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ABSTRACT

DISCRETE ELEMENT MODELLING OF SOIL - PILE
INTERACTION WITH EMPHASIS ON SOIL
CHARACTERISTICS AND PILE INSTALLATION
METHODOLOGY

Soil-pile interaction is a complex geotechnical problem that requires rigorous
multi-scale analyses. However, it is challenging to understand the micro aspects of this
problem with either experimental approaches or continuum-based numerical models.
On the other hand, the discrete element method (DEM) provides a powerful medium for
modelling soils as particulate materials and can be used to examine soil-pile interaction
at multi-scale. Accordingly, this dissertation aims to investigate soil-pile interaction
with DEM modelling. For this purpose, three different subjects are discussed in this
dissertation. Initially, a parametrical study has been conducted to clarify the influence
of soil properties on pile penetration resistance. Later on, this study tackles the problem
of computational cost; it is well known that one limiting aspect of DEM is its high
computational demand. Regardingly, this dissertation also aims to clarify the validity
of three techniques that are utilized to reduce computational time. In this respect, the
appropriate parameters for DEM models are validated using the experimental results
of a previous study. Lastly, this dissertation focuses on soil-pile interaction considering
the effects of pile installation. Both jacked and replacement piles are installed into each
sample and the response of the granular assembly is assessed in detail. Eventually, the
jacked and replacement piles are subjected to vertical loading tests to determine their
bearing capacity. The results obtained during pile construction and loading stages
suggest that installation technique, in addition to soil density state and particle shape,

also has a considerable effect on soil-pile interaction.
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OZET

ZEMIN OZELLIKLERININ ETKISINDE ZEMIN - KAZIK
ETKILESIMININ VE KAZIK IMALAT
METODOLOJISININ AYRIK ELEMANLAR YONTEMI
ILE MODELLENMESI

Zemin-kazik etkilesimi, titiz ¢ok 6lcekli analizler gerektiren karmasik bir geoteknik
problemidir. Bununla birlikte, bu problemin mikro yonlerini deneysel yaklagimlar veya
stirekli-tabanli sayisal modellerle anlamak zordur. Ote yandan, ayrik eleman yontemi
(DEM), zeminleri tanecikli malzemeler olarak modellemek igin giiglii bir ortam saglar
ve zemin-kazik etkilesimini ¢ok Olgekli olarak incelemek i¢in kullanilabilir. Buna gore,
bu tez, DEM modellemesi ile zemin-kazik etkilesimini aragtirmay1 amaclamaktadir. Bu
amacla tezde {i¢ farkl konu ele alinmistir. Ilk olarak, zemin 6zelliklerinin kazik pene-
trasyon direnci tizerindeki etkisini netlegtirmek i¢in parametrik bir ¢caligma yapilmigtir.
Daha sonra, bu calisma hesaplama maliyeti sorununu ele almaktadir; DEM’in sinirlayici
yonlerinden birinin yiiksek hesaplama talebi oldugu iyi bilinmektedir. Bununla il-
gili olarak, tezin ikinci kismi, hesaplama siiresini azaltmak i¢in kullanilan ti¢ teknigin
gecerliligini agikliga kavusturmay1 amaclamaktadir. Hesaplama stiresini azaltma yakla-
simlarinin simiilasyonundan once, dogrulanmig bir DEM modeli i¢in uygun model
parametreleri, 6nceki bir caligmanin deneysel sonuclar: kullanilarak belirlenmistir. Ayri-
ca bu caligma kazik yerlestirme yontemlerinin etkileri agisindan zemin-kazik etkilegimine
odaklanmaktadir. Her bir numuneye hem itme kaziklar hem de fore kaziklar yerlegtirilm-
is ve grantiler malzemenin tepkisi ayrintili olarak degerlendirilmigtir. Son olarak, itme
kaziklar ve fore kaziklar tizerinde tagima kapasitelerini belirlemek icin dikey yiikleme
testleri yapilmigtir. Kazik imalat ve yiikleme siireclerinde elde edilen sonuclar gosteriyor
ki, zemin sikilik durumu ve tanecik sekillerine ek olarak kazik imalat yontemlerinin de

zemin - kazik etkilegimi tizerinde biiyiik bir etkisi bulunmaktadir.
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1. INTRODUCTION

An important role of geotechnical engineering is to ensure the safe transfer of
structural loads to the ground. For transferring these loads, depending on soil prop-
erties and load characteristics, different types of foundation systems can be designed
(e.g. shallow and deep foundations). Piles are classified as deep foundation systems
and are constructed whenever shallow foundations do not satisfy the necessary design
criteria. However, unlike shallow foundations, pile construction significantly alters the
engineering properties of soils. Unfortunately, the impact of pile construction on soil is
uncertain and depends on many factors. Additionally, it is not possible to obtain soil
samples from the vicinity of piles for testing. As a result, soil properties used in ana-
lytical calculations are assumed based on the presumed influence of pile construction
on the soil. Evidently, this practice is far from ideal since the accuracies of analytical
pile design methods are dependent on the correct determination of representative soil
properties. That is why the investigation of the impact of pile construction on soil

response is very important.

Soil - pile interaction was investigated by different researchers, using field tests
(Adejumo and Boiko 2013; Gavin et al. 2013; Li et al. 2019a; Qin et al. 2017; Tan and
Lin 2013), laboratory tests (Ni et al. 2010; Yang et al. 2014; Yin et al. 2018; Zarrabi
and Eslami 2016), and numerical analyses based on finite element method (FEM)
(Broere and Van Tol 2006; Jin et al. 2018; Khoubani and Ahmadi 2014; Phuong et al.
2016; Pucker and Grabe 2012; Tolooiyan and Gavin 2013; Wu and Yamamoto 2014).
Among these, field tests are considered the most accurate since they benefit from the
exact similitude of all possible factors, such as stress distribution, particle morphology,
size, and number. However, they suffer from high costs, and additionally; they do not
allow the observation of particle size effects and inter-particle interactions. Small-scale
modelling and especially centrifuge modelling is a more economical substitute to full-
scale testing. But also with small-scale models, it is still not possible to examine particle
level mechanisms that dominate behavior. On the other hand, conventional numerical

analysis based on constitutive models of soil behavior offers a possible alternative for



studying the alteration of soil with pile penetration. However, the reliance on advanced
constitutive models on numerous parameters that can be obtained by tedious testing
further complicates their use. Furthermore, even with powerful constitutive models,
identification of particle to particle and particle to structure interaction is very difficult.
At this point, the discrete element method (DEM) provides a powerful medium for
numerical modelling of soils as particulate materials. DEM requires only basic physical
rules to simulate soil behavior rather than constitutive models. Thus, with DEM, even
the most complex mechanisms of pile-soil interaction can be modelled using a small
set of fundamental physical and mechanical rules. In DEM, the granular medium
is considered as an assembly of discrete interacting particles. Eventually, the exact
location, velocity, and forces at contacts for each particle are tracked in small time

steps. More explanations in detail and basic formulations are given in Section 2.2.

This dissertation aims to investigate the multi-scale response of granular soils
at pile construction stage and during loading tests. In this respect, DEM is used for
simulations of cohesionless soils with different properties (i.e. particle stiffness, particle
size, particle size distribution, particle shape, inter-particle friction, rolling friction,
sample void ratio). Firstly, the differently prepared samples were subjected to pile
penetration and soil response is examined. Secondly, novel techniques were employed to
decrease the computational cost of the DEM simulations. Then, using these techniques,
the samples with different soil density states and particle shapes were prepared. At the
end of the sample preparation process, the jacked and replacement piles were installed
into these samples, and subsequently subjected to vertical loading tests. Lastly, the
soil responses to the pile installation and loading process were separately interpreted
based on soil density state, particle shape, and pile installation method. Overall, the

conducted analyses will provide a deeper insight into the soil-pile interaction problem.

1.1. Aims and Objectives

This dissertation covers the effect of soil properties on penetration resistance,
the techniques for computational time saving, and the influence of pile installation

methods. The reasoning for topic selection and the respective triggered objectives for



each part of this study are briefly discussed below.

Soil response to pile penetration has both macro- and micro-mechanical aspects.
At both scales, the properties of the particles and their interactions with each other
control overall behaviour. With a wide possibility of varying soil characteristics, DEM
enables a detailed examination of particle-scale effects during pile penetration. Conse-
quently, the initial phase of this study attempts to clarify the dependency of penetration
resistance on soil particle properties through carrying out a comprehensive parametric

study.

