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Abstract. Finite element analyses using coupled Eulerian-Lagrangian technique are performed to investigate the effect of soil
conditions on plugging of open-ended piles in sands. Results from numerical simulations are compared against the data from
field load tests on three open-ended piles and show very good agreement. A parametric study focusing on determination of the
coefficient of lateral earth pressure (K) in soil plug after pile driving are then performed for various soil densities, end-bearing
conditions, and layering conditions. Results from the parametric study suggest that the K value in the soil plug — and hence the
degree of soil plugging — increases with increasing soil densities. The analysis results further show that the K value within the
soil plug can reach about 63 to 71% of the coefficient of passive earth pressure after pile driving. For layered soil profiles, the
greater K values are achieved after pile driving when the denser soil layer is present near the pile base regardless of number of
soil layers. This study provides comprehensive numerical and experimental data that can be used to develop advanced theory for
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analysis and design of open-ended pipe piles, especially for estimation of inner shaft resistance after pile driving.
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1. Introduction

Open-ended steel pipe piles have been widely used as a
foundation system to support offshore structures, such as oil
platforms and wind turbines, because of their easier
drivability compared to closed-ended pipe piles.
Furthermore, open-ended steel pipe piles have become a
more attractive option even for onshore structures to resist
to extreme event loadings such as seismic event,
liquefaction, vessel collision, scour and ice (Brown and
Thompson 2015). During the driving of an open-ended pipe
pile, soils initially enter an empty space inside the pile and a
frictional resistance between the soil and inner surface of
the pile develops. As the pile is driven deeper into the soil,
the soil inside the pile becomes denser and stiffer and,
hence, inner shaft resistance increases until a soil plug is
formed. The plugged soil inside the pile prevents additional
soil from entering the inside of the pile, known as full
plugging. When an open-ended pipe pile is fully plugged, it
may behave as if it was closed-ended condition.
Consequently, there are situations where a refusal is reached
during driving of open-ended pipe piles for offshore
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projects due to internal soil plug when dense sand layers are
encountered (Fattah and Al-Soudani 2016).

It is known that the drivability and the bearing capacity
of open-ended piles are highly affected by the degree of soil
plugging (Paikowsky 1989, Ko and Jeong 2015, Kodsy and
Iskander 2022). Factors influencing the degree of the soil
plugging can be generally classified into 1) pile geometry,
2) installation method, and 3) soil condition. According to
Szechy (1959), the length of soil plug decreases with the
increasing pile diameter for the same penetration depth. The
same behavior has been observed by subsequent studies by
other researchers (Lehane er al. 2005, Yu and Yang 2012,
Gudavalli et al. 2013). In addition, Klos and Tejchman
(1981) stated that the end-bearing capacity of open-ended
piles was almost equal to that of closed-ended piles when
the pile penetration depth was 17 times the pile internal
diameter and deeper; they further reported that the
difference between shaft resistance of the open-ended and
closed-ended piles was negligible for the pile penetration
depth reaching more than 30 times the pile internal
diameter.

Open-ended pipe piles are typically installed by either
driving or jacking them into the ground. Although the effect
of installation methods on soil plugging has not received
much attention, limited research studies showed that the
jacked piles had a greater tendency to plug than the driven
piles (De Nicola and Randolph 1997, Paik and Salgado
2004). According to Brown and Thompson (2015), this is
because, for driven piles, the inertial resistance of the soil
plug under high downward acceleration of the pile caused
by a hammer impact becomes large enough to cause the soil
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plug to slip. For driven open-ended piles, Brucy et al
(1991) described that the soil plug length increased with the
decreasing hammer weight and the increasing falling height
at a constant driving energy.

Soil conditions also play a major role in the soil
plugging. Many researchers investigated the effect of soil
condition, mainly relative density of sand, on the degree of
soil plugging (Kishida and Isemoto 1977, Kraft 1991,
Randolph et al. 1992, Paik and Lee 1993, Kikuchi et al.
2009). It has been observed that the soil plug length inside
the pile increased with the increasing relative density (Paik
and Lee 1993, Kikuchi et al. 2009, Seo and Kim 2017).
Although the previous studies provided general trends
between the soil plug length and soil condition, they were
based on the results from laboratory-scale model tests and,
therefore, findings from the studies may not be directly
applicable to field conditions.

Numerical analysis may become a very valuable tool to
investigate the effect of soil conditions on the plugging
phenomenon under field conditions. However, modelling
the driving process of open-ended pipe piles deep into the
ground is a large deformation problem and impose its own
numerical challenges due to severe mesh distortions and
moving boundaries. To overcome these limitations, the
Coupled Eulerian-Lagrangian (CEL) method has been
applied. For example, Ko et al. (2016) performed large-
deformation numerical analyses using the CEL technique
for field-scale piles to investigate various factors that
influence soil plugging. However, their study mainly
focused on the validation of the numerical model and
covered overall response of open-ended piles for different
pile diameters and driving energies, rather than
investigating the effect of soil condition on plugging
behavior in greater details. Despite the widespread use of
open-ended pipe piles, the change of stress state, especially
the radial stress, of the soil plug inside the pile is still poorly
understood.

