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Numerical evaluation of buckling in steel pipe piles during vibratory
installation

Abstract: The buckling of steel pipe piles during installation is numerically studied. Generally,
numerical simulation of installation processes is challenging due to large soil deformations.
However, by using advanced numerical approaches like Multi-Material Arbitrary Lagrangian-
Eulerian (MMALE), such difficulties are mitigated. The Mohr-Coulomb and an elastic-perfectly
plastic material model is used for the soil and pile respectively. The pile buckling behavior is verified
using analytical solutions. Furthermore, the model is validated by an experiment where a pipe pile
is driven into sand using vibratory loading. Several case scenarios, including the effects of
heterogeneity in the soil and three imperfection modes (ovality, out-of-straightness, flatness) on the
pile buckling are investigated. The numerical model agrees well with the experimental
measurements. As a conclusion, when buckling starts, the penetration rate of the pile decreases
compared to the non-buckled pile since less energy is dedicated to pile penetration given that it is
spent mainly on buckling.

Keywords: Pipe pile buckling, Imperfection, Pile installation, Soil-structure interaction, Multi-Material
Arbitrary Lagrangian-Eulerian, Large deformations

1 Introduction
1.1 Motivation

Instability due to buckling is one of the dominant pile failure modes which leads to a sudden increase in
pile deformation. Buckling is often observed in slender structures subjected to axial compressive force
[1]. The topic of buckling is broad and actively discussed in the field of structural and mechanical engi-
neering. However, the focus of this study is to evaluate pile buckling during installation processes con-
cerning heterogeneity in the soil and pile imperfections. During installation, the pile penetrates the soil
which provides to some extent lateral support. Therefore, the embedded part of the pile behaves differ-
ently compared to the upper part of the pile which is not yet laterally supported. In most studies of pile
buckling, only one of these conditions is assumed, i.e., either a pile with no lateral supports or a
completely embedded pile. Hence, the buckling evaluation during installation process under semi-em-
bedded pile condition is the motivation of this study. Semi-embedded piles are frequently observed in
offshore geotechnical engineering.

Generally speaking, buckling is classified into two main groups: Global buckling, where the pile de-
forms in a way similar to Euler’s buckling problem, and local buckling, where the pile deformation
occurs in the cross-section and is usually localized [2,3].

The global buckling phenomenon is characterized by defining a critical stress/load which depends on
the slenderness ratio (Length/radius of gyration) and structure stiffness. Moreover, the critical stress can
be considered as a state dividing two types of equilibrium, i.e., before reaching critical stress, the prob-
lem is in stable equilibrium, whereas after passing the critical stress, an unstable equilibrium is reached.
In geotechnical engineering design codes for pile performance, the general buckling is considered using
the slenderness ratio as well as the soil and pile stiffness [3].

The local buckling, on the other hand, is usually characterized as localized damage to the pile which can
occur at any stage of pile installation or operation. Local buckling can occur due to several reasons such
as pile imperfections, impact with obstacles, forces induced by the soil, etc. Local buckling which is
often encountered at the pile tip may cause increased driving resistance, pile deviation from its longitu-
dinal axis which in turn decrease its bearing capacity, and changed pile response to lateral loads due to
change in section modulus. By further penetration, the pile may collapse [4]. Also, Chajes [5] reported
that a small initial imperfection in a column results in less load-carrying capacity than Euler load.

In practice, one can refer to Rennie and Fried [6] as one of the first works which mentioned and ad-
dressed pile buckling during pile installation. Another example of local/pile tip buckling during pile
installation is the Goodwyn-A platform construction project in Australia where many piles were severely
crushed during installation [7]. It was reported that the major reason for pile collapse was the damage
propagation starting from the pile tip. A similar case was observed at Valhall water injection platform
where five out of eight skirt piles were damaged during installation [8].
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In analytical studies, there are numerous researches regarding pile buckling. Timoshenko and Gere [1]
derived empirical solutions to calculate the critical buckling stress for cylindrical shells as well as effects
of fabrication inaccuracies. Young et al. [9] listed a comprehensive database of different structural
shapes under various loading conditions including cylindrical shells. In another study, Aldridge et al.
[4] compared the soil and pile stiffness to consider soil-structure interaction, and concluded that in order
to have progressive buckling, the soil must be stiffer than the pile. Otherwise the pile deformation will
spring back elastically.

