (~ 12.1 kPa) is lower than that of the weathered clay layer spanning within 0-4 m (~ 29.4
kPa) from the ground surface. As the pile penetrates through the weathered clay layer, the
resistance increases, which starts to decrease from 4 m depth onward as the pile tip reaches the
soft clay layer. With the continued penetration of the pile through the soft clay layer, the load-
displacement response remains nearly constant until the depth of 10 m, where the pile tip
encounters the next soft clay layer having relatively higher average undrained shear strength
(~ 26.6 kPa). Consequently, an increase in the resistance can be noticed, followed by a nearly
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constant load-displacement response as the penetration continues through this layer.
Furthermore, as the pile tip reaches the medium stiff clay layer at a depth of 18 m, a successive
increase in the resistance is observed due to the markedly higher undrained shear strength of

the layer.

Further, from Fig. 5(a), it can be observed that with the increase of half-cone angle, the
magnitude of load at a given displacement are understandably higher. A blunt pile tip is
expected to disturb a larger soil mass during the penetration process resulting in a larger
influence zone in comparison to the piles with sharper tips. Figure 6(a-f) depicts the radial
displacement (U1) and axial displacement (U2) contours near the pile tip for various half-cone
angles. It can be noticed that the influence area corresponding to the pile with 45° half-cone
angle is maximum when compared to the remaining cases of piles with relatively sharper tips.
Since the pile with 45° half-cone angle displaces larger soil mass, higher axial load is required
for its penetration to a given depth. This can be further explored from the contours of the
mobilized shear stress (S12) around the pile tip for different cone angle (Fig. 6g-i). It can be
observed that the magnitude of the mobilized shear stress for the pile with 15° half-cone angle
is comparatively low while the pile with 45° half-cone angle exhibits the largest influence zone.
Apart from the magnitude, higher oscillations are also observed in case of a 45° half-cone angle,

which gradually disappeared with further reduction in the pile-tip half-cone angles (Fig. 5a).

Figure 5b shows the dissipation of PWP near the tip of the pile at a depth of 20 m for a
post-pile installation period of 1000 days. It can be noticed that after the end of the penetration
process, pile tip with 45° half-cone angle has maximum excess PWP and the same gradually
reduces with the reduction in the half-cone angle. However, after 100 days, the excess PWP
dissipation profiles become very similar for all the chosen half-cone angles. A half-cone angle
of 30° has been selected for the present study that induces less oscillation in the load-
displacement response and yet have intermediate variation in the excess PWP magnitude after
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the completion of penetration step. For both the jacked and in-place cases, a 30° half-cone angle

has been used throughout the rest of the simulations.
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Fig. 5: (a) Load-displacement response during the penetration process, and (b) excess pore-
water pressure dissipation near the pile tip during the post-penetration period for pile-tip half-

cone angle 8 = 15°, 30° and 45°.
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2.7 Influence of selected soil domain

In this section, suitability of the selected soil domain has been examined through the
increment in effective radial stress and excess PWP distribution. For this purpose, after the pile
has penetrated to its full depth of 20 m, the increment in effective radial stress and excess PWP
data are obtained and are plotted along the radial path passing through a depth of 20 m from
the ground surface, as shown in Fig. 7(a-b). It has been noticed that the penetration process
does not impart any significant influence on the effective radial stress beyond a radial distance
of 10 m from the axis of symmetry (i.e. 25D) (Fig. 7a). Similarly, the excess PWP plot shows
negligible change beyond a 3 m radial distance from the pile (i.e. 7.5D) (Fig. 7b). A rapid
decrease in the excess PWP is observed along the radial distance, which is consistent with the
observations reported by Hwang et al. (2001). Figure 7 (c-d) shows the contour plot of total
PWP (or, POR) before and after the penetration process, respectively, and it can be observed
that the influence of penetration process becomes negligible beyond a depth of 30 m (i.e. 25D
from the pile tip) Further, the effective radial stress (S11) contour, before and after the pile
penetration process, has been plotted in Fig. 7(e-f). It clearly indicates that the effect of pile
penetration is localized only in the region adjacent to the pile and beyond a depth of 30 m, the
pile penetration process does not impose any recognizable influence on the generated radial
stresses. Hence, it can be concluded that the selected soil domain, i.e. 30 m radial distance (i.e.
75D) and 40 m vertical depth (i.e. 100D), is apt and would pose no boundary influence on the

simulation of the pile penetration process or the associated post penetration analysis.
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Fig. 7: (a, b) Increase in effective radial stress and excess pore-water pressure variation along
a radial path at a depth of 20 m just after the pile penetration, (c, d) total pore-water pressure
contour (POR, in kPa) before and after the pile penetration process, (e, f) effective radial stress
contour (S11, in kPa) before and after the pile penetration process, respectively.
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2.8 Validation