This study presents results from large-deformation
numerical analyses focusing on the effect of soil conditions
on plugging of open-ended piles using the CEL technique.
The numerical model used in this study is validated through
comparison against results from high-quality field load
tests. Effects of model parameters related to soil conditions
such as friction angles, end-bearing conditions, and soil
layering profiles are studied and discussed. Particular
emphases are placed on investigations of the coefficient of
lateral earth pressure (K) after the pile driving for various
soil conditions.

2. Soil plugging of open-ended piles
2.1 Degree of soil plugging

The plugging of open-ended piles means that the space
inside is plugged up by soil, restricting or preventing
additional soil from entering the inside of the pile. As the
degree of soil plugging increases, the open-ended piles may
behave as if those were closed-ended conditions.
Qualitatively, the degree of soil plugging of open-ended
piles can be described as unplugged, partially plugged, or
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Fig. 1 Components of bearing capacity for open-ended pile
and definitions of plug length ratio (PLR) and soil plugging
index (SPI)

fully plugged condition. Typically, the degree of soil
plugging is quantified using the plug length ratio (PLR) or
incremental filling ratio (/FR). The PLR and IFR are
defined as follows

LS
PLR = © (13)
AL,
IFR=—
AL, (1b)

where L, = soil plug length, L, = pile penetration depth, 4L,
= increment of pile penetration depth, and 4L; = increment
of soil plug length corresponding to an increment of pile
penetration depth 4L,

Forces acting on an open-ended pile are composed of
outer shaft resistances (Q,u), inner shaft resistance (Qi),
resistance of annular pile base (Qum), and end-bearing
resistance (Opase) Of the soil beneath the base of the soil
plug, as shown in Fig. 1. It has been reported that the
contribution of top portion of the soil plug to the inner shaft
resistance Q;, is minimal, and most of the inner shaft
resistance is mobilized near the pile tip under the ultimate
load (Paikowsky 1990, Igoe et al. 2008, 2010, Ko and
Jeong 2015) (refer to load-distribution curve in Fig. 1). The
level of the inner shaft resistance mobilization can be
quantified using soil plugging index (SPI), defined as

L,
SPI === x100%
» @

where L; is the soil plug length and L; is the length of the
soil plug along which inner shaft resistance is mobilized.

2.2 Current design practice
Several design methods that use PLR or IFR to estimate

the ultimate capacity of open-ended piles have been
suggested (Paik and Salgado 2003, Lehane et al. 2005,
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Gudavalli ef al. 2013). However, the current design practice
is based on equilibrium of static forces acting on the pile
(American Petroleum Institute 2011). When an open-ended
pile is unplugged, the inner frictional resistance Qi is
smaller than the end-bearing resistance Q.. beneath the
soil plug and, therefore, additional soils enter inside the
pile. This means that only @, is fully mobilized as
resistance. On the other hand, when fully plugged, Q;, is
greater than Qp, and additional soils cannot enter, meaning
that only Qpwe is fully mobilized as resistance.
Consequently, the ultimate capacity (Q.) of the open-ended
pile is the summation of 1) the outer shaft resistances (Qou),
2) resistance of annular pile base (Qunm), and 3) soil plug
resistance (Qpug), Which is the smaller value of O, and
Obase, and expressed as follows

Qult = Quut + Qann + Qplug = qs,oul&,out + qb Ax,ann + qs.in A%,in

(32)
(unplugged)
Qult = Qout + Qann + Qplug = qs,cutAs,out + qb Aj,ann + qub,pIug
(3b)
(plugged)

where g0 = outer unit shaft resistance; Ao = outer
surface area of pile-soil interface (= 7zB,L, where B, is outer
pile diameter); ¢, = unit end bearing resistance; Ay =
annular area of pile base; g, = inner unit shaft resistance;
Asin = inner surface area of pile-soil interface (= 7zBiLs
where B;is inner pile diameter); and A pug = cross-sectional
area of soil plug.

The unit shaft resistance (g) of piles driven in sands can
be computed from the horizontal effective stress (o”) acting
on the pile surface and the frictional properties between the
pile and soil interface as follows

g, =o,tand =Ko tan s (4

where K = coefficient of lateral earth pressure (= o’/c%);
o', = vertical effective stress; and & = soil-pile interface
friction angle. The K and tand terms are often incorporated
together as shaft friction factor S (= Ktand), and Eq. (4)
then becomes ¢, = pfo’. According to the American
Petroleum Institute (2011), £ values vary between 0.37 and
0.56 for open-ended pipe piles driven in medium dense to
very dense sands.