The buckling effect in pile bearing capacity has also been experimentally evaluated. Singer et al. [10]
compiled various experiments with their theoretical background on buckling evaluation of thin-walled
structures as well as state of the art in experiments. A recent study was also conducted by Vogt et al.
[11] where they investigated micropile performance in soft clay. Based on the experimental results, they
developed a mathematical model which accounts for soil structure interaction as well as the pile imper-
fection.

1.2 Previous research in numerical pile buckling analysis

The performance of the numerical simulation of pile buckling can be evaluated from various viewpoints,
including simulation of large deformations in the soil, the capability of detecting buckling in a pile
during installation, and effect of pile imperfections on driving performance. Geotechnical installation
processes, like pile driving and vibro-replacement, generally involve large deformations and material
flow which pose simulation challenges when conventional numerical methods are used. Moreover, dur-
ing the installation process, the pile can be subjected to extreme loads due to soil resistance which in-
duces irreversible deformations to the pile, which results in poor pile performance. Finally, the pile
shape may contain imperfections due to fabrication inaccuracies or transportation effects, which causes
non-uniform stress distribution and can result in reduced performance.

Numerical methods have been increasingly used in recent decades to study pile buckling problems.
These studies can be divided into two groups, namely those done in the field of structural engineering,
where the concern is the structural response of the pile, and those done in geotechnical engineering
where the soil-structure interaction effects on pile stability are evaluated.

The field of structure buckling, especially the buckling of shell structures, is vast. However, the literature
review is limited to studies regarding pipe piles. In a general report done by Schmidt [12], the advances
in buckling studies of shell structures including the underlying theory, design code criteria, and use of
numerical models are compiled. In the recent decade, several types of research focused on the effects of
imperfection in pile strength reduction such as [13-15].

Generally, numerical studies of pile buckling in geotechnical engineering can be categorized according
to how soil-structure interaction is taken into account.

A group of numerical models uses a system of non-linear lateral springs to capture the pile confinement
due to the soil, which is commonly referred to as “p-y” method. Such methods employ complex equa-
tions for springs to capture realistic soil behavior. The “p” term refers to lateral soil pressure per unit
length of pile, while the term “y” refers to lateral deflection [16]. The “p-y” method has been used for
various geotechnical problems concerning pile buckling, such as evaluation of pile buckling embedded
in liquefiable soils [17,18], buckling in partially embedded piles [19,20], and buckling of piles with
initial imperfections [21].

Another group of numerical models defines the surrounding soil as elements whose interaction with the
pile is defined through a contact model. Most of these models consider structural elements as “wished-
in-place,” meaning that the pile installation process has no effect on stress distribution; see for instance
[22,23].

This assumption was mostly made to avoid huge mesh distortion issues in numerical simulation of the
installation process. The wished-in-place assumption may not be generally realistic with regard to con-
finement realization of soil presence due to two reasons. First, the soil is disturbed by the installation
process, for example, soil densification during hammering. Second, deformations may be induced in a
pile during installation, whose effects on the pile bearing capacity is discussed in [24]. Therefore, the
wished-in-place assumption can result in an overestimated pile bearing capacity.



Consequently, a new approach is required which can reduce the assumptions made in previous methods.
It is believed that numerical approaches specialized for large deformation analysis can be a good candi-
date for such studies.

In this study, a novel numerical approach is presented which enables studying pile buckling during in-
stallation in the soil. By using this method, the complex behavior of soil structure interaction is captured.
Various complexities can be taken into consideration such as initial pile imperfection. To the knowledge
of the authors, numerical evaluation of buckling behavior of perfect or imperfect piles during installation
in soil considering soil-structure interaction has not been studied in literature so far.

The structure of the paper is as follows: in section 2, the developed numerical model is discussed along
with the employed material models. The model is then validated using both empirical equations and
experimental results. In section 3, a parametric study is conducted to investigate the heterogeneity effect
of the soil as well as the effects of initial imperfections in installation performance. Subsequently, the
concluding remarks are presented and discussed. In section 4, the results are summarized and discussed.
Finally, an outlook for future works is presented.