The simulation-based penetration responses have been compared and validated against
those reported by Indraratna et al. (1992), where a case study has been reported for a bitumen-
coated pile that was penetrated through soft soil up to 20 m depth and excess PWP dissipation
data were recorded by the piezometers. The bitumen-coated pile, in general, is expected to have
a significantly lower interface friction and hence, the validation study has been carried out
assuming a smooth soil-pile interface. This also gets substantiated by the results reported by
Indraratna et al. (1992) where the negative skin friction along the bitumen-coated pile was, on
an average, 50% lower than that developed in the uncoated pile (possessing higher interface
friction). This translated to the maximum axial load in the coated pile being 2.5 times lesser
than that of the uncoated one. In the referred field study, the pile penetration was performed at
a constant rate of 1 m/min, and the same sequence followed in the actual case study have been
replicated in the simulation. These include step-wise penetration of the pile up to certain
intermediate depths, i.e. first 8 m and then at penetration increment of 4 m, such that each of
these penetration steps has been followed by a consolidation phase for a duration of 8 days.

This complete process takes 2766000 s (approximately 32 days).

After the simulation of the above steps, excess PWP dissipation data, recorded for eight
successive days at 8 m and 20 m penetration depths, have been plotted against elapsed time
and compared to the corresponding field measurements during the post-penetration durations,
as shown in Fig 8(a) and (b), respectively. As the position of pile tip never coincides with the
soil nodes, an average value of excess PWP, calculated from the nodes just above and below
the pile tip, has been reported here. The simulation results are found to compare well against
the field data reported by Indraratna et al. (1992). The accurate measurement of excess PWP
data in field is an extremely difficult process which will also have its implications on the slight

variations noticed between the simulated results and the reported field data. It is important to
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note here that the initial pore-water pressure dissipation characteristics is largely governed by
the amount of excess pore-water pressure generated during the penetration phase. In this regard,
Indraratna et al. (1992) has clearly reported that a significant scatter in the pore-water pressure
time-history had been noticed for multiple piezometer locations. Further, it has also been
mentioned that the presence of undissipated pore-water pressure due to the pile penetration
process has induced some complications in the monitoring of the actual pore-water pressures
in the consolidating clay layer, which might attribute to the sudden decrease in the recorded
initial pore-water pressure dissipation profile. Given all the possible sources of uncertainty in
the field measurements thereby leading to some marginal deviations, it can be yet noticed that
the simulation is successful in aptly capturing (i) the magnitude of excess pore pressure
generated just after pile penetration and (ii) the general trend in the long-term dissipation of
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Fig. 8: Comparison of the excess pore-water pressure dissipation between field records and
FEM simulations at depths (a) 8 m and (b) 20 m, respectively, during the post-penetration
consolidation period.

3. Post jacking simulation

After the completion of pile jacking, a surcharge load has been applied over the
soil surface for the successive generation of negative skin friction. In order to explore the effect
of jacked and in-place methods on the development of negative skin friction, this has been
further followed by a consolidation step in the simulation process. A 10 m radius cylindrical
surcharge loading with surface stress intensity of 34 kPa has been applied only on the

surrounding soil, without applying the same on the pile head.

Interfacial friction is essential in order to generate the negative skin friction on the pile.
The Coulomb friction model has been employed here to simulate the soil-pile interface. As the

simulations are carried out for the bitumen coated pile, a low value of the frictional coefficient,
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us = 0.1, has been employed for the soil-pile interface. Even after applying all the earlier
referred pre-processing steps (i.e., selection of half-cone angle, contact stiffness parameter and
optimal mesh discretization) and interface properties, simulation of pile penetration process
can be extremely difficult due to severe element distortion at the pile-soil interface. In order to
resolve this issue, an automatic stabilization scheme has been used with a constant damping
factor. This damping factor has been determined in such a way that the dissipated energy

fraction remains equal to a nominal value of 0.0002 (Abaqus User’s Manual, 2018).