The API (2011) guideline further suggests that the unit
end bearing resistance for piles installed in sands be
obtained as follows

qb =N qa\:b (5)

where o7, = vertical effective stress at the pile tip; and N, =
end bearing factors ranging between 20 and 50 for medium
dense to very dense sands.

Current practice for geotechnical design of open-ended
piles uses Eqgs. (4) and (5) to compute the unit shaft
resistance and unit end bearing resistance and then takes the
smaller value of the capacities computed from Egs. (3(a))
and (3(b)) as the ultimate capacity. During this process, it is
commonly assumed that the inner and outer unit shaft
resistances are the same (¢sin = ¢sowr = ¢s). Further, it is
assumed that the K value remains constant with respect to
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Fig. 2 Arching mechanism of soil plug for open-ended piles
(modified after Paikowsky (1990))

depth for the same soil condition. In reality, however, the K
values of the soil plug at the end of the pile driving depend
on the initial density of sands, distance from the pile tip,
and degree of soil plugging, and therefore differ from those
of outside soil. Several researchers (Paik and Lee 1993, De
Nicola and Randolph 1997, Jeong et al. 2015) suggested
methodologies for evaluating inner shaft resistance
considering the development of K values after the pile
driving. However, it is extremely difficult to accurately
determine the inner shaft resistance of an open-ended pipe
pile because the K value of the soil plug after the
completion of the pile driving cannot be measured in
routine piling (Malhotra 2002).

2.3 Development of lateral stress in the soil plug

Paikowsky (1989, 1990) conceptually described the
mechanism of the build-up of lateral stresses in the soil plug
using arching effect. According to Paikowsky (1989), when
a pile is moving downward during the driving (equivalent to
the upward movement of the soil), soils resisting such
downward movement should naturally form a concave arch
(downward). However, for the open-ended pipe piles, the
frictions between soil and inner surface of the pile are very
small during the initial penetrations at shallow depths and,
therefore, soils cannot develop enough resistances to the
upward pushing forces. Consequently, the concave soil
arches fail and soils continuously flow upward, leading to
reverse shapes of convex arches near the top of soil plug
(refer to Fig. 2). This implies that the vertical stress along
the centerline of the pile is a major principle stress and K
value is smaller than 1 where the convex arches are
observed.

Upon further penetration, the inner frictional resistances
increase continuously because soil plugs become denser. At
a certain depth below the top of the soil plug, the resistance
will become large enough to resist to the upward pushing
force and the arch will not be destroyed. Paikowsky (1989)
called the portion of the soil plug in this stress state as a
transition layer and argued that a hydrostatic stresses (K =
1) will exist in the transition layer.
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Fig. 3 Finite element mesh for CEL analysis

Further penetration and the build-up of lateral stresses
will provide sufficiently large resistances to the upward
pushing forces and allow the development of concave arch
near the bottom of the soil plug (refer to Fig. 2). Paikowsky
(1989) stated that these arches might transfer lateral stresses
at the pile-soil interface that are greater than the vertical
stresses, leading to K value larger than 1 where the concave
arches are observed.

In order to accurately predict the inner shaft resistance
of open-ended piles, it is necessary to obtain the stress state
in the soil plug after driving. However, as Malhotra (2002)
stated, “the lack of knowledge of the state of stress in the
soil plug makes it impossible (so far) to determine the
actual coefficient of [lateral] earth pressure.” Investigating
the coefficient of lateral earth pressure of the soil plug
through large number of full-scale load tests for various
conditions may not be feasible for practical and economical
reasons. As an alternative solution, the authors numerically
investigate the response of soil plug in various soil
conditions in this study, focusing on estimation of
coefficient of lateral earth pressure at the end of the pile
driving, using the CEL technique.

3. Coupled-Eulerian-Lagrangian finite elements
analysis

Traditional numerical approaches based on the
Lagrangian coordinates have limitations when performing
large-deformation problems due to contact problems and
severe mesh distortions. To overcome these limitations, the
CEL method has been recently applied in geotechnical
engineering. The CEL method has advantages of both the
Lagrangian and the Eulerian coordinates.

Because the CEL method does not require re-meshing,
severe mesh distortions causing numerical instability do not
occur in a CEL analysis (Qiu et al. 2011, Tho et al. 2012,
Ko et al. 2016). Due to such advantages, the CEL method
has been widely used to investigate the large deformation
problems such as offshore anchoring techniques (Tho et al.
2012, Yi et al. 2012, Tho et al. 2014, Bienen et al. 2015,
Kim et al. 2015a, b, Zhao and Liu 2015, Lai et al. 2020),
debris flow (Lee and Jeong 2018, Lee ef al. 2019), driven
piles (Pucker and Grabe 2012, Tho et al. 2014, Ko et al.
2016, Chen et al. 2020), static cone penetration process
(Gupta et al. 2016), impact of high-speed water jet (Hsu et
al. 2013), and TBM excavation (Kim and Jeong 2021) .