2 Numerical model
2.1 Description of the MMALE method

Pile installation is considered as a large deformation problem, a group of problems whose numerical
analysis via the conventional numerical approaches is often challenging [25-27]. Efforts are made to
improve the current available numerical techniques to treat this particular type of problems. Concerning
methods that rely on a computational mesh, one of the most promising approaches is the Multi-Material
Arbitrary Lagrangian-Eulerian (MMALE) method [28].

The general strategy of MMALE is to generate a mesh usually non-aligned with material boundaries or
material interfaces. This may give rise to so-called multi-material elements containing a mixture of two
or more materials. A material-free or void mesh zone must be introduced which holds neither mass nor
strength. Such zones are necessary for non-Lagrangian calculations to catch material flow into initially
unoccupied (i.e., void) regions of the physical space. After performing one or several Lagrangian steps,
the mesh is rezoned to its initial configuration to maintain mesh quality (rezoning/remeshing step). A
new arbitrary mesh is developed which is different from the initial mesh configuration. Subsequently,
the solution is transported from the deformed mesh to the updated/original mesh (remapping/advection
step). The sub-steps are not performed in parallel but in a sequential routine using operator-splitting
technique. For more information regarding the MMALE, the reader is referred to [28—-30].

The MMALE application in geotechnical problems is limited, although it is popular in simulation of the
soil in other fields such as an underground explosion, where the soil is considered as a medium for
transmitting shock waves [31]. A recent study conducted by Bakroon et al. [32] assessed the feasibility
of MMALE in realistic geotechnical large deformation problems in comparison with classical Lagran-
gian methods. It was concluded that MMALE could be considered as promising candidates for solving
complex large deforming problems. The applicability of MMALE in conjunction with a complex soil
material model was also investigated in another work done by Bakroon et al. [33].

2.2  Description of the model

In this section, a description of modeling considerations using MMALE technique in LS-DYNA/Ex-
plicit is presented. A model is developed, where a pile is installed in the soil using vibratory force. All
the models in the following sections use the same configurations discussed here.

The model configurations in isometric, side, and planar view are shown in Fig. 1 (a-c), respectively. The
load history curve of the vibratory force is depicted in Fig. 1d.

The pile has 1.5 m height, 0.2 m diameter, and 0.005 m thickness which is modeled using the conven-
tional Lagrangian element formulation with reduced integration point and a uniform element size of 2-
cm (3000 elements). An elastic-perfectly plastic material model based on von Mises failure criterion is
used for the pile with properties listed in Table 1. A mesh with 2 m height and 1 m radius with the one-
point integration MMALE element formulation is generated. A gradient mesh, ranging from 0.6 — 8 cm
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element width is used in the horizontal direction, whereas a uniform mesh in the vertical direction with
2.5 cm is considered (367,200 elements). The mesh is filled with the soil up to the height of 1.8 m. A
void domain with 0.2 m height, which has neither mass nor strength, is defined above the soil material
to enable the soil to move to this domain after penetration starts. To avoid additional complexities
regarding the soil material model, the Mohr-Coulomb constitutive equation is adopted, whose corre-
sponding material constants for Berlin sand are estimated and listed in

Table 2. The initial stress in the soil is defined with assigning the gravity acceleration as 10 m/s*.

The equipotential smoothing technique is applied where the computational grids are rearranged to main-
tain the mesh quality [34]. For the advection step, the 2"*-order accurate van Leer method is chosen [35].
For installation processes, the pile is characterized by using the Lagrangian formulation whereas the soil
in MMALE is defined by using the Eulerian formulation. Coupling thus becomes necessary between the
Lagrangian and Eulerian meshes. To define the coupling between pile and soil, penalty contact is defined
with a tangential friction coefficient of 0.1. The pile head is fixed against horizontal movements. The
lateral sides of the soil are constrained against movements in a direction perpendicular to their faces,
while fixity in all directions is applied to the bottom of the soil.