The geometry, material properties and the other model parameters are kept similar for
both jacked and in-place cases as mentioned earlier. After the completion of penetration
process, a surcharge load of 34 kPa has been applied over the surrounding soil in a step of
86400 s (1 day). Further, the soil has been allowed to consolidate until the excess PWP in the
soil get substantially dissipated, and this process has been carried out for a time period of 17000
days (1.47x10%s). It is to be noted that the only difference for the ‘in-place’ case is that the
pile has been placed after replacing the soil mass without allowing any penetration and hence,

no displacement boundary condition is required to be imposed on the pile head.

4. Post-surcharge loading response of jacked and in-place piles

Application of surcharge load over the soil domain introduces negative skin friction,
and the same has been assessed through the numerical simulation. The shear stress profile,
axial load and PWP distribution, effective radial stresses, contact status (i.e. slip or stick
condition), settlement at the pile tip, and effective mean pressure obtained from the jacked and

in-place cases, are compared in this section.
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Shear stress and neutral plane

Figure 9 shows the shear stress along the depth of the pile for both jacked and in-place
cases, after the end of the consolidation step. It can be noted that the jacked case shows
mobilization of higher negative shear stress, i.e. higher negative skin friction, which is nearly
double of that obtained from the in-place case. It can be further noticed that the pile installation
type significantly influences the location of neutral plane. It can be observed from Fig. 9 that
the neutral plane for the jacked case is located at approximately 17 m depth, which is about 3.5
m below the corresponding neutral plane for the in-place case. A general consensus is that
stiffer the material at the pile base, deeper will be the location of the neutral plane (Fellenius,
1984; Lee and Ng, 2004). Hence, as it is expected that the pile jacking procedure would lead
to an increase in the long-term stiffness of the soil beneath the pile as compared to the in-place

case, the location of the neutral at larger depth for the former case is justified.
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Fig. 9: Shear stress variation along the pile depth at the end of consolidation phase and location
of the neutral planes.
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Drag load and total pore-water pressure

Figure 10 shows the variation of vertical drag load along with the depth of the pile. For
both the cases (jacked and in-place), increment in drag load has been obtained by integrating
the shear stress over the pile surface area. The drag load attains its maximum value at the
location of the corresponding neutral plane. For the jacked case, the maximum value of the
drag load is almost twice that achieved from the in-place case. The total PWP (POR) profile
obtained from the jacked and in-place cases, just after the application of surcharge load, has
been compared in Fig. 11 and a significant difference can be observed between the PWP
generated from these two methods. Larger PWP is observed at the pile tip for the jacked case
that is not evident for the latter one. This is owing to the jacking process that yields high-stress
concentration and subsequently higher accumulation of PWP near the pile tip.
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Fig. 10: Drag load variation at different depth along the pile at the end of consolidation phase.
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and (b) in-place case just after application of surcharge loading.

Effective radial stress

For jacked and in-place cases, Figure 12 shows the comparison of effective radial stress
along the soil-pile interface at the end of the consolidation step. It can be observed that the
jacked case exhibits higher effective radial stress along the interface and attains maximum
value of 220 kPa near the pile base, while the maximum effective radial stress is 76 kPa for the
in-place case. Figure 13 shows the evolution of effective radial stress for the jacked pile at
various stages of the simulation. It can be observed that the effective radial stress remains
unaltered during the surcharge loading phase and is almost similar to that in the initial
condition. This implies that any possible increase in the total radial stress, attributed by the
combined effect of pile jacking and subsequent surcharge loading, is almost completely borne
by the generated excess pore-water pressure. It is justified considering the fact that the
surrounding soil can still be undergoing undrained deformation during the jacking phase and

the subsequent application of surcharge loading. This is also evident through the higher excess
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pore-water pressure observed for the jacked pile at the commencement of the consolidation
phase, as further discussed in a later section. Such higher excess pore-water pressures in the
jacked case also indicate that in comparison to the in-place case, a larger total radial stress
would be developed at the end of the surcharge loading phase. With the dissipation of excess
pore-water pressure due to radial consolidation, the increased total radial stress is transferred
as an increased effective radial stress at the soil-pile interface of the jacked pile. However, as
the total radial stress is observed to be comparatively smaller for in-place case, the effective
radial stresses transmitted are also smaller (Fig. 12). Hence, it can be concluded that the
increased total radial stress in the jacked case induces a squeezing action that is not recognized
for the in-place case, and the same is responsible for the generation of higher negative skin

friction in jacked pile.
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Fig. 12: Comparison of effective radial stress variation along the pile depth at the end of
consolidation phase for the two different pile installation cases.
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Fig. 13: Comparison of effective radial stress for the jacked case at various stages of simulation.