In this study, the CEL method in ABAQUS/Explicit
(Dassault Systemes 2018) is employed to simulate the
response of soil plug in open-ended piles during driving.
The pile and soil are considered as the Lagrangian and
Eulerian coordinates, respectively. The Eulerian domain for
soil is composed of two layers: soil layer and void layer.
The void layer is provided so that the soil can be heaved
and moved into the empty element and has zero strength
and stiffness (Ko et al. 2016).

Fig. 3 shows a typical finite element (FE) mesh and
boundary sizes of the soil and pile for the quarter domain
because of the symmetrical modelling. The radial boundary
is fixed at 10R (where R is a pile radius) from the center of
the pile. Also, the bottom boundary is set at a distance L
(where L is a pile length) below the pile base, which
resulted in a minimum distance of 30 pile diameter which is
deemed sufficient to avoid boundary effects (Ko et al
2016).

The symmetric boundary conditions are imposed on the
two planes of symmetry by prescribing a zero flow velocity
normal to these planes. Also, no radial flow is permitted at
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Fig. 4 Soil profiles with SPT results and geometries of instrumented piles

the curved face representing the far-field boundary, and no
vertical flow is permitted at the base of the model (Tho et
al. 2012, Ko et al. 2016). The pile and soil are represented
as the eight-noded Lagrangian brick elements (C3D8R) and
eight-noded  Eulerian brick elements (EC3D8R),
respectively.

The general contact element method based on the
penalty contact method in ABAQUS is applied to interface
between Eulerian and Lagrangian coordinates in this study.
The master surface tracks nodes in the slave surface using a
search algorithm known as the contact tracking algorithm
(Tolooiyan and Gavin 2011, Ko et al. 2016). The interface
element modelled by the Coulomb’s frictional model is
employed to simulate the pile-soil interface. The friction
coefficient x# of 0.3 is chosen in this analysis following
Randolph and Wroth (1981).

The geostatic stress is applied in a predefined step to
consider initial equilibrium state. After applying the initial
step for geostatic stress, a pile driving force is imposed at
the pile head to simulate the pile installation process.
Although very limited studies have been performed on
modelling of the impact pile driving using FEM due to the
numerical challenges, Mabsout et al (1995, 1999)
successfully implemented pile driving process into FEM by
applying a “forcing function” at the pile head using the
measured force profile by Goble ef al. (1980). In Mabsout
et al’s study (1995, 1999), the peak force of 2,500 kN
measured by pile driving analyzer (PDA) was reduced by
20% to avoid excessive tensile stress in the pile, and then
the reduced peak force was applied at the pile head as a
transient force for a duration of 0.04 sec in the FEM
analysis. The present study follows the same approach but
with a greater peak force because the pile diameter and soil
stiffness employed in this study are greater than those in the
study by Mabsout et al. (1995, 1999).

Maximum rated energies of pile driving hammers that
are commonly used to install 0.5-m-diameter open-ended
piles in sandy soils — the conditions used for parametric

study in this paper — vary from about 60 kNm to 170 kNm
(Gudavalli ef al. 2013, Caltrans 2015, Ko and Jeong 2015).
Considering that the efficiency of pile driving hammers
ranges between 0.5 and 0.95 depending on hammer types
(Rauche 2000), a maximum driving energy of 100 kNm
(i.e., equivalent to a hammer weight of 100 kN with a
falling height of 1 m) is selected for this study. The
maximum energy is first converted to a peak force (11,068
kN) based on Newton’s second law and then reduced by
20% as done by Mabsout et al. (1995, 1999). Finally, a
discrete hammer blow is applied by a loading curve with the
reduced peak force (8,854 kN) for a duration of 0.04 sec.
Fig. 3(b) shows the loading curve employed in this study.

4. Validation against results from field load tests
4.1 Field load tests

Ko and Jeong (2015) performed full-scale field load
tests, both dynamic and static axial compression load tests,
on three open-ended steel pipe piles instrumented with
strain gauges at the Kwangyang Substituted Natural Gas
(SNQG) plant site in Korea. Outer diameters of three test
piles (TP-1, TP-2, and TP-3) were 508, 711.2, and 914.4
mm, respectively. Subsurface profile at the test site
consisted of a loose to medium dense sandy fill from the
ground surface to a depth of 15 m. The standard penetration
number (N value) of the sandy fill ranged from 8 to 18.
Below the sandy fill layer, a medium dense sand layer was
encountered with SPT N values ranging from 12 to 27. The
three test piles were driven to depths ranging from 8.6 to
15.5 m. Fig. 4 shows the soil profiles and geometries of
instrumented test piles. Based on laboratory test results, the
specific gravity (G;), the coefficient of uniformity (C,), and
the coefficient of curvature (C.) of the sandy fill were
determined to be 2.70, 2.00, and 1.01, respectively.
According to the Unified Soil Classification System
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Fig. 5 Double-walled instrumented piles
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Fig. 6 Axial load transfer curves of inner piles along the soil
plug lengths under ultimate loads

(USCS), the sandy fill from ground surface to 15 m was
classified as SP, and the medium dense sand below the fill
was classified as SM.