The process of numerical model validation is presented which is divided into two main parts, verification
of the pile element formulation, and validation against experimental results. The first part focuses mainly
on differences in results obtained from the shell and solid element formulation using three benchmark
tests to achieve a realistic pile behavior. The second part deals with the soil-structure interaction model
as well as the performance of MMALE by comparing to experimental measurements.

Table 1 General properties of the pile used in benchmark models

Density  Elastic Modulus  Yield Stress Poisson ratio Thickness Radius
p (kg/m?) E (MPa) gy (MPa) v t (m) R (m)
7850 2.1E5 250 0.3 0.005 0.1

Table 2 Mohr-Coulomb material constants for Berlin sand [36]

Density Friction Dilatancy Cohesion Poisson Elastic Modulus
p (kg/m®) angle ¢ angle v c (MPa) ratio v E (MPa)
1900 35° 1° 0.001 0.2 20
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Fig. 1. Schematic diagram of the (a) isometric view, (b) side view, (c) planar view of the one-quarter
numerical model configuration with (d) vibratory load history curve

2.3 Verification of shell element formulation

The pile behavior in the numerical model depends on various parameters including the element formu-
lation (shell or solid element), mesh size, and a number of integration points (reduced or full integration).
A benchmark model is chosen to evaluate the pile behavior under uniform axial compression. Both solid
and shell elements with reduced integration are used. A full integration shell element is also used for
comparison. The pile has the properties listed in Table 1.

This benchmark model investigates one of the possible forms of buckling in cylindrical pipe piles which
occurs due to an applied uniform axial load. Theoretically, the critical uniform axial stress value which
causes buckling, o, is calculated by Timoshenko and Gere [1]:

Et

% = R Ba =D O

A numerical model is developed to evaluate the axial critical stress using different element formulations.
The model configuration is shown in Fig. 2. A pile with a length of 0.25 m is generated which is under
a distributed axial compressive load with a total magnitude of 100 KN. It should be noted that this load
does not play a role in eigenvalue calculation and is only used to show the load application direction.
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Initially, a mesh size of 0.005 m is chosen which provides reasonably accurate results. The pile is fixed
in the bottom while the top surface is fixed in horizontal directions (X and Y).

Axial load

$=0.2m

1=0.005 L=0.25m

Fig. 2. Benchmark model configuration under uniform axial compression

The comparison criterion is the least eigenvalue which is subsequently used to calculate the critical
buckling stress. The corresponding critical stress is compared with the empirical Eq. (1). The buckling
mode determined from each element formulation is shown in Fig. 3. as well as their corresponding
eigenvalues and critical axial stress as listed in Table 3. The shell elements provide an accurate result
with about 5% difference while the solid element significantly underestimated the critical buckling stress
compared to the empirical equation. The difference between reduced and full integration shell element
is negligible.

Table 3 Comparison of the resulting critical buckling stress under axial pressure

Eigenvalue Critical stress (MPa)

Empirical equation [1] 199.6 6.35E3
Reduced integration shell 189.4 6.03E3
Full integration shell 189.2 6.02E3
Reduced integration solid 20.1 0.64E3
Displacement
Magnitude %
100.0
95.9
87.2
784
69.7
61.0
523
43.6
e sy 17,4
sl 8.7
- 0.0
XA Y Shell Elements Shell Elements Solid Elements

Reduced Integration Full Integration Reduced Integration
Fig. 3. Resulting buckling modes using different element formulations.
2.4 Validation against experimental results

The proposed numerical model is validated by back-calculating an experimental test carried out at the
laboratory of the Chair of Soil Mechanics and Geotechnical Engineering at Technische Universitit Ber-
lin (TU Berlin). The test set-up consists of a half-cylindrical pile with 1.5 m length, 0.005 m thickness,
and 0.2 m outer diameter as well as a chamber with three rigid steel walls and one glass panel. The pile
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is fixed in the horizontal direction via pile guides to ensure penetration along the glass panel. A vibratory
motor produces the driving force of 1670 N with the frequency of 23 Hz. The imposed dead load on the
pile is about 410 N. The chamber is filled with Berlin sand. Two displacement sensors are mounted on
the pile to measure vertical pile displacement.