DEM provides a powerful framework for modelling soils as particulate materials
and can be used to investigate soil-pile interaction. However, such models are com-
putationally demanding and need extensive optimization, which in turn requires an
understanding of the influences of soil characteristics on the mechanics. Correspond-
ingly, two different optimization approaches are employed within this study to reduce
computational costs. Firstly, soil particle scale properties that affect computational
cost were assessed (i.e. particle stiffness, particle size, and particle shape). Succes-
sively, three different model preparation techniques were used to reduce computational
time in DEM simulations. These techniques are based on decreasing the total number
of particles and increasing particle sizes by keeping the ratio of the pile to particle

diameter constant.

In practice, generally, the pile performance is assessed based on its bearing ca-
pacity at the end of the installation stage. However, by knowing the changes that are
occurring in the surrounding soil due to different pile installation methods, it is possible
to elaborately characterize the soil-pile interaction during loading. Accordingly, various
soil samples were simulated and subjected to jacked and replacement pile installation
techniques. The analyses include the assessment of soil responses at the beginning,
during, and at the end of two installation processes. At each stage, the effects of mi-
croscale parameters on pile’s macro behavior and monitored. Additionally, performing
vertical bearing capacity tests on the jacked and replacement piles, the influences of

installation method on the end bearing capacity and the shaft resistances of the piles



are examined.

1.2. Dissertation Structure

This dissertation is composed of six chapters and presents a comprehensive nu-
merical analysis framework that is performed to investigate the multi-scale mechanism

of soil-pile interaction. The dissertation is organized as follows:

Chapter 1 presents an introduction that includes the problem definition, the aims,
and the objectives in this study. It also mentions the importance of the issue and the
various investigation methods. Additionally, a brief description of each chapter is also

given.

Chapter 2 presents a literature survey of the previous studies about soil-pile
interaction and pile installation mechanisms. These studies are classified according to
the methods of analysis. Especially the studies in which DEM is used are summarized in
detail to show the capability of this technique. Additionally, the theoretical background

of DEM simulation and its formulation are briefly described.

Chapter 3 discusses the influences of various soil characteristics on pile penetra-
tion resistances. Here, the focus is especially on the effects of particle-based properties
and the advantages of using DEM simulations for examining soil-pile interaction are

demonstrated.

Chapter 4 firstly outlines the procedure to obtain a validated DEM model using
the experimental results. Additionally, novel techniques to reduce computational cost

of DEM simulations are explained, and the results are discussed comparatively.

Chapter 5 clarifies the multi-scale influences of different pile installation methods
on soil-pile interaction. Firstly, various soil samples with different density states and
particle shapes are subjected to pile installation process with two different techniques

(i.e. jacked and replacement). Then, vertical loading tests are conducted on installed



piles. Consequently, soil response to pile installation and pile bearing capacity are
separately examined to understand the influences of soil density, particle shape, and

installation method.

Chapter 6 summarizes results of analyses, observations and recommendations

regarding pile installation and sample properties.

Chapter 7 presents a conclusion for the dissertation.



2. BACKGROUND

Investigation of soil-pile interaction requires multi-scale analyses utilizing both
the experimental and numerical approaches. Accordingly, this chapter summarizes
previous studies on soil-pile interaction by classifying them as either experimental or
numerical. In the review of numerical studies, the focus is mostly on studies that used
discrete element method. Additionally, the technical framework of discrete element

modelling is presented in this chapter.

2.1. Literature Survey

2.1.1. Experimental Studies on Soil-Pile Interaction

2.1.1.1. Field Tests. Cone Penetration Test (CPT) is the most popular field test that

is used to interpret soil-pile interaction. CPT involves the penetration of a cone tipped
rod into the ground at constant velocity. Both cone and shaft resistances can be
measured during penetration via mounted sensors. Owing to the similarities between
the mechanisms prevalent in pile driving and CPT testing, CPT results are frequently
used in the prediction of bearing capacities of driven piles (Abu-Farsakh and Titi 2004).
Schneider et al. (2008) examined seven CPT-based design techniques, that include the
conventional American Petroleum Institute (API) approach, for the calculation of the

axial capacity of driven piles.

In addition to driven piles, field tests are also conducted to investigate the soil-pile
interaction mechanism for alternative pile installation techniques. These studies also
consider pile geometries other than the conventional spherical shape. As an example,
Zhang and Wang (2009) conducted field tests to examine the effects of installation
in case of jacked and driven H-piles. Their study involved three test piles that were
a jacked pile, a driven extended pile that is installed using both jacking and driving
techniques, and a reference driven pile. The authors presented the results obtained

for both jacked and driven piles in terms of penetration resistances, residual forces



developed after installation, and static and dynamic load tests. Using these results,

influences of the installation method were investigated in different aspects.

Gavin et al. (2013) conducted static load tests on two continuous flight auger
(CFA) piles of similar lengths but different diameters that were installed into dense
sand. They applied various load test procedures such as maintained load test and
constant rate of penetration by considering creep effect. They measured the base
pressure and the base settlement response to that in each loading test. They aimed
to observe the influence of pile diameter and normalized pile length (i.e. the ratio
of length to diameter) on the mobilized base pressure. Since these piles were not at
the same diameter, the authors normalized base settlement by pile diameter to render
piles - stiffness responses and base resistances comparable. After the loading tests,
they realized that creep had an effect on the base pressures measured in maintained
load tests and its effect decreased with an increase in loading velocity. They also
revealed that normalized pile length and diameter do not have an effect on mobilized

pressure-settlement responses of CFA piles.

Wang et al. (2021) investigated earth pressures at the pile-soil interface for jacked
piles in silty soil and silty clay. They jacked two pre-stressed high-strength concrete
(PHC) pipe piles that have the same diameter (400 mm) but different lengths (12 m
and 22 m) in the project. Before the construction, earth pressure sensors were installed
on the piles to measure earth pressures during jacking. This way, the authors observed
the change in earth pressure at the pile-soil interface due to the penetration of the PHC
pipe pile. The test results showed that the earth pressure gradually decreases as moving
away from the pile base to the top. They also revealed that the pile length affected
the earth pressures at the pile-soil interface and should be considered. In addition,
it was realized that soil strength at a certain depth decreased as pile penetration
depth increased due to soil distortion during the pile jacking. This decrease led to

an attenuation of lateral pressure.



2.1.1.2. Calibration Chamber Tests. One of the most efficient ways to correlate CPT

results and soil parameters is to conduct calibration chamber tests. In these tests,
soil conditions such as soil type, density and porosity, and stress states in vertical and
horizontal directions can be controlled. However, boundary conditions in calibration
chamber tests are different from those in the field, such that the radial boundaries are
not flexible. For that reason, the penetration resistance measured in the chamber tests

may differ from that obtained from the field tests (Yu and Mitchell 1998).

Schnaid and Houlsby (1991) performed a study to investigate the effect of the
chamber size using the results of both the chamber tests and field tests obtained from
the literature. They deduced that the chamber size affected the tip penetration resis-
tance for all sand densities. However, the influence was more significant, especially for

dense soils.

Salgado et al. (1998) proposed a penetration resistance theory to quantify cham-
ber size effect. To develop the theory, for each soil property, they compare the results
obtained from both the field test and the chamber test when all soil conditions were the
same. Then, they presented a parametric study about the influence of soil properties
and stress states on the chamber size effect. This study showed that the chamber size
effect becomes more intense with increasing relative density and stress state and with

decreasing confining stress.

White and Bolton (2004) used a novel image-based technique that is particle
image velocimetry (PIV) to measure the displacement and strain paths developed due
to the plane-strain pile installation in a surcharged calibration chamber. They could
observe the displacement trajectories of soil elements, full-field displacement, and stain
paths and fields using the PIV technique. In this way, they examined the effects of soil

type, pile breadth, soil initial state, and the use of a driving shoe.

Arshad et al. (2014) used a similar technique that is the digital image correlation
(DIC) to observe soil-cone interaction in the silica sand with different crushability levels.

They conducted a series of CPTs in a half-circular chamber to acquire the images



that were taken during the cone penetration for implementing the DIC technique.
They measured the cone resistances and obtained the soil displacement fields that
resulted from the penetration process by analyzing captured successive images. The
results of the resistance measurement and image processing via DIC indicated that
soil displacement around the rod was dependent on soil density and degree of particle

crushability.

2.1.1.3. Centrifuge Tests. Centrifuge modelling is an economical substitute to full-

scale testing since centrifuge tests can enable the stress states that are the same as it
in field tests. The full-scale stresses are replicated by increasing the gravitational forces
on the model. According to Bolton et al. (1999), the repeatability and reliability of
cone penetration tests in the centrifuge are very promising. They revealed the main
influences of density and stress on penetration resistances obtained from centrifuge
tests. A series of centrifuge tests were conducted by varying some test factors that are

boundary condition, particle size, geometry effect, and test locations.