Contact status

Figure 14 shows the comparison of contact status at the end of consolidation phase, i.e.
slip or stick condition, for the jacked and in-place cases. The contact status at the pile-soil
interface has been indicated in the graph by two notations, i.e. ‘1’ or ‘2’, where ‘1’ implies a
slip condition and ‘2’ implies a stick condition. A slip condition indicates that the plastic state
has been reached at the soil-pile interface. For both the cases, soil-pile contact is observed to
be in a state of slip for the upper part of the pile i.e. up to a penetration depth of approximately
10 m from the surface (Fig 14). This is due to the radial dissipation of the excess PWP, which
leads to the excessive soil settlement near upper part of the pile. The plastic slip state has been
noticed up to 14 m depth in the jacked case, which is almost 3-4 m deeper than the in-place
case (Fig. 14). Pile penetration process attributes higher excess PWP in the adjacent soil than

the in-place case, which upon radial consolidation, results in higher soil settlement. This might
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be a reason for the deeper plastic slip state in the jacked case. The in-place case shows a slip
condition again at the lower end of the pile. This is not due to the negative skin friction as the
shear stress profile in this region is positive as shown in Fig. 9. This could be attributed to a

higher settlement of the pile relative to the soil, which is further discussed in the next section.

Contact status (1-slip, 2-stick)
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Fig. 14: Comparison of contact status, i.e. slip or stick, for the two different pile installation
cases at the end of consolidation phase.

Settlement of pile

For both the jacked and in-place case during the consolidation process, Fig. 15 shows
the settlement assessed at a node on the inclined face of the pile-tip half-cone. The settlement
noted for the in-place case is in the order of 8 mm, while the settlement observed for the jacked
case is about 1 mm (the negative sign implies a downward movement). Since the penetration
process enhance the soil stiffness, low settlement is expected at the bottom of the pile for the

jacked case. Due to the higher settlement observed at the tip of the in-place pile, the contact
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status shows a slip condition again at the lower end of the pile (as is already pointed out at Fig.

14).
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Fig. 15: Comparison of settlement of a node located at the pile base for jacked and in-place
case during the consolidation phase.

A slight upward movement of pile has been noticed for both the in-place and jacked
piles after few days of consolidation. This behaviour can be explained by observing the excess
PWP dissipation profile of each layer during the consolidation phase. In this regard, excess
PWP data has been extracted for points at a radial distance of 0.5 m from the soil-pile interface
and located at 1, 3, 7, 15 and 22 m depth from the ground surface, and are plotted against the
time as shown in Fig. 16 (a and b). The consolidation settlement of the soil depends upon the
excess PWP generated before commencing of the consolidation process, the length of drainage
path and permeability of the soil layers under consideration. Since the drainage boundary is

located at the level of the ground water table and the top soil layers have higher permeability
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than the underlying layers, relatively rapid PWP dissipation has been noticed from the top soil

layers.

For both the in-place and jacked pile, immediately after the application of the surcharge
load on the ground surface, a rise in the excess PWP has been noticed at the 3, 7, 15, 20 and 22
m depths (Fig. 16). It is to be noted that the developed excess pore-water pressure is higher at
20 m depth in comparison to that developed at a greater depth of 22 m. However, for the jacked
pile, the magnitude of the excess pore-water pressure is significantly higher at 20 m depth due
to the penetration process itself. With the subsequent consolidation process, it is expected that
the developed excess pore-water pressure will get dissipated in all the directions. Due to the
presence of the drainage boundary at the level of water table (as shown in Fig. 1), a quicker
dissipation is induced in the upward direction. Additionally, due to the existence of a lower
excess pore-water pressure at the depth of 22 m developed at the initial stages, a dissipation
takes place in the downward direction as well. This is evident from the increase in the excess
pore-water pressure at 22 m depth from the 20" day, for both the jacked and in-place case. This
increase in the excess pore-water pressure subsequently increases the total normal stress in the
soil layer just beneath the pile tip (i.e. the soil stratum at 20-22 m), thereby leading to a slight
upward displacement of the pile (as illustrated in Fig. 15). With the further dissipation of the
excess pore-water pressure from the least permeable layer due to the continued consolidation
process, a marked increase in pile settlement can be noticed approximately beyond 2500 days.
However, the overall pile settlement is observed to be smaller in the jacked case as compared
to the in-place case. This is attributed to the penetration process associated with the former one,
which resulted in an overall higher mean effective stress (as shown in Fig. 17a) and increased

stiffness at the bottom of the jacked pile.
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628  phase.
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Effective mean stress