Time (sec)
0 1 2 3 4 5 6 7 8 9
0 T T T T T T T T T
g Experiment - TU Berlin
0.2 Numerical model _

Normalized penetration, z/z

Fig. 4. Penetration depth vs. time curve obtained from the numerical model and experimental meas-
urement

A quarter model is developed based on the descriptions in Section 2.2. Here, to make the model inde-
pendent of pile properties, the pile is modeled as rigid. Fig. 4 shows the resulting displacement curve
obtained from the numerical model compared with experimental measurement. To focus on the
evaluation of the penetration trend, the penetration depth is normalized by its maximum value. Initially,
the penetration rate is significant due to less soil resistance and confining pressure. By further penetra-
tion, the resulting force normal to the pile skin increases considerably, leading to an increase of the
frictional force. Therefore, the penetration rate decreases. The same trend was observed in the experi-
ment. Hence, the numerical model captures the penetration trend accurately enough.

Fig. 5 shows vertical and horizontal stress contours at the last compression force cycle of the vibratory
loading curve. The contours can be used to determine the size of the influenced area. By evaluating the
vertical stress distribution contours (Fig. 5a), it can be observed that the areas around the pile are influ-
enced and disturbed during the installation. A relatively large vertical stress is seen in the soil under the
pile tip. At a depth of about 1.3 m from the soil surface, the contours become almost linear, indicating
the vibratory force influence region which is reasonably far from the boundary. The horizontal stress as
shown in Fig. 5b is relatively large around the pile. In areas far enough from the pile, the lateral stress
in the soil reaches its in-situ value, which verifies that the boundary distance is far enough from the
dynamic source to have substantial effects. Based on the above arguments, it can be said that the numer-
ical model captures the expected behavior of the soil during the pile penetration reasonably.
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Fig. 5. Isolines of the induced (a) vertical and (b) horizontal stress in the soil, and (c) the correspond-
ing loading at 8.98 sec for the validation model

3 Parametric study of pile buckling during penetration

In this section, the pile buckling phenomenon during installation is evaluated by using the MMALE
computational model described in Sect. 2.2. In section 0, a reference model is developed as a comparison
basis. In section 3.2, the buckling phenomenon is studied under two distinct conditions, various
imperfect piles, and heterogeneous soil. In section 3.3, the results are presented and discussed.

The pile in both the experiment and the numerical model, did not exhibit buckling for this amount of
penetration, using realistic parameters. Therefore, in order to reach significant buckling in this small
container after a short amount of penetration a low elastic modulus was assigned to the pile. By using a
relatively less elastic modulus, a larger calculation time step was also reached in the numerical model.
The reduced elastic modulus of the pile is listed in Table 4, which corresponds to 1% of the elastic
modulus used in the model in section 2.2. In all the calculations, the harmonic vertical force applied to
the pile head is drawn in Fig. 1c.

Table 4 Elastoplastic properties of the pile used in a parametric study

Density  Elastic Modulus  Yield Stress Poisson ratio
p (kg/m*) E (MPa) oy (MPa) 0
7850 2.1E3 250 0.3

The models presented in this study, are small scale, compared to the problem size encountered in prac-
tice. The reason behind choosing this model dimension was due to the experiment container size, with
which the numerical model was validated. In the parametric study, the numerical model is still main-
tained to avoid modifications in any part of the model. For instance, by scaling up the model size, one
has to assign a new loading magnitude.

Nevertheless, it is possible to expand the numerical model to adapt to practical geotechnical applications
using realistic values for both soil and pile. To this extent, the model should be scaled up. To do so, one
can use larger element sizes while keeping their aspect ratio.

3.1 Reference model

In this model, a perfect cylindrical pile is installed in the soil using a vibratory load. This model is
developed as a comparison basis to the models where the pile holds initial imperfection or the soil
contains heterogeneity. The comparison criteria are the mean strain, internal energy, load-penetration
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curve, and pile lateral displacement. The mean strain is calculated as one-third of the strain tensor trace
and defined based on the infinitesimal theory. The internal energy is the work done to induce strain in a
unit volume of the solid part which can be used here to evaluate the accumulated strain in a pile during
installation. The lateral displacement curve is obtained by averaging the nodal displacements of all nodes
in the pile.