To measure various components of bearing capacity of
open-ended piles such as outer shaft resistance (Qou), the
inner shaft resistance (Qi), and the annulus capacity (Qum),
the test piles were prefabricated as double-walled pipe piles
(two concentric pipes with inner one having slightly smaller
diameter than the outer one), as shown in Fig. 5. A total of
20 electrical resistance strain gauges and 12 vibration wire
strain gauges were instrumented along outside of the inner
pile and inside of the outer pile to measure the inner (Q;,)
and outer shaft resistances (Opu).

To calculate the PLR, the soil plug lengths (L,) were
measured at the end of pile driving. The measured soil plug
lengths of TP-1, TP-2, and TP-3 were 3.8 m, 8.7 m, and
13.2 m, respectively, at final penetration depths,
corresponding to PLR values of 0.44, 0.76, and 0.85,
respectively. Axial loads along the pile were obtained from
the strain gauge measurements, and Fig. 6 shows
distributions of the axial loads along the inner piles under
the ultimate loads (further details on the results from the
pile load tests can be found in Ko and Jeong (2015)). For all
cases, most of the inner shaft resistance Q;, is mobilized
near the pile tip under the ultimate load. Based on the axial
load distribution curves, the mobilized soil plug lengths L;
of TP-1, TP-2, and TP-3 were determined to be 1.3, 2.0, and
2.3 m under the ultimate loads, respectively, corresponding
to SPI values of about 34%, 23%, and 17%, respectively.

4.2 Comparisons with field load tests

To validate the CEL modelling, results from numerical
simulations are compared with the field load tests data
reported by Ko and Jeong (2015) both quantitatively and
qualitatively. The input parameters for model validation are
summarized in Table 1.
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Table 1 Input parameters for validation of numerical model
(Kwangyang full-scale tests)

n o Poisson’s
Type Model (KN/m?) £ (MPa) (degrees) ¢ (kPa) ratio, v
Mohr-
Sand Coulomb 17.6 13.5 32 0 03
Pile LM 50 210,000 - - 0.2
Elastic
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Table 2 Comparisons of PLR and SPI

Test PLR SPI (%)
Pile

CEL
CEL Measured CEL Measured——
Measured Measured
TP-1 0.52 0.44 1.18 40 34 1.18
TP-2 0.75 0.76 0.99 23 23 1.00
TP-3  0.90 0.85 1.06 13 17 0.76

White et al. (2005) explained possible trajectories of soil
particles flow and distribution of radial stress during driving
process of open-ended piles. As shown in Fig. 7(a), radial
stresses near the pile tip increases with an increase of
degree of soil plugging because larger radial displacements
are required for the same amount of penetration. Similarly,
the relative displacement of radial soil flow (J,), defined as
the amount radial displacement from its initial location,
depends on the degree of soil plugging. The o, of open-
ended piles increases with an increase of degree of soil
plugging, and the J, approaches that of closed-ended piles
when fully plugged (White ez al. 2005).

Since radial displacements and changes of stress state in
soils could not be measured from the full-scale field tests,
qualitative validations are made against the schematic plot
of Fig. 7(a). Figs. 7(b) and 7(c) represent the plots of
velocity vector and radial stress from the CEL analyses for
TP-1 (B, = 508 mm) and TP-3 (B, = 914.4 mm),
respectively. As seen in Figs. 7(b) and 7(c), the relative
displacement of radial soil flow J,; of TP-1 is greater than
that (d,3) of TP-3. In addition, the magnitude of radial stress
and its influence zone for TP-1 are greater than those of TP-
3. These results are well in agreement, qualitatively, with
the schematic plot shown in Fig. 7(a). These results further
indicate that the degree of soil plugging of the open-ended
piles increases with a decrease in the pile diameter in the
same soil conditions, which is consistent with the previous
studies (Szechy 1959, Klos and Tejchman 1981, Paikowsky
1989, Gudavalli er al. 2013, Seo and Kim 2017).

The effect of pile diameter on the degree of soil
plugging becomes more evident in quantitative comparison.
Table 2 presents comparisons of PLR and SPI values
obtained from the CEL analyses with those measured in the
field tests. Both the CEL analyses and field tests suggest
PLR increases with increasing diameter, indicating decrease
of degree of soil plugging. The ratio of predicted PLR from
the CEL analysis to the measured value ranges 0.99 to 1.18.
On the other hand, both the CEL analyses and field tests
suggest SPI values decrease with increasing pile diameter,
indicating decrease of degree of soil plugging. The ratio of
predicted PLR from the CEL analysis to the measured value
ranges from 0.76 to 1.18. Both qualitative and quantitative
comparisons suggest that the CEL model employed in this
study is reasonable enough to conduct a parametric study.