The development of effective mean stress throughout the consolidation process in an
element just below the pile tip has been compared in Fig. 17a. The effective mean stress for
the in-place case remains fairly constant during the consolidation process; whereas, a stark
increment of about 50% has been observed for the jacked case. The excess PWP dissipation
curve has also been plotted for a node adjacent to the pile tip (Fig. 17b) and a significant
reduction in the excess PWP has been noticed for the jacked case. Hence, it can be concluded
that the process of pile jacking results in an increase in the total mean stress near the pile tip,
which leads to a significant increase in the effective mean stress of the soil due to the dissipation
of PWP during the consolidation phase. The same trend can be noticed from Fig. 18, which
shows a comparison of spatial distribution of effective mean stress (S) for both the pile
installation cases at the end of consolidation step. Such increased effective mean stress for the
jacked case eventually leads to an enhanced stiffness and further reduction in the pile settlement
as discussed in the previous section. It can be noticed that for the jacked case, there exists a
small region near the pile base, which experiences a decrease in effective mean stress. This
might be due to the formation of an expansion zone at some depth beneath the pile tip (as in
Fig. 18a), as has been also noticed in the simulations of pile penetration by the past researchers

(Sheng et al., 2005).

36



200

180 ‘ Jacked

h

—
(=)
=]
1
o
d

—

.

[=]
|

—

9

=]
1

=]
[=]
!

=)
=]
L

Effective mean stress (kPa)
[y
(=]
=
1

.
=]
L

In-place

0.001

648
649

1 10

100 1000
Time (days)

(@)

10000 100000

200

o
=)
=]
]
T

120 +

[+_=]
=]
]

T

o
(=]
|
T

AN

Excess pore-water pressure (kPa)

Jacked

0.001

650
651

652
653

654

10 1000
Time (days)

(b)

37

100000

Fig. 17: Comparison of (a) effective mean stress and (b) excess pore-water pressure developed
beneath the pile base for jacked and in-place case during the consolidation phase.
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Conclusions

The present study attempts to explore the role of pile installation schemes on the
generation of negative skin friction by performing numerical simulations considering two
different cases, first an in-situ installation scheme and the second one addressing the jacking
process at a constant penetration rate. The pile jacking process has been simulated by an
updated Lagrangian approach in a 2D axisymmetric finite element framework and the
nonlinear pile-soil interaction has been modelled through the penalty stiffness method. In order
to achieve an effective pile penetration simulation within a large-deformation based finite
element simulation framework, a series of pre-processing steps prior to the actual analysis is
necessary. These includes placement of a rigid thin solid tube to enable axisymmetric boundary
condition while pile jacking, selection of cone angle, contact stiffness parameter and optimal
mesh discretization. A detailed study of the influence of these parameters has been carried out

and their optimum values are identified and further employed in the simulation. The adopted
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simulation approach has been validated against the field study reported by Indraratna et al.
(1990) in terms of the generated excess pore-water pressure during the penetration process and

its subsequent dissipation with time.

To compare the effect of pile installation schemes on the eventual development of
negative skin friction, this paper considers surcharge loading applied only on the surrounding
soft clay and no such surcharge load is applied on the pile itself. The two most important
differences in pile response for the two installation procedures, which emerge from the
numerical study, are the axial load response and the pile-tip settlement response. Dissipation
of higher induced excess pore water pressures during pile jacking and the comparatively lower
location of the neutral plane lead to higher negative stresses acting along a larger
circumferential area of the pile inducing a larger axial load for the jacked case as compared to
the in-place case. In this study, the maximum axial load was recognized to be approximately
2.5 times larger when the jacking process was simulated as compared to the in-place case. This
indicates that careful considerations have to be made in terms of the structural strength or
capacity of the pile, especially after the additive surcharge load is applied and there is a
considerable chance that in-place simulations might underestimate the total axial load acting

on a jacked pile.

Jacking of the pile followed by consolidation is observed to produce much larger mean
effective stresses in the soil at the pile base as compared to the in-place simulations. This
indicates that the actual contribution of base resistance to the final bearing capacity of the pile
is higher than that indicated by in-place simulations. This potential improvement in soil
strength near the pile base due to jacking is completely overlooked by in-place simulations
which might produce higher estimates of expected settlement leading to overly conservative

designs.
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