With the same model configuration of section 2.2, the pile did not suffer any significant buckling until
about 8 seconds of the simulation which corresponds to 0.65 m penetration. Therefore, all the models
with imperfections and soil heterogeneity are compared for this duration.

The mean strain contour plots, as well as the deformed pile tip section, are shown in Fig. 6. It is observed
that the induced strain in a pile is less than 0.05% which is negligible. Also, the pile tip holds its initial
cross-section with minimal deformations. Fig. 7 shows the horizontal stress distribution in the soil at the
final stage. The stress contours are almost symmetric, yet different of what was observed in the valida-
tion model in Fig. 5. The underlying reason is believed to be caused by the applied changes in the pile,
i.e. change of the pile property from a rigid to an elasto-plastic behavior and reduction of its Young’s
modulus.

/ N mmmeee- Tip initial section
~—————— Tip deformed section

Mean Strain-Infinitesimal

-0.0060 _
Fig. 6. Mean strain contour plots in pile after 0.65 m penetration for the reference model
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3.2 Effect of pile imperfection and soil heterogeneity

Initial imperfections are somewhat unavoidable in piles which may have been caused by fabrication
tolerances or mishandling in transportation [37]. Although small, the imperfection cannot be neglected
since it is proved to have an influence on pile buckling [38]. Currently, a handful of considerations are
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available in design codes for the imperfections based on fabrication tolerance [3,39]. The codes are
mainly based on empirical equations which don’t usually capture the complex condition of installation
process which is encountered in practice. The numerical models studied above considered an initially
perfect circular section with no imperfections.

To evaluate the imperfection effects on the pile performance, three models are proposed where the pile
is modeled initially as imperfect. These include piles with the oval cross-section, flat side, and with out-
of-straightness in length. In the following subsections, the characteristics of each imperfection are
described. Subsequently, the results from each model are compared and discussed.

3.2.1 Scenario 1: Oval-shaped pile

One of the most common types of imperfection in cylindrical steel pipe piles is Ellipticity/out-of-circu-
larity where the pile takes the shape of an oval. The schematic diagram of an oval-shaped pile compared
to a perfect circular pile is shown in Fig. 8. In comparison to a circle, an oval-shaped pile may buckle
more during penetration. According to Timoshenko [40], ovality is defined as Wo =(Dmax-Dmin)/4, where
Dmax and Dmin correspond to the longest and shortest oval diameter, respectively.

To investigate ovality effects on buckling, a model is developed where an initial out-of-circularity is
applied to the pile. The oval pile properties are listed in Table 5.

Table 5 Properties of the oval pile section
Dax (cm)  Dpin(cm)  wo (cm) Timoshenko
19.8 18.4 0.35

Circular pile section/'
Fig. 8. Schematic diagram of initial pile section compared to a perfect circle

3.2.2 Scenario 2: Out-of-straightness pile

Another form of imperfection is out-of-straightness where the pile top and bottom axis are not on the
same vertical axis. This shift in cross-section over length causes different behavior in soil compared to
the straight pile. In case of this imperfection, more pressure can be induced on neighboring soil regime
since the pile tends to push the soil further to the side. Therefore, the pile can be prone to buckling due
to the unbalanced state.

The schematic diagram of this imperfection is shown in Fig. 9 where the pile alignment with respect to
the vertical axis differs by the amount of &. The reduction is applied gradually, starting from the pile
head to its tip. The assigned values 0 for this model is 1.2 cm.
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3D Side Top

1 i Top section
|
i
\

Bottom section

Fig. 9. Schematic of initial pile geometry from different views which illustrates the out-of-straightness

3.2.3 Scenario 3: Flat Pile

This form of imperfection is also common which can be caused during transportation or storage. From
the cross-section view, the pile section is deformed, and a part of the curvature is flattened. Fig. 10
shows an example of a pile of flatness. The flatness is defined by two parameters, out-of-roundness, A,

and flatness, c. The parameters ¢ and A can be related to each other by the following formula, ¢ = 2vAD

[39]. A model is developed where the flatness value of c= 7.8 cm is assigned which corresponds to A=
0.8 cm.