5. Parametric studies

To investigate the effect of soil conditions on the
plugging behavior of open-ended piles, a series of CEL

analyses were performed for various 1) soil densities, 2)
end-bearing conditions, and 3) soil layering cases. An open-
ended steel pipe pile with an outer diameter of 0.5 m and a
wall thickness of 10 mm was considered in the parametric
study. The pile was driven to a depth of 15 m using the
forcing function described earlier in the numerical
modelling section. The coefficient of lateral earth pressure
at rest (Ko) before pile driving was taken as 0.4 for all
analyses. In this analysis, the variation of the coefficient of
lateral earth pressure (K) acting on the inner surface of the
pile is employed as an indicator to investigate the
relationship between the degree of soil plugging and the
influence factors. Table 3 summarizes the input parameters
used for the parametric studies.

5.1 Effect of soil density

The effect of soil densities on plugging behavior was
investigated by considering loose, medium dense, and dense
sands in the parametric study. Elastic moduli (£) for the
loose, medium dense, and dense sands were assumed to be
12.5, 22.5, and 32.5 MPa, respectively; similarly, peak
friction angles (¢#) were assumed to be 26, 34, and 39.5
degrees, for loose, medium dense, and dense sands,
respectively (refer to Table 3). Poisson’s ratio was taken as
0.3 for all soil conditions.

Fig. 8(a) shows the coefficient of lateral earth pressure
K acting on the inner surface of the pile versus the distance
from the pile tip (Lsp) for various soil conditions. Medium
dense sand and dense sand show that K values are close to
initial value (Ko = 0.4) or slightly larger than the initial
value but still smaller than 1 for upper portion of the soil
plug. The K values then start to increase and reach
maximum values that are greater than 1 near the pile base
and decrease toward the pile base. Such a trend is in very
good agreement with the aforementioned conceptual model
proposed by Paikowsky (1989). The loose sand shows
similar behavior although the K values for the upper portion
of the plug is close to 1.

The largest K values within the soil plugs were 1.6, 2.5,
and 3.2 for loose, medium dense, and dense sands,
respectively. Lengths of soil plug L, at the end of pile
driving process (i.e., L, = 15 m) obtained from the CEL
analysis were 6.75, 9.75, and 10.95 m for loose, medium
dense, and dense sands, respectively; this corresponds to
PLR values of 0.45, 0.65, and 0.73 for loose, medium
dense, and dense sands, respectively. The trend of
increasing PLR with increasing density of soil has been
observed in many experimental studies (Paik and Lee 1993,
Paik and Salgado 2003, Kikuchi et al. 2009, Seo and Kim
2017), and the CEL analysis results from this study support
that. Also, for medium dense and dense sands, K values
along the top portions of the soil plug are smaller than 1
whereas those near the pile tip are greater than 1.

The portions of the Fig. 8(a) where K values start to
increase significantly and therefore mostly exceed 1 are
plotted separately in Fig. 8(b); these portions of the curves
are essentially equivalent to the lengths of mobilized soil
plug lengths L; for each soil condition. Note that the
distance from the pile tip on the vertical axis in Fig. 8(b) is
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Table 3 Input parameters for the parametric studies

Parameter Case Remarks E (MPa) EEe (MPa) ¢ (deg.) ¢k (deg.) c (kPa)  Poisson’s ratio, v
Sand1 Loose sand 12.5 - 26.0 - 0.0 0.30
Density Sand2  Medium sand 22.5 - 34.0 - 0.0 0.30
Sand3 Dense sand 325 - 39.5 - 0.0 0.30
Floating  Floating pile 22.5 - 34.0 - - 0.30
be]:E;(ilt;g 0Om 0 m embedded 22.5 32.5 34.0 39.5 - 0.30
condition 1-3m 1.5m embedded 22.5 32.5 34.0 39.5 - 0.30
3.0m 3.0 m embedded 22.5 32.5 34.0 39.5 - 0.30
. SL1-SL6 Loosesand 12.5 - 26.0 - 0.0 0.30
Layering . .
.. 2 (See Fig. Medium sand 22.5 - 34.0 - 0.0 0.30
condition
11) Dense sand 32.5 - 39.5 - 0.0 0.30

normalized with respect to L (values of L;; were 2.5, 4.7,
and 2.4 m for loose, medium dense, and dense sands,
respectively, as shown in Fig. 8(a)). Although no obvious
trend on how the K values vary with soil densities along the
entire length of L; is identified, it is observed that the K
values increase with increasing relative density near the pile
tip (0 < Lyy/Lis < 0.3). The maximum K values observed for
each soil density were 1.6, 2.5, and 3.2 for loose, medium
dense, and dense sands, respectively, and these K values
correspond to about 63%, 70%, and 71% of the coefficient
K, of passive earth pressure, respectively. In fact, Kraft
(1991) argued that the lateral earth pressure may approach
passive conditions as the advancing pile displaces the soil,
and this study supports his argument.