Klotz and Coop (2001) conducted a series of model pile tests in a centrifuge,
in which the pile penetrating two types of sands with different particle strengths.
Based on the results, the researchers concluded that the design approaches that are
functions of just relative density are not sufficient to correctly determine pile capacity.
The results showed that pile capacity is dependent on both density and stress level
of, the combination of which is referred to as “in situ state”. For that reason, they
quantified in situ state of each sample before pile installation. They also found that
the state parameter (V) should be quantified as a function of ratio of stresses. The
authors also compared penetration resistances that were determined as functions of in
situ-state for considered sand types. White and Lehane (2004) performed a series of
pile installation tests in a drum centrifuge. The authors examined the distribution of
horizontal stress that acted on the shaft during installation and cyclic loading. In this
way, they aimed to investigate friction fatigue that referred to the decrease in ultimate
shaft friction due to pile penetration to deeper levels. They installed the piles using

different methods that were monotonic, jacked, and pseudo-dynamic to examine the



10

effect of cycling loading during penetration. After installation, they performed different
types of load tests with different modes including compression, cyclic compression, and
cyclic compression-tension. The test results showed that the main reason for friction
fatigue is cyclic history. It was seen that there is no friction fatigue during monotonic
installation while cyclic installation led to a considerable decrease in shaft resistance

and cyclic loading also caused a degradation of horizontal effective stress.

Liu and Lehane (2012) investigated the influence of particle shape on tip resis-
tance by conducting a series of centrifuge CPTs. These tests were conducted in four
uniformly graded samples with different particle shapes. They performed the cone
penetration tests at three different levels of centrifugal acceleration and two different
relative densities. The test results indicated that the particle shape had a significant
effect on the CPT tip resistance of a granular assembly at a given stress level and
relative density. In addition, the authors suggested considering the effect of particles
shape on the friction angles (peak and critical state) for the estimation of the relative

density of soil from data of cone penetration test.

Mo et al. (2015) conducted a series of cone penetration tests in layered soils. The
authors focused on the examination of penetration into layered soils. Therefore, they
prepared six different samples in total. Two of these samples were soils with uniform
density so that the tests conducted in them were used as a reference for the other
sample tests. Layered soil samples were classified into two groups. They are two-layer
samples, loose over dense and dense over loose, and “sandwich” samples, dense-loose-
dense and loose-dense-loose. During the penetration, they pushed the half-rod and
the full-rod into a 180° axisymmetric container. The half-rod was used to observe the
induced soil deformation while using the full-one to measure penetration resistance.
The authors interpreted the penetration results and soil deformations by relating them
to soil density and soil layering. They compared the observed soil deformations with
previous test data to investigate the influence of the axisymmetric condition. They also
indicated that the influences of soil layering on both soil deformation and penetration

resistance are dependent on the relative properties of soil layers.
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2.1.2. Numerical Studies

2.1.2.1. Finite Element Method (FEM). Finite element method (FEM) that incorpo-

rated the first small-strain models were used to study the bearing capacity of piles for
cohesive soils in several studies such as Griffiths (1982), Sloan and Randolph (1982), and
De Borst and Vermeer (1984). In these studies, the vertical loadings were performed
on the piles that introduced the pre-bored holes in an in-situ stress state. Thus, the

build-up stresses around the cones were ignored.

However, these models are insufficient to simulate pile penetration mechanisms
because it is a boundary value problem (BVP) that requires the capability for mod-
elling large deformations and the sliding between soil and pile. Therefore, realistic
modelling of pile penetration with FEM is difficult. For successful modelling, vari-
ous approximations of pile penetration are employed. Sheng et al. (2005) used an
alternative numerical approach to model the installation and loading of a pile. This
approach, based on a Lagrangian multiplier method, involves the capability of simulat-
ing large-deformations and frictional contacts, therefore suitable of simulating soil-pile

Interaction.

Nevertheless, this approach requires determining the next location of boundary
nodes at the end of each step. For large strain finite element modelling without a need
for frequent re-meshing, Susila and Hryciw (2003) utilized an auto-adaptive re-meshing
method. They used Mohr-Coulomb’s theory to model the sand-cone interaction while
selecting the non-associative Drucker-Prager constitutive model to simulate the sand
behavior. In this way, the authors could simulate the sand-cone interaction during the
penetration with results that were very compatible with experimental and analytical

studies in the literature.

Tolooiyan and Gavin (2011) determined the cone penetration resistances using
two commercial finite element packages that utilize different approaches. The authors
used Plaxis to adopt spherical cavity expansion analyses while using Abaqus/Explicit

to perform an auto-adaptive re-meshing method that is called ALE combining the
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properties of pure Lagrangian analysis and pure Eulerian analysis. The ALE technique
provides the mesh for independently moving, therefore, enables a high quality of mesh
even under large deformation. In the cavity expansion approach, they used Mohr-
Coulomb and Hardening Soil as the stiffness models. The results showed that the
Hardening Soil model enabled better estimates of the cone penetration resistance. On
the other hand, they also employed the ALE method, a more direct technique to
simulate cone penetration test, using Abaqus. Although the Druker-Prager model
used in the ALE method is a relatively simple soil model, it could also provide excellent

predictions of the cone penetration resistance without unacceptable mesh deformation.

Qiu et al. (2011) also aimed to solve the pile jacking problem that is a boundary
value problem containing larger deformations using a Coupled Eulerian-Lagrangian
(CEL) approach. The authors firstly conducted a benchmark test based on a strip
footing problem to reveal the validity of the selected approach. Then, they applied
this approach to a more complex geotechnical boundary value problem that is pile
penetration. They showed the capability of the CEL method to simulate the pile
penetration problem by obtaining results compatible with the classical finite element

models.

Hamann et al. (2015) adopt a similar approach to investigate the pile penetration
mechanism for fully saturated soil in partially drain conditions. The authors employed
a numerical approach to model the soil as a two-phase medium. They applied this
approach to both a classical finite element analysis in a Lagrangian formulation and a
Coupled Eulerian-Lagrangian (CEL) method. Using this approach in different meth-
ods in finite element modelling, the results were compared. In this study, they also
examined the effects of both the installation process and the permeability on the soil

surrounding the pile.

Zhang et al. (2013) presented a novel study about pile penetration in crushable
soils. They proposed a new formula to calculate the end bearing capacity of piles that
penetrate the crushable soils. With this formula, it was possible to consider the break-

age crushability of the particles and evaluate the particle size distribution (PSD). The
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authors integrated this formula using the finite element modelling to investigate pile
penetration mechanism. Then, they validated predictions of particle size distributions
due to breakage of the particles surrounding and end-bearing capacity of the pile using
the experimental results. As the next step, they also carried out a parametric study to

quantify the influences of particle crushing on the pile bearing capacity.

2.1.2.2. Discrete Element Method (DEM). Discrete element method (DEM) provides

a powerful medium for numerical modelling of soils as particulate materials. Originally,
this method was developed by Cundall and Strack (1979) for analyzing problems con-
sidering rocks that involve large displacement contact problems. DEM requires only
basic physical rules to simulate soil behaviour rather than constitutive models. Thus,
with DEM, even the most complex mechanisms of pile-soil interaction can be modelled

using a small set of fundamental physical and mechanical rules.

Huang and Ma (1994) firstly used this alternative tool to investigate the pile
penetration mechanism. They developed a numerical technique based on the coupled
DEM and boundary element method (BEM) model. The sandy soil was modeled as
an assembly of circular disks since the 2D DEM model was used in the study. As a
result of their study, it is observed that the penetration mechanism was affected by the

loading history.

Lobo-Guerrero and Vallejo (2005) aimed to visualize the penetration resistance
developed in driven piles. They used crushable particles in 2D DEM models simulating
pile penetration mechanisms. The particles were generated as circular disks which are
allowed to break if the failure criterion is fulfilled. They compared the results of two
different simulations of which the only one contained crushable particles. The results
indicated that the sample with weaker particles showed lower penetration resistance
because breakage and rearrangement of the particles led to stress relaxation. In their
next study, Lobo-Guerrero and Vallejo (2007) investigated the influences of pile tip
shape on the penetration resistance developed in the soils with crushable particles using

2D DEM simulations that are the same as their previous study. For this purpose, they
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used three types of pile tip shapes that are flat ended, open ended and triangular tip.
They asserted that the pile tip shape had considerable effect on both the penetration
resistance and particle breakage. According to Lobo-Guerrero and Vallejo (2007), flat
ended piles give the higher penetration resistances than open ended piles and piles with

triangular tips.