3D Side Top

O

W ] L
' D=19 cm
e e i
Flatness at one side

A
Fig. 10. Schematic diagram of initial pile geometry from different views illustrating flatness

3.2.4 Scenario 4: Heterogeneous soil

In this section, a model is presented, where the pile hits a rigid sphere which somewhat represents a
heterogeneity in the soil. This condition which in practice can represent a boulder in the soil, can cause
early buckling in a pile and thus affecting its performance during installation. This concept is not rare
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in the literature. A similar study was conducted by Holeyman et al. [41] where a Boulder-soil-pile model
was simulated using 1-D wave equation theory to study soil and boulder failure mechanisms. The goal
of the following model is to study the buckling propagation in a pile with further penetration in the soil
after it hits the boulder. The rigid sphere with an assumed diameter of 10 cm is located inside the soil at
a depth of 25 cm below the soil surface and 8 cm away from the center of the pile (see Fig. 11). The
sphere is assumed fixed in all directions to avoid any extra effects which can be induced by the soil -
boulder interaction.

Several further conditions can be included in the model such as the definition of a non-rigid heteroge-
neity with/without a different geometry. This, however, introduces additional complexities to the model
which is not the focus of this study.

150 cm

20 cm

180 cm

Boulder, D=10 cm,

Fig. 11. (a) The planar view and (b) the cross section of fhé model illﬁéffating fhe ‘1(”)‘cation of the applied
heterogeneity (rigid sphere) in the soil

3.3 Results and discussion
3.3.1 Results

The four models (ovality, flatness, straightness, and heterogeneity) are compared in Fig. 12 to the refer-
ence model using the criteria mentioned in the previous section. First, the penetration rate of the models
is investigated. The reference model penetrated 0.65 m without suffering any significant strain. For the
four scenarios, the final penetration is less than the reference model. In case of heterogeneity, the pene-
tration rate decreases after it hits the boulder at 1.5 seconds. After about 2 seconds, the penetration rate
of the model with an oval cross-section starts to decrease. The penetration rate of the other two imperfect
piles, namely the piles with flatness side and out-of-straightness, decrease after about 4 seconds.
Concerning the fact that the same driving force was used for all models, it can be concluded that the
same energy is applied to all the piles. Therefore, according to the energy conservation law, the driving
energy must have been spent on other phenomena such as lateral displacements, additional strains and/or
buckling in a pile. Therefore, to assess this point, the lateral displacement, as well as the internal energy
of each pile, is compared in Fig. 12b and Fig. 12c, respectively.

It is observed that at the same time when the penetration curve differs from the reference model, the
corresponding lateral displacement and internal energy of the piles start to increase drastically. The
lateral displacement of the pile is limited and is maintained after a specific amount of penetration, which
can be attributed to the strong soil resistance. Thus, the remaining driving energy must have been spent
on buckling. By comparing Fig. 12b and Fig. 12c, this point becomes clear where after the lateral dis-
placement reaches an almost constant value, the internal energy starts to grow significantly. The curves
in Fig. 12c are cut to the value of 42 J. Also, a decrease in the internal energy value is observed after
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significant jumps for some models. This can be attributed to the induced elastic strains in the pile which
after further penetration the pile springs back elastically. The possibility of the occurrence of this be-
havior has also been reported by Aldridge et al. [4]. As aresult, it can be argued that the driving energy
for the pile installation is reflected in the model mainly in three different forms, lateral and horizontal
displacement, and pile buckling.
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[ hageeids B
Fig. 12. Comparison of the imperfect piles with the reference model based on the (a) vertical displace-
ment (b) lateral displacement, and (c) the internal energy

The induced mean infinitesimal strain which is defined as one-third of the strain tensor trace, as well as
the pile section deformation, are shown for each pile in Fig. 13. The pile shapes correspond to the time
stamps, where maximum internal energy was recorded. In comparison to the reference model, a rela-
tively significant strain/buckling is sustained by the piles in the models. Most of the strain is accumulated
at the pile tip which points out the damage starting point. Furthermore, the progressive pile deformation
after further penetration is non-symmetric. In addition, each model exhibits a different buckling mode
due to the different initial imperfection. Also, it is observed that the cross sections of the imperfect piles
tend to take the forms similar to the so-called “peanut-shape” as reported in the literature [4,7].
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Concerning the above discussion, it is argued that the proposed numerical model captures the complex
site conditions such as the effect of soil resistance, pile imperfection, and heterogeneity during installa-
tion processes. In addition, the model provides reliable measures to assess pile buckling