5.2 Effect of end-bearing condition
Driven piles are often tipped into bearing stratum. To

investigate the effect of the end-bearing conditions on the
plugging effect, additional analyses were performed in a

two-layered soil with the upper layer with £ = 22.5 MPa
and ¢ = 34° and the lower end bearing layer £r = 32.5 MPa
and ¢z = 39.5° (refer to Table 3). A total of four cases were
analyzed: 1) a friction pile with the pile tip located 1.5 m
above the bearing layer (i.e., L, = Zpearing —1.5 m, where L, =
pile penetration depth and zjearing = depth to the top of the
bearing layer below ground surface), 2) an end-bearing pile
directly resting on the bearing layer (L, = Zpearing), 3) an end-
bearing pile with the pile tip embedded 1.5 m into the
bearing layer (L, = Zpearing + 1.5 m), and 4) an end-bearing
pile with the pile tip embedded 3 m into the bearing layer
(Lp = Zbearing + 3 m). Fig. 9 illustrates these four cases.

Fig. 10 presents the distribution of the K along the
normalized distance from pile tip, L,/Lis, for four different
end-bearing conditions. The end-bearing conditions show
very little difference in K values for the bottom one third of
the mobilized soil plug (0 < L;;/Lis < 0.3) and top one third
(0.7 < Lyp/Lis < 1.0). However, for the middle portion of the
mobilized soil plug (0.3 < Ly,/Lis < 0.7), it is observed that
the K values generally increase with the increasing
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embedment length in the bearing layer (i.e., L, — Zbearing),
indicating that the end-bearing piles have more influence on
the degree of soil plugging than the friction piles. As the
embedment length in the bearing layer (L, — Zpearing)
increases, more amount of denser (or stiffer) soils enters the
inside of the pile during the pile penetration and, therefore,
it is likely that the degree of soil plugging becomes higher.
These results are consistent with the findings from the
parametric study on the effect of the soil density in the
previous section.

5.3 Effect of soil layering
This section presents the effect of the soil layering on

the plugging effect. Fig. 11 shows the six layering profiles
considered in the parametric study. Profiles SL1 (two

5 5.0m Loose
Loose ense : sand
7.5m sand 7.5m sand
Medium
5.0m sand
Dense Loose
7.5m o 7.5m sand 50m Dense
sand

(a) SL1 (two layers) (b) SL2 (two layers) (c) SL3 (three layers)

Dense Loose Medium
5.0m sand 5.0m sand 5.0m sand
Medium Medium Loose
5.0m sand 5.0m sand 5.0m sand
50m Loose 5.0m Loose 50m Medium
sand sand sand

(d) SL4 (three layers) (e) SL5 (three layers) (f) SL6 (three layers)
Fig. 11 Soil layering profiles for parametric study

layers) and SL3 (three layers) represent ground conditions
with soil density increasing with depth, whereas Profiles
SL2 (two layers) and SL4 (three layers) represent ground
conditions with the density decreasing with depth. The
Profile SLS5 (three layers) represents loose sand layers with
a medium dense layer in between them. Similarly, Profile
SL6 (three layers) represents medium dense sand layers
with a loose sand layer in between them.

Fig. 12(a) presents the variations of K values for the
two-layer profiles (SL1 and SL2). The maximum value of K
for SL1 is 2.83, whereas that for SL2 is 2.07. Fig. 12(b)
shows the variation of K for three-layer profiles; the
maximum K for SL3 is 3.21, whereas that for SL4 is 2.06.
Whether the condition is two-layered or three-layered, it is
observed that the greater K values are obtained when the
density of the lower layer is higher. Since all the piles were
penetrated to the same depths, this result indicates that the
K values are greater when the pile tip is in dense soils.

Fig. 12(c) shows the variation of the K values for the
soil conditions where the density increases with increasing
depth (SL1 and SL3). Interestingly, both cases show two
local maximum values. The K values initially increase with
increasing L,/L;; and have local maximum values at Lyy/Lis
= 0.3 — 0.4. The K values then decrease and have local
minimum values at about L;,/Li; = 0.5. After reaching the
local minimum values, the K values increase again showing
the second local maximum values at L;,/L;; becomes about
0.7. On the other hand, Fig. 12(d) that represents the soil
conditions where the density decreases with increasing
depth (SL2 and SL4) does not show this behavior, having
only one local maximum at the location near the bottom
portion of the mobilized soil plug.

Fig. 12(e) shows the distributions of the K values for
SLS5 and SL6, where one layer is sandwiched by the other
two layers with different densities. The maximum K values
were 2.59 and 3.39 for SL5 and SL6, respectively. As was
observed in Figs. 12(a) and 12(b), the maximum K value
within the mobilized soil plug is larger when the pile tip is
located in denser soils.
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Fig. 12 Continued

As mentioned earlier, soil plugging of an open-ended
pipe pile is influenced by pile diameter, soil conditions, and
installation method. This study has focused only on the role
of soil conditions and presents significant efforts to quantify
the effect of soil conditions on the degree of soil plugging
in terms of coefficient of lateral earth pressure inside the
pile. The results from the numerical simulations performed
in this study provide invaluable insights and may serve as
numerical solutions to develop advanced theory for analysis
and design of open-ended pipe piles, especially for
estimation of inner shaft resistance after pile driving.

6. Conclusions

Large-deformation, 3D finite-element analyses were
performed to investigate the effect of soil conditions on
plugging of open-ended piles using the CEL technique.
Results from the numerical model were compared against
those from high-quality field load tests and showed very
good agreement in terms of PLR and SPI. A parametric
study was then performed on an open-ended steel pipe pile
with an outer diameter of 0.5 m and a wall thickness of 10
mm, driven to a depth of 15 m for various soil conditions
using the CEL model. Particular emphases were placed on
investigating the variations of coefficient of lateral earth
pressure in the soil plug after pile driving for various soil
conditions. The following conclusions were drawn from the
parametric study:

e Lengths of the soil plug L, at the end of pile driving

process obtained from the CEL analysis were 6.75, 9.75,
and 10.95 m for loose, medium dense, and dense sands,
respectively, corresponding to PLR values of 0.45, 0.65, and
0.73, respectively. The trend of increasing PLR with
increasing density of soil was in good agreement with the
previous experimental studies.

* Analysis results showed that K values were close to initial

value (Ky = 0.4) or slightly larger than the initial value but
still smaller than 1 for upper portion of the soil plug. Then,
the K values started to increase and reached maximum
values that are greater than 1 near the pile base and
decreased toward the pile base. The maximum K values
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observed within the soil plug for loose, medium dense, and
dense sands were 1.6, 2.5, and 3.2 showing increasing trend
with increasing density. The maximum K values for each
soil density corresponded to about 63%, 70%, and 71% of
the coefficient K, of passive earth pressure, respectively.

» The end-bearing conditions showed very little difference

in K values for the bottom one third of the mobilized soil
plug (0 < Lsy/Lis < 0.3) and top one third (0.7 < Lg/Lis <
1.0). However, for the middle portion of the mobilized soil
plug (0.3 < Lg/Lis < 0.7), the K values generally increased
with the increasing embedment length in the bearing layer,
indicating that the end-bearing piles have more influence on
the degree of soil plugging than the floating piles.

e For layered soil profiles, regardless of number of soil

layers, the greater K values were obtained when the denser
soil was located near the pile base. Furthermore, the K
values for the soil conditions where the density increases
with increasing depth showed two local maximum values at
about L;,/Lis of 0.35 and 0.7. On the other hand, the soil
conditions where the density decreases with increasing
depth did not show this behavior, having only one local
maximum at the location near the bottom portion of the
mobilized soil plug.
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Notation

The following symbols are used in this paper:

Ab,ann
A b,plug
As, in
As.uut
Bi

Bo

Ce

IFR
K
Ko
Ky

L
Lis

Ly
Ly
Ll[p
N
Ny
PLR
Qann
Qbase
Qin
Qout
Oplug
Qult
qb

qs
(s.in
{s,out
R
SPI
t
Zbearing

B
ALy
ALs
0
5}’
ya
U
v
o’
G’V
Ovb
ol
03
¢
oE

annular area of pile base

cross-sectional area of soil plug

inner surface area of pile-soil interface (= zBiLis)
outer surface area of pile-soil interface (= 7BoLyp)

pile inner diameter

pile outer diameter

coefficient of curvature

coefficient of uniformity

cohesion

elastic modulus

elastic modulus of end bearing layer

specific gravity

incremental filling ratio

coefficient of lateral earth pressure (where K =0’ /c")
coefficient of lateral earth pressure at rest (Ko = 1-sing)

coefficient of passive earth pressure
(Kp = (1+sing)/(1- sing))
pile length

length of the soil plug along which inner shaft
resistance is mobilized

pile penetration depth

soil plug length

distance from the pile tip

standard penetration number

end bearing factor

plug length ratio

annulus resistance

end bearing resistance

inner shaft resistance

outer shaft resistance

soil pug resistance

ultimate capacity

unit end bearing resistance

unit shaft resistance

unit inner shaft resistance

unit outer shaft resistance

pile radius

soil plugging index

pile thickness

depth to the top of the bearing layer below ground
surface

shaft friction factor

increment of pile penetration depth
increment of soil plug length

soil-pile interface friction angle
relative displacement of radial soil flow
Total unit weight

friction coefficient

Poisson’s ratio

horizontal effective stress

vertical effective stress

vertical effective stress at the pile base
major principal stress

minor principal stress

peak friction angle

peak friction angle of end bearing layer