Jiang et al. (2006, 2007, 2008) carried out 2D DEM analyses to simulate penetra-
tion tests in the sandy soil. Granular medium in the simulations was generated using
uncrushable circular disks under an amplified gravity field of 1000g. Additionally, they
designed KO lateral stress boundaries to eliminate possible boundary effects. In these
studies, the standard penetrometers were pushed into the granular medium. Jiang et
al. (2006) showed the clear influences of interface friction between the soil and the
penetrometer on the penetration mechanism. In addition, Jiang et al. (2007) revealed
that considerable changes in both magnitudes and directions of stresses are observed
in the soil surrounding the penetrometer. Then, Jiang et al. (2008) investigated the
failure mechanisms observed during the penetration and, the classical and non-classical

kinematic fields of the penetration tests.

In the studies related to the DEM modelling of penetration tests, three-dimensional
models are also used. Arroyo et al. (2011) firstly reported 3D DEM simulations of a
penetration test. They claimed that the quantitative comparison of the results of 2D
DEM simulations with the experimental results was difficult. Accordingly, Arroyo et
al. (2011) generated a virtual calibration chamber in the 3D DEM model and sim-
ulated the cone penetration tests in sands that are at different initial densities and
subjected to various isotropic stresses. Using this virtual calibration chamber, they
obtained macro-scale results quantitatively compatible with the physical experiments.
Butlanska et al. (2014) used the DEM model that was in the study of Arroyo et al.
(2011) to examine the results of the virtual penetration tests at meso- and micro-scale.
They used particle displacements and distributions of contact forces, and stress and
strain fields to observe the soil response to the penetration at the micro- and meso-
scale, respectively. Butlanska et al. (2014) also investigated the influences of radial

boundary conditions, initial average density, initial stress state, and particle rotation
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inertia. It should be also noted that in the studies of both Arroyo et al. (2011) and
Butlanska et al. (2014), particle rotation was inhibited to develop a rolling resistance

between the spherical particles.

One of the significant limitations of DEM is the high computational cost that di-
rectly related to the number of particles in models. Accordingly, McDowell et al. (2012)
aimed to show the validity of some techniques to reduce computational time. For this
purpose, firstly, they used only a segment of the chamber and the cone penetrometer.
This method is technically applicable because the pile (and cone) penetration is the
axisymmetric problem. In this way, they achieved an acceptable computational cost.
In addition, they used the particle refinement method in which smaller particles are
near the cone penetrometer while larger ones are further away. Thus, a higher number
of particles in contact with the cone was obtained using fewer particles than would
be required without this method. They compared the cone penetration resistance ob-
tained from the simulation where both of the time-saving methods were adopted with
that obtained using an entire chamber filled with only small particles. The results were
very compatible with each other. Additionally, they investigated the particle shape ef-
fect on the cone penetration resistance. They used two different particle shapes that
are the single sphere and the two-ball clump of equivalent volume. The comparison

showed that clump particles lead to higher resistance than the spherical ones.

Falagush et al. (2015) performed a study by adopting the methods to reduce the
computational time that was also used in the study of McDowell et al. (2012). They
first investigated the effect of sample preparation on penetration resistance. Here, they
prepared two different samples using the deposition and compaction method and the
radius expansion method, respectively. The comparison result showed that there is no
effect of sample preparation on the penetration resistance. Then they gave constant
mass to each particle although the particles were at different sizes in order to decrease
the computational cost. So, they noticed that this did not significantly affect the tip
resistance. They also examined the influences of initial sample porosity, mean effective
stress, and particle friction coefficient on the resistance. According to their findings, a

lower initial sample porosity, higher mean effective stress, and higher particle friction
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coefficient individually lead to an increase in the penetration resistance.

Jiang et al. (2014) used DEM simulations to investigate the inclined cone pen-
etration mechanism. In their study, they simulate a series of cone penetration tests
using the cone inclined at different angles. In these test simulations, both the frictional
and frictionless penetrometers are used to observe the effect of friction. The results
indicated that the friction had important influences only on soils adjacent to the cone
side and tip. In addition, it was seen that the tip resistance increased with cone friction
and inclination angle measured from the vertical direction. They also realized that the
soil on the side the penetrometer that inclined towards was exposed to compaction
while the soil on the opposite side showed a dilatant behavior. In the simulations, dif-
ferent failure mechanisms were successfully observed during the penetration. However,
it was realized that the friction had a stronger influence on the failure mechanism on

the opposite side the penetrometer inclined towards.

Zhang and Wang (2015) aimed to investigate penetration mechanisms in both
macro-mechanical and micro-mechanical aspects. For this purpose, they generated a
3D DEM model for simulating a centrifuge model pile using the calibrated parameters
and the appropriate contact model. According to Zhang and Wang (2015), a calibrated
rolling resistance should be applied at the spherical particle contacts. It is not sufficient
that particle rotation is not allowed to create a rolling resistance. As a result of their
investigation, they found the simulation results to be compatible with the results of the
centrifuge test in terms of both the base and shaft resistance. In addition, they revealed
the micromechanical indication of the shear band developed using the movement of

associated particles and contact force distribution.

It is also possible to simulate pile penetration mechanism in cohesive granular
assemblies using DEM. As an example, Janda and Ooi (2016) used DEM to model
cone penetration in cohesive solids as well as unconfined compression tests. They used
a visco-elastic-plastic frictional adhesive contact model. They purposed to investigate
the capabilities of this contact model to reproduce the cone penetration resistance

qualitatively. To better interpret the results, they implemented the temporal averaging
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on the instantaneous data of the penetration resistance. At the end of the simulations,
it was observed that the penetration resistance increased until a certain depth, then
it remained around a constant value that represents a typical steady-state response.
They also asserted that the contact model that was used in the study was capable of
capturing the effect of consolidation stress history of cohesive soils on the penetration
resistance. In addition, they examined the effect of the contact model parameters
on penetration resistance. It was noticed that higher unloading-reloading stiffness,
an indicator of contact plasticity, and higher adhesive stiffness led to an increase in
the penetration resistance. They also investigate the influence of the coefficient of
sliding friction on the resistance. The results showed that the higher friction causes
more resistance until a threshold value. For a higher friction coefficient, its influence
on penetration resistance saturated. Lastly, they revealed that there was a linear

relationship between the limiting penetration resistance and undrained shear strength.

DEM simulations are also used to investigate dynamic penetration problems in
addition to the monotonic pile penetration mechanism. Tran et al. (2016) performed
2D DEM simulations of the penetration tests in both constant velocity and impact
conditions. In impact conditions, impacts are applied on the top of the rod and pene-
tration distance and tip resistance are measured. Then, Tran et al. (2016) qualitatively
compared the mechanical response of the samples to the penetration with the exper-
imental results because they were aware that an assembly of disks could not behave
as same as a real granular soil. They aimed only to describe soil behavior under the
penetration rather than to quantitatively link the simulation results with the exper-
imental ones. They also investigated the effect of penetration rate on both constant
velocity and impact conditions. It was seen that the sample behaviour transitioned
from quasi-static regime to dense flow regime when the rod velocity was higher than a
certain level. In constant velocity condition, when the rod penetrated with an exces-
sive velocity, the assembly showed a greater resistance to the penetration. In impact
condition, an increase in impact velocity caused a higher variation in the tip force.
In addition, the authors compared the tip forces obtained from constant and impact
velocity penetrations. According to the observation, the rod velocities were equal in

impact and constant velocity conditions at the beginning of the penetration. However,
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the velocity progressively reduced as the rod penetrated the assembly in the impact
test. Therefore, the tip force in the impact condition is lower than that in the constant

velocity condition.

Duan et al. (2018) used discrete element modelling for a purpose that is unlike
those of the other studies. The authors studied the influences of the installation method
on pile behavior by adopting 2D DEM models. Driven and bored piles (one for each
pile type) were simulated so that they had the same geometry as each other. These
piles were installed into a granular medium that was simulated under an amplified
gravity field of 100g. For DEM simulation of driven pile installation, the author pushed
the pile a stepwise increase of vertical load level until the desired depth was reached.
After each load increment, they cycled the system until the equilibrium condition.
On the other hand, they followed another procedure to install the bored pile. In the
installation process of the bored pile, they firstly deleted the granular particles in the
region that was planned as the pile location. Then, the pile was put in the granular
assembly. As the final step, the model continued to cycle until equilibrium. Then, the
installation stage was completed for the pile types. After the installation stage for each
pile type was completed, the load tests were applied on both the driven and bored piles.
According to the simulation results, it was seen that the ultimate shaft resistance of
the driven pile was considerably higher than that of the bored pile. Additionally, they
observed that the bored pile experienced relatively large settlements while the driven
pile resisted settlements during the loading tests. Another observation presented in
this study was that soil friction was effective after a certain depth for the bored pile
whereas the friction had influence even at the beginning of penetration for the driven

pile.

DEM is also a useful tool for the investigation of the behavior of open-ended piles.
Consequently, Guo and Yu (2016) used discrete element modelling to analyze soil plug
mechanisms for open-ended pipe piles. They built a soil column inside a pipe pile as
a simulation of the plug generated during the penetration process. According to the
simulation results, firstly, a higher internal unit shear resistance was developed due to

the arching effect. In addition, a uniform porosity distribution of the sample could not
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be observed after the installation of the open-ended pile. It was seen that the sample
was denser at the bottom due to the compaction effect on the particles, and was looser
near the soil-pile interface because the particles slid along the inner of the pipe wall.
The authors also revealed that the coefficient of friction between the soil and the pile

is a critical parameter for plug resistance.

Li et al. (2019) performed another study about the investigation of open-ended
piles based on discrete element modelling. They adopted a 2D DEM model to examine
the soil plug mechanism during penetration and loading processes at both micro-scale
and macro-scale. The authors firstly assessed the macro-mechanical aspect of sand plug
behavior in terms of the porosity and stress state. It was seen that the distribution
of porosity along the soil plug showed that a dense zone which is half pile diameter in
length was formed at the pile tip. In addition, they observed a significant load transfer
at the base of the soil plug. In the examination of the micro-mechanical aspect, it was
revealed that the particles moved inside the pipe during the penetration process and
formed the soil plug which moved as a block. However, as the pile was penetrating, the
flow rate of the soil mass inside the pile slowed down due to the increase in resistance
accumulation. The authors also investigated the arching mechanism in the soil plug by
interpreting the distribution of particle contact force and the principle stress rotation.
Liu et al. (2019) presented a study about the responses of open-ended piles at different
diameters during the installation stage using 2D DEM models. These models, which
are similar to those used by Duan et al. (2018), were generated using the circular
disks under an amplified gravity field of 100g to simulate deep foundations. Three
open-ended piles that had equal wall thickness and length are created with different
outer diameters. They realized that the development of shear zones could be explicitly
demonstrated by observing the relative displacement of the particles. In addition, it was
seen that the dominant plugged modes (fully or partly) continuously exchanged during
the penetration, and this continuous exchange was more apparent in the pile with the
smaller diameter. The authors revealed that the majority of penetration resistance was
developed as pile base resistance, the sum of plug resistance and annulus resistance,
and the base contribution to the total resistance also increased as the pile diameter

was increasing. It was also observed that the unit lateral resistance started to decrease
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at a specific penetration depth since horizontal effective stress acting on the shaft was

reduced.

DEM also allows investigating the installation and performance of screw piles.
Chen et al. (2018) studied axially loaded screw piles using different methods. They
utilized discrete element modelling as a numerical method in addition to experimental
tests and digital image correlation. The authors performed two-dimensional DEM
simulations in the numerical part of the study. The pile capacity was calculated by
considering vertical components of the base resistance, the shaft frictions, and the
screw section reactions. A control pile that is a type of shaft pile was also simulated
to reveal the effect of the screw section of the pile. The control pile and the screw
pile were subjected to the same conditions and the load-displacement curves were
obtained. These curves were compared with the model test results also conducted
by the authors. They observed that the simulation and test results were compatible
for both the control and screw piles. They also compared the results obtained for
these piles with each other. The comparison showed that screw-shaft piles had a
higher capacity to carry vertical load than the control ones. They also examined the
contact forces acting on the base, shaft, and screw sections of the pile, separately. In
the subsequent study, Chen et al. (2020) investigated behaviour of partially-screwed
shafts using both the experiments and the 2D DEM simulations. As a first step, they
conducted static load tests to observe soil-pile interaction and the bearing capacity.
Then, the authors used the results of the experiments to validate a DEM model. This
DEM model was set to examine soil-pile interactions at micro-scale. In addition, the
influences of significant geometric characteristics that are length of screw section, pitch,
and shaft diameter on bearing capacity and load transfer of piles were investigated using
the DEM simulations. According to the results, the lowermost thread and the screw
section had a significant effect on the pile bearing capacity. The authors also suggested
an optimum pile geometry that enabled soil-pile interaction at the maximum level and

increased the pile performance.

Shi et al. (2019) performed a study about screw pile penetration using 3D DEM

simulations. The authors focused on the drilling velocity ratio that is the ratio of
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rotational velocity to penetration velocity. They simulated a loose granular assembly
using a particle refinement method to decrease the number of total particles, therefore,
the computational cost. The DEM model of a mini screw pile was validated using
the experimental model test results. Then, Shi et al. (2019) adopted a series of DEM
models with different drilling velocity ratios. They aimed to investigate the variation of
stress distribution in the granular material, particle displacement around the pile, and
changes in the void ratio of the sample at various drilling velocity ratios. Accordingly,
it was first seen that a higher drilling velocity ratio led to a decrease in the driven
force. They also observed that the soil particles around the pile moved upward away
from the screw at the high drilling velocity ratio. On the other hand, the particle
movement was downward away from the pile if the drilling velocity ratio is lower than
the critical velocity. In addition, it was shown that the change in the void ratio of
assembly due to the pile penetration was dependent on the drilling velocity ratio. The
lower velocity ratio caused a significant decrease in void ratio around the pile. However,
it was observed that this reduction in the void ratio decreased with an increase the

drilling velocity ratio.

2.2. Technical Framework of Discrete Element Method (DEM)

DEM is a numerical technique that can simulate individual grains in a partic-
ulate system. In order to simulate the particle interaction with its surrounding, this
method employs Newton’s laws of motion. DEM determines the location of particles
within small time-steps, and based on a contact model, it calculates the forces among
contacting particles. Using this force, it is possible to update the acceleration of each

particle, which is then integrated to determine the particle’s velocity and displacement.

The initial step in DEM is to generate the geometry of the system, where particles
can overlap while maintaining inter-particle contact. The fundamental idea of DEM
is based on two different physical laws: Newton’s second law, applied to the particles,
and force-displacement law at the contacts. DEM performs repeated calculations using
such these basic physical laws. Firstly, the contact forces of the particles are calculated

from their displacements using the force-displacement law. Considering both the con-
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tact forces and body forces acting on the particle, the total normal and shear forces
acting on each particle are separately determined at each time-step. Following the
calculation of the contact forces, Newton’s second law of motion is applied every in-
dividual particle. Between two succeeding time-steps, the accelerations of all particles
are calculated based on particle masses and the forces acting. Particles - new velocities
and displacements are determined with double integration of acceleration over each

time step.

For particle i, the equation of motion is given by

dQZL'i
m; < 72 > = fi+mig (2.1)

where m; is the mass of the particle, ¢ is time, x; is its position, g is the acceleration
due to gravity and f; is the force acting on the particle due to particle contacts as

defined by
fi=>ff (2.2)
The rotational motion equation for particle ¢ is calculated using

H(%) 1 os

where I; is the moment of inertia for particle i, w; is its angular velocity and T; is the
total torque acting, which is defined by Equation (2.4) where [; is the branch vector of
particle i, defined by Equation (2.4) and Equation (2.5) are represented as follows:

=Y f (2.4
and

Ii =T; —T. (25)
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The principles of DEM theory for calculating the positions and forces of all individual
particles are explained in detail by C. O’Sullivan (O’Sullivan 2011). The summary of
the calculation cycle of DEM is given in Figure 2.1.

& Assigning system
geomelry
Contact model selectio

Calculation of resultant
forces for each particle

o Contact detection
+ Contact force calculation

« Calculation of
acceleration for particles
* [Integrating to achieve
velogities

+  Calculation of particle
displacement and rotations

+  Determination of new

position for particle

Proceed o next time step

Figure 2.1. Calculation cycle of DEM simulations (Gezgin et al., 2021).

In DEM, particles are subjected to force transmission from surrounding contact-
ing particles, whereas, in reality, particles can be affected by the disturbance propa-
gation from particles located further away. The time-step in DEM is calculated based
on a percentage of Rayleigh wave speed (the time taken for a Rayleigh wave to pass a
sphere with a certain radius and material properties). This time limitation ensures the
fact that energy cannot propagate to a particle from beyond its immediate neighboring.

Rayleigh is calculated using

mdy pp/Gp

_ 2.6
0.32620, + 1.7532 (26)

T

where d,, p,, G) and v, are the particle’s diameter, density, shear modulus, and Pois-

son’s ratio, respectively.

Hertz-Mindlin (no-slip) is used in this study, which is one the most commonly
used contact models in DEM. The normal force (F},) in this contact model is determined

using

4 2
m:§FVW@ﬁ (2.7)
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where ¢, is the normal overlap, and R* and E* are referred to as equivalent radius and
equivalent Young’s modulus that are calculated using

L (1 — vﬁi) . (1 — ngj) 28)

B E; E;

and
= = (2.9)

with E;, v,;, R; being Young Modulus, Poisson ratio, and radius of each sphere in
contact. Additionally, a damping force is embedded in the contact model. The normal

component of the damping force (F?) is obtained from

5 —
Fd = —2\/;3\/Snm*.vffl (2.10)

—
where (97%) is relative normal velocity. Equivalent mass (m*), normal stiffness (S,)

damping coefficient () are calculated using

m* = (1 + 1) h (2.11)

S, = 2E*\/6, R* (2.12)

and

Ine,

b= VInZe, + 72

(2.13)

with e, the coefficient of restitution. Similarly, it is possible to obtain the tangential

force (F};) through tangential overlap (J;) and tangential stiffness (S;) using

Ft - —Stét (214)



25

and

S, = 8G,*\/0, R* (2.15)

with G7 being as equivalent shear modulus calculated using

=+ = (2.16)

The tangential damping force is determined using

5 —
Ff = —2\/;5\/Stm*.yfel (2.17)

—
with v} “ being relative tangential velocity. Note that the tangential force has a max-
imum limit this is equal to Coulomb friction as ji(s particie)Fn, Where fi(s particie) is the

coefficient of static friction.

The material properties that are needed as an input for DEM simulation in EDEM
software are briefly discussed here. The values for the Poisson’s ratio, Shear/Young’s
modulus, and Solids Density must be entered into the relevant fields. Additionally,
based on calibration, the values of coefficients of restitution, static friction, and rolling
friction can be applied to the simulated particles. These coefficients can be assigned

separately for particle-particle and particle-geometry contacts.

2.3. Drawbacks of Using DEM for Soil-Pile Interaction: High

Computational Cost

Although, DEM is superior for modelling penetration problems in granular media,
it does suffer from one major drawback: its high computational cost. The modelling
of an extremely great number of particles and their interactions for a period of time
demands dauntingly significant amount of computational resources. This limitation

forces researchers to look for ways to reduce computational cost. One option is to use
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two-dimensional models (Lobo-Guerrero and Vallejo, 2007; Jiang et al., 2014; Wang
and Zhao, 2014; Liu and Wang, 2016; Tran et al., 2016; Duan et al., 2017; Duan et al.,
2018; Esposito et al., 2018; Li et al., 2019b). Although, this approach is successful in
decreasing computational cost, the usefulness of its results for understanding granular
behavior is highly debated as the system is comprised of infinitely long bars that have
widely different kinematic constraints from real granular materials (Falagush et al.,
2015a). Therefore, 2D DEM is not a suitable option for investigating a profoundly
axisymmetric mechanism as pile penetration. That is why, irrespective of its substan-
tial computational cost, three-dimensional DEM modelling is gaining popularity for
observing soil-pile interaction (Arroyo et al., 2011; Butlanska et al., 2014; Zhang and
Wang, 2015; Falagush et al., 2015a; Janda and Ooi, 2016; Chen et al., 2018; Shi et
al., 2019; Zhao et al., 2019). Meanwhile researchers using 3D DEM face a major opti-
mization problem; reducing the computational cost without significantly compromising
model quality. This involves the determination and calibration of model and particle
properties. The properties of soils (void ratio, particle size, particle shape, particle size
distribution, inter-particle static friction, etc.) and structural members (pile-particle
static friction, pile size, penetration velocity of the pile, mold size, etc.) influence both

DEM model similitude and computational cost, therefore require optimization.
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3. INFLUENCE OF SOIL CHARACTERISTICS ON PILE
PENETRATION

This chapter aims to investigate the effects of soil properties on pile penetration
resistances. For this aim, a series of pile penetration models are designed using three-
dimensional discrete element models. Structural parameters such as model dimensions
and pile properties were kept constant while soil characteristics were varied one at a
time. This allowed uncoupled observation of the influences of individual soil charac-
teristics including stiffness, inter-particle friction, rolling friction, average size, shape,
packing density, and grain size distribution. as also explained by Gezgin et al. (2020).
It is believed that obtained results will provide deeper insight into soil-pile interaction

problem.

Granular materials in this study are generally described as “soil”. That is because
it is planned to investigate soil response with respect to the penetration process in terms
of geotechnical perspective. Although the particle sizes are not as small as the sand
grains, there is no obstacle for referring to these materials as “soil”, since it is a general
term that is used to define all gravels, sands, and clays. Additionally, the penetrating
rod is called as “pile” to define it from a geotechnical aspect. Considering the particle
size and rod diameter in this study, it can be deduced that the DEM simulations
present various examples of the penetration process that includes small-diameter piles
and soils with gravel particles. Conceptually, the discussed subject is rod penetration

into a granular assembly.

3.1. Methodology

3.1.1. General Information

In this study, commercial DEM software EDEM (2018) is used for modelling pile

penetration problem. The model involves a cylindrical chamber that contains grains
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and a bar element that simulates the pile as illustrated in Figure 3.1. The assembly of
particles in the chamber represents a dry and cohesionless soil model. Dimensions of
the model chamber and the model pile are given in Table 3.1. The ratio of chamber
diameter to pile diameter (D./B) is 16.67. This diameter ratio is selected following
the work of Falagush et al. (2015). DEM requires a contact model for calculating
interaction forces and particle displacements. In this study, Hertz-Mindlin model is
defined as the contact model in all simulations. Additionally, definition and input
of several parameters are necessary for simulating pile penetration. Since the main
purpose of this study is to investigate the sensitivity of DEM pile penetration model

to grain and model characteristics, input parameters are varied as shown in Table 3.2.

Figure 3.1. Set-up of the simulation of pile penetration.

Table 3.1. Dimensions of the chamber and the pile in the DEM models.

Dimension Units Value
Chamber diameter, D, mm 500
Chamber height, H. mm | 225, 300, 450
Pile diameter, B mm 30
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Table 3.2. A summary table with all values of the parameters used in the DEM

models.
Parameters Units All values in use
Particle density, p, kg/m?3 2650
Poisson’s ratio, v, - 0.2
Particle shear modulus, G), Pa 107, 5x107, 108, 5x108, 10°
Average particle diameter, Dsg mm 7.5, 8.75, 10
Coefficient of Uniformity, C, - 1, 1.5, 2
Aspect Ratio, AR - 0.714, 0.833, 1
Inter-particle static
friction coefficient, i 0.1, 0.3, 0.5. 0.7, 0.9
H(s,particle)
Rolling friction coefficient, p,. - 0, 0.05, 0.1, 0.2
Pile velocity, Vpie mm/s 35
Coefficient of static friction
between soil particles and pile, ) 0.45
H(s,pile)
Coefficient of restitution, e, - 0.01

3.1.2. Sample Preparation

In this study, soil models are dry and cohesionless. Models of soil are prepared in
a cylindrical chamber with frictionless walls. The mean diameter of the particles varies
from 7.5 mm to 10 mm as defined in Table 3.2. Even the smallest particle specified
in this study is larger than the largest soil particle in reality, but this deviation from

reality is necessary to reduce the computational cost.

DEM samples are generated using the air-pluviation method. The air-pluviation
method drops particles from a constant height with a constant rate into the chamber
under the action of gravity. Air-pluviation is preferred since it is reproducible and
allows good control over sample density. For air-pluviation, a dynamic factory capable
of producing 100,000 particles per second is created. A higher particle generation rate

results in looser samples. However, an increase in rate decreases computational time
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up to a threshold value after which an increase in rate increases computation time,
since at very high rates particles overlap and obstruct each other within the confined

space of the factory.

Accordingly, the particle generation rate in this study is selected to minimize com-
putational demand. Using air-pluviation, the packing density of the resulting granular
arrangement can be controlled by adjusting inter-particle static friction. Accordingly,
in this study, samples at different void ratios are prepared by adjusting inter-particle
static friction. After filling the chamber, particles are allowed to settle under gravity
until the time at which kinetic energies of particles are less than 10~* percent of their
potential energy, as suggested by Janda & Ooi (2016). When the particle settlement
stage is completed and before the commencement of pile penetration, the coefficient of

static friction between particles is set to its final value (Figure 3.2a).

p: 3

f=

(a) (b)

Figure 3.2. DEM model: (a) before pile penetration; (b) after pile penetration.

3.1.3. Pile Penetration Procedure

A closed-ended steel bar that is 30mm in diameter simulates the pile in each DEM
model. The coefficient of the static friction between the pile and soil particles is set
to 0.45 to provide a certain level of roughness to the pile. For quasi-static penetration

into a granular medium, the penetration velocity, ¥,., should be less than the upper
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limit velocity for quasi-static penetration which is calculated using

9, = 1/2¢d,/10 (3.1)

where g and d, are gravitational acceleration and grain diameter, respectively Feng et
al. (2019). According to Feng et al. (2019), penetration velocity does not have any
influence on resistance force as long as ¥, < ¥.. The upper limit is around 38 mm/s
in this study since the smallest particle is 7.5 mm in diameter. To eliminate velocity
effect on resistance force, the pile penetrates at a constant velocity of 35 mm/s in all
simulations. The penetration depth is equal to five times the pile diameter as indicated
in Figure 3.2b, corresponding to 150 mm in this study. This ratio is chosen following
the work of Duan et al. (2018) in which the pile penetration depth is 4.44 times the

diameter.

The solid line in Figure 3.3 shows the typical variation of penetration resistance
with depth. Variation of penetration resistance with depth includes instantaneous
fluctuations. Since the pile penetrates a medium composed of discrete particles, the
number and arrangement of particles in contact with the pile can change suddenly
at every time step of the simulation, as opposed to the case of pile penetration into a
continuum. The instantaneous variations in the fabric of the material that is penetrated
lead to fluctuations in penetration resistance. In this study, the time step is set to 107 s.
This time step is significantly small and results in a very high rate of data collection
compared to experimental studies. Thus, a temporal averaging is performed on the data
of penetration resistance following the suggestion of Janda and Ooi (2016). Averaging
time used in this study (averaging 100 data points) can capture the general shape of
the penetration resistance vs penetration depth curve while allowing comparison of
the results of different models, as shown in Figure 3.3. All comparisons in this study
are done using results after temporal averaging since relative differences can be more

effectively identified with smoother curves.
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Figure 3.3. Various temporal averaging of original data of penetration resistance.

3.2. Consideration of Boundary Effect

Before proceeding with the study, it is necessary to eliminate the risk of boundary
interaction. For this purpose, models with different dimensions are used to investigate
possible boundary effects. Accordingly, mold depth (22.5 c¢m, 30 c¢m, and 45 cm),
particle size (7.5 mm and 10 mm), and packing density (loose and dense) are varied in
models and the results are compared to check whether the selected model characteristics
satisfy the necessary criteria. Models prepared solely for investigating boundary effect

are referred to as supplementary models and are numbered in Table 3.3 with the letter

‘S

Figure 3.4 presents the results obtained from loosely packed models prepared
with 10 mm diameter particles for three different mold depths (Models 4, S1, and S2).
As observed, for each mold depth, normal force chain networks (for the rest of the
paper, all force chain networks are normal force chain networks) for penetrations at
the half and final distances are shown (Figure 3.4a, Figure 3.4b, Figure 3.4c). In these
figures, grey lines, red lines, and black lines define weak, strong, and very strong force
chains, respectively. When examined, it will be noticed that some strong chains exist

at the bottom of the mold independent of the penetration effect; these are produced by
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self-weights of the particles and exist even before penetration. Clearly, in the case of
models with loose packing, force chain networks in none of the models connect the pile
toe to the boundaries at any stage of penetration. This observation is supported by the
penetration resistances measured as shown in Figure 3.4d. Apparently, the variations
of penetration resistances with depth are practically the same for all loose models with

10 mm diameter particles, showing that there is indeed no boundary interaction.
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Figure 3.4. Investigation of boundary effect for loose models with different mold
depths; force chain networks at halfway and full penetration a) H, =22.5 cm b) H,
=30 c¢cm ¢) H, =45 cm and d) comparison of penetration resistances for all mold

depths (G, = 5 x 10® Pa, e = 0.7, d, = 10 mm).

The same exercise is repeated with densely packed models composed of 10 mm
diameter particles and the results are shown in Figure 3.5 (Models 7, S3, and S4).
Evidently, for the model with 22.5 cm deep mold (Model S3), the strong force chains
emanating from the pile toe reach the bottom boundary, suggesting boundary interac-
tion. This is not the case for models with deeper molds (Models 7 and S4 with 30 cm

and 45 cm respective depths). This observation is supported by the greater penetration
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resistance obtained with 22.5 cm deep mold, whereas the results from the models with
deeper molds agree perfectly with each other. These results suggest that using a 30
cm deep mold is sufficient to prevent boundary interaction.
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Figure 3.5. Investigation of boundary effect for dense models with different mold
depths; force chain networks at halfway and full penetration a) H. =22.5 cm b) H,
=30 ¢cm ¢) H. =45 cm and d) comparison of penetration resistances for all mold

depths (G, = 5 x 10® Pa, e = 0.7, d, = 10 mm).

The maximum and minimum mean particle diameters used in this study are 10
mm and 7.5 mm, respectively. Therefore, the suitability of using a mold depth of 30
cm is considered for models made up of 7.5 mm diameter particles. Since it is already
shown that 22.5 ¢m is not sufficient as mold depth, only 30 cm and 45 ¢m depths are
used for comparison. Force chain networks at the end of penetration and variations
of penetration resistances with depth obtained from loosely (Models 14 and S5) and
densely packed models (Models S6 and S7) are shown in Figure 3.6. Clearly, for both
30 cm and 45 ¢m molds, there is no boundary interaction. Therefore, considering the
computational cost, the smaller of these two depths (30 cm) is chosen as the model

depth in this study.
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Figure 3.6. Investigation of boundary effect for 30 cm and 45 cm deep molds; force
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loose model with e = 0.67 (a and c¢) and for dense model with e = 0.56 (b and d) (G,
=5x 10® Pa, d, = 7.5 mm.)

3.3. Test Program

The test program includes 23 DEM models. Parameters used in each model are

given in Table 3.3. Sensitivity of DEM penetration model to following soil character-

istics are examined in this study:

e Particle stiffness
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Void ratio

Inter-particle static friction

Particle size

Particle size distribution

Particle shape

Rolling friction

In order to understand the influence of a soil characteristic, the results of the
models among which the soil characteristic under investigation varies are compared
with each other. In those models, the values of all parameters, apart from the param-
eter whose influence is under investigation in that section, are fixed. Thus, a variety
of comparisons based on the penetration resistance can be achieved for different soil
characteristics. In this study, reported penetration resistances are products of both
shaft resistance and end bearing. Therefore, they correspond to total resistances to

penetration.

Table 3.3. Properties defined in each model of the test program.

Model H, G, H(s,particle) Lo e C. | AR Dsp
No (cm) | (Pa) | Final | Filling | Particle | Pile | (-) | (-) | (-) | (mm)
1 30 107 0.5 0.5 0 0 063 | 1 1 10
2 30 5x107 0.5 0.5 0 0 0.68 | 1 1 10
3 30 108 0.5 0.5 0 0 0.7 1 1 10
4 30 5x108 0.5 0.5 0 0 0.7 1 1 10
5 30 10° 0.5 0.5 0 0 0.7 1 1 10
6 30 5x108 0.5 0.25 0 0 0.67 | 1 1 10
7 30 5x108 0.5 0 0 0 059 | 1 1 10
8 30 5x108 0.5 0.5 0 0 059 | 1 1 10
9 30 5x108 0.1 0 0 0 059 | 1 1 10




Table 3.3. Properties defined in each model of the test program (cont.).

Model | H. Gp (s particle) for e |Ce| AR | Dso
No (cm) | (Pa) | Final | Filling | Particle | Pile | (-) | (-) | (-) | (mm)
10 30 |5x10%| 0.3 0 0 0 059 1| 1 10
11 30 |[5x108| 0.7 0 0 0 059 1| 1 10
12 30 |5x10%| 0.9 0 0 0 059 1| 1 10
13 30 |5x10%| 0.5 | 0.39 0 0 (067 1] 1 | 875
14 30 |5x10%| 0.5 0.5 0 0 067 1] 1 7.5
15 30 |5x10%| 0.5 0 0 0 |0.56|1.5] 1 10
16 30 |5x10%| 0.5 0 0 0 |051] 2| 1 10
17 30 |5x10%| 0.5 0.1 0 0 |0.59|1.5] 1 10
18 30 |5x10%| 0.5 | 0.31 0 0 059 2| 1 10
19 30 |[5x10%| 0.5 | 0.205 0 0 |0.59] 1 [0.83| 10
20 30 |5x10%| 0.5 | 0.25 0 0 |0.59] 1 [0.71| 10
21 30 |5x10%| 0.5 0 0.05 [0.05[059| 1| 1 10
22 30 |5x10%| 0.5 0 0.1 0.1 1059 1| 1 10
23 30 |5x10%| 0.5 0 0.2 02 1059 1| 1 10
S1 22.5 |5x10%| 0.5 0.5 0 0 |07]1] 1 10
S2 45 |5x10% | 0.5 0.5 0 0 07| 1] 1 10
S3 22.5 |5x10%| 0.5 0 0 0 059 1| 1 10
S4 45 |5x10% | 0.5 0 0 0 059 1| 1 10
S5 45 |5x10% | 0.5 0.5 0 0 067 1] 1 7.5
S6 30 |5x10%| 0.5 0 0 0 |056] 1 | 1 7.5
S7 45 | 5x10%| 0.5 0 0 0 [056] 1| 1 7.5

3.4.1. Effect of Particle Stiffness on Penetration Resistance

3.4. Results and Discussions

37

One of the possible ways of decreasing computational cost in DEM is to reduce

particle stiffness as recommended by Malone and Xu (2008). Using softer particles will

result in larger critical time steps, leading to a shorter computation time (EDEM 2018).

There are various methods to determine the critical time-step for DEM simulations,

among which Rayleigh time-step is the most frequently used. Moreover, Zienkiewicz
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and Taylor (2000) suggested that the maximum stable time step can be determined
by calculating the eigenvalues of the amplification matrix. It must be noted that in
this study, Rayleigh’s approach is utilized to determine the critical time step. This
is because time steps in DEM are determined as a percentage of the Rayleigh time
step. The conventional choice for the time step is to use 20% of the Rayleigh time step
(EDEM 2018; Feng et al. 2019). The Rayleigh time step is calculated using Equation
(2.6).

As it is seen in Equation (2.6), smaller G, will result in greater T values. How-
ever, excessively soft particles can cause undesirable effects on soil behaviour. This
presents an optimization problem that requires the identification of the minimum par-
ticle stiffness that does not result in deviation from realistic soil response. The magni-
tude of minimum particle stiffness that can be used in simulations is problem-specific
and can vary based on the mechanism considered. For example, Lommen et al. (2014)
showed that using a particle shear modulus above 107 Pa is sufficient to get accurate
results in DEM simulations of the angle of repose tests, while minimum shear mod-
ulus must at least be 10® Pa in case of penetration tests. Accordingly, the goal is to
determine the minimum magnitude of particle shear modulus above which the results
of penetration analysis do not significantly change. For this purpose, the results of the
penetration simulations for which only particle stiffness is changed are compared with
each other. These models are Models 1 to 5 (Table 3.3). As it is seen in Figure 3.7, the
effect of the particle stiffness on penetration resistance starts to diminish once parti-
cles’ shear modulus exceeds 10® Pa. Thus, based on the results presented in Figure 3.7,
particle shear modulus that is equal to 5x10® Pa is just sufficient to obtain accurate
results in case of pile penetration problems. Accordingly in this study, particles’ shear

modulus is set to 5x10% Pa in all the other models.
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Figure 3.7. Influence of particle shear modulus on penetration resistance.

3.4.2. Effect of Void Ratio on Penetration Resistance

Soil density is one of the most critical factors that affect soils” mechanical be-
haviour. For dry soils, density is dependent on the arrangement grains. DEM allows
the preparation of granular bodies at different densities. When soils models are pre-
pared by pluviation, target density can be achieved by adjusting inter-particle friction.
Use of smaller magnitudes of inter-particle friction during pluviation leads to smaller
void ratios, resulting in denser packing. Certainly, knowledge of void ratio alone is
not sufficient to determine whether an arrangement of grains is dense or loose. For
a reliable evaluation of density, it is also necessary to know the loosest possible and
the densest possible states and the corresponding void ratios. Influence of void ratio
on penetration resistance can be ascertained by comparing the results of models that
have the same characteristics, regarding shape, gradation, specific gravity and shear
modulus, but different void ratios. This condition is satisfied for three different models

listed in Table 3.3. These are models 4, 6, and 7. These three models are prepared
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using different magnitudes of inter-particle friction during the pluviation stage. This
resulted in different depositional characteristics and yielded different packing densi-
ties. The inter-particle friction coefficients during the pluviation stage are 0.5, 0.25
and 0 for Models 4, 6, and 7, respectively. This resulted in soil model void ratios that
are 0.7, 0.67, and 0.59, in the same order. Once the models are ready, prior to the
commencement of penetration test, inter-particle friction values are all changed to the
target value, which is 0.5. Among the three models that only differ in their void ratios,
Model 7 represents the densest state possible, since during the pluviation stage of this
model the particles were not restricted with frictional resistance as the coefficient of the
inter-particle friction was set to zero. Conversely, as explained in the previous section,
soil in Model 4 corresponds to the loosest possible state because fi(sparticiey Was set to
0.5, which is already target value, during the pluviation stage. Thus, the soil samples

in Models 4, 6 and 7 can be classified as loose, medium dense and dense, respectively.

In addition to model preparation using pluviation with adjusted inter-particle
friction coefficients, it is possible to compress the granular arrangement to target void
ratio by loading and unloading. For understanding the possible influence of model
preparation technique on penetration resistance, a single model (Model 8) is prepared
using this latter method. Model 8 is prepared initially by pluviating particles that
have inter-particle friction coefficients equal to 0.5. This resulted in loose arrangement
as in the case of Model 4. Later, this arrangement is compressed using a top plate
and unloaded to achieve the target void ratio (e = 0.59). In their final states, Model 7
and Model 8 have the same void ratio. However, these two models have significantly
different coordination numbers (Figure 3.8a). Coordination number is a micro-scale
indicator, which gives information on contact density within a granular sample. It
is defined as the average number of contacts per particle. Observed difference in the
coordination number of Models 7 and 8 is expected, since greater number of contacts
in a frictional environment will require more work input, therefore, number of contacts
in frictional assemblies tend to be smaller. Evident in Figure 3.8a, loading and un-
loading did not cause a change in the initial coordination number. On the other hand,
frictionless assemblies can freely rearrange and this results in structures with greater

contact numbers. Additionally, greater coordination number leads to less intense force
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networks, whereas the smaller coordination number of Model 8 results in more intense
force networks (Figure 3.8b and Figure 3.8¢, respectively). Clearly, this difference is
due to the differences in magnitudes of force that should be carried per contact. The
outcomes at the macro-scale as a result of this micro-scale mechanism are given in
Figure 3.8d. Figure 3.8d compares the penetration resistances in Models 4, 6, 7, and 8
and, as expected, resistance is greater when the soil being penetrated is denser. Addi-
tionally, it is noticed that models that have the same void ratio (Models 7 and 8) yield
practically the same penetration resistance, even though their coordination numbers
are significantly different. This shows that macro behaviour is governed by average
properties and penetration resistance is dependent on the average void ratio and stress
state. This is expected, since the strength of a cohesionless assembly is a function of
stress state and void ratio, as previously identified by many researchers studying the
subject (Alshibli and Cil 2018; Bolton 1986; Chakraborty and Salgado 2010; Cinicioglu
and Abadkon 2015; Vaid and Sasitharan 1992). Therefore, for a cohesionless granu-
lar material, stress history does not have any influence over strength (peak friction
angle, critical state friction angle, and dilation angle) as long as it does not lead to ce-
mentation or granular shape changes. This is observed in the relationships proposed in
Bolton’s (1986) seminal work. Bolton (1986) shows that peak dilatancy angle and peak
friction angle are functions of relative density and mean effective stress at failure. It is
also very well known that critical state friction angle is independent of stress history
since it emerges after all effects of stress history are erased. Accordingly, the results of
the models can be considered applicable to problems that involve cohesionless granular

materials.
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Figure 3.8. Influence of void ratio and soil fabric on penetration resistance: (a)
average coordination numbers; (b) force chain networks at halfway and full
penetration for model 7 prepared by air pluviation; (c) force chain networks at
halfway and full penetration for model 8 prepared by loading-unloading; (d)

comparison of penetration resistances for models 4, 6, 7 and 8.

3.4.3. Effect of Inter-Particle Friction on Penetration Resistance

Dry cohesionless soils consist of discrete particles that do not bond to each other.
Thus, their mechanical behaviour is controlled by friction. The parameter that defines
particle-to-particle interaction is inter-particle friction coefficient. Angle of repose,
shear stiffness, coefficient of lateral earth pressure, peak and critical state friction an-
gles (Barreto and O’Sullivan 2012; Chung and Ooi 2008; Gong et al. 2019; Yan et al.
2015) are just some of the mechanical characteristics of granular materials influenced
by inter-particle friction. With DEM, it is possible to evaluate the influence of inter-
particle friction coefficient on soil behaviour by varying its value between models. This
is a necessary step in the development and validation of DEM models. The value of the

inter-particle friction coefficient that results in a model that conforms with experimen-
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tal results is sought in all DEM models. Accordingly, the influence of the inter-