Reference model

(b)

Ovality

....... Tip initial section

Tip deformed section

Flatness

Out of Straightness

Heterogeneity

Mean Strain
5.0e-04 _

-2.1e-03 _ .
-4.7e-03 _
-7.2e-03 _
-9.8e-03 _
-1.2e-02 ,I o
-1.5e-02 _

=TT

Fig. 13. (a) Contours of induced mean infinitesimal strain in the imperfect [;iles and the reference
model and (b) the pile tip cross section compared to its initial

3.3.2 A brief discussion regarding plugging

In examples above, the soil inside the pile moved as a block along with pile as it was driven. This
phenomenon is referred to as plugging which closely affects the pile bearing capacity and also the in-
stallation performance. To determine the plugging occurrence and its effect on pile penetration
resistance, there are several equations available in the literature [42]. For instance, Jardine et al. [43]
derived two equations based on the inner pile diameter, d, CPT tip resistance, q. 4, and relative density
of the soil, D,, to determine if plugging occurs:

d = 2.0(D, —0.3) ord = 0.03q,4 )

If one of the two equations is fulfilled, the pile is considered unplugged.

In the current numerical model and the experiment, the corresponding values of D; and q. . for Berlin
sand are estimated to be 0.75 and 6.3 MPa, respectively [44]. Hence, by having d=0.19 m, none of the
conditions above are satisfied, indicating that the plugging may occur during the pile penetration. In
both the numerical model and the experiment, plugging was observed. Nevertheless, the plugging is a
wide area of research, and therefore it requires further and more focused investigations.
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4 Conclusions and outlook

The focus of this study is to evaluate pile buckling during installation processes concerning heterogene-
ity in the soil and pile imperfections. A novel MMALE numerical approach, with an efficient soil-struc-
ture interaction scheme, was employed to improve the numerical analysis of pile buckling which omits
simplifications used in previous studies. To capture a realistic buckling behavior of the pile, shell ele-
ment types with reduced integration points were used which provided a more accurate result than solid
elements.
It was observed that the pile rigidity and stiffness play an important role in soil stress distribution during
installation. In case of a rigid pile, the stress distribution was different than what was observed in the
elasto-plastic pile. The underlying reason can be the pile deformation during the installation. This high-
light the importance of consideration of pile deformation during the installation.
In addition, effects of various complex conditions, imperfections in pile geometry and heterogeneities
in the soil, were investigated and compared to a reference model where the pile holds perfect cylindrical
shape with no heterogeneity in the soil. Each scenario exhibited a different buckling mode. Before a
significant buckling could be observed, the penetration rate started to decrease. At this time, both lateral
displacement and internal energy started to grow. The outcomes of this work show that the driving
energy of pile installation can be spent on other phenomena such as pile buckling and lateral soil dis-
placement. Consequently, less penetration will be observed. In addition, the initial imperfection not only
accelerates the buckling process but also changes the buckling mode of the pile.
Although a small-scale model was employed in this study, the proposed numerical approach can be used
in large-scale problems. Hence, this approach can help engineers to study the sensitivity of numerous
variables, such as pile thickness, diameter, and/or different soil conditions in reaching a cost-effective
pile design without encountering buckling during the installation process.
The presented work focused on a specific area, i.e. pile imperfection and soil heterogeneity. There are
numerous affecting parameters on pile buckling which cannot be summarized in one study. Following
points may also be considered in future works:

* A more realistic soil material model taking into account the various drainage conditions

* Possible effects of various dynamic loading types (hammer or vibratory) using suitable shock-

absorbing boundaries
* Soil heterogeneity such as the presence of a lens or multiple layers
¢ Pile bearing capacity evaluation considering phenomena such as plugging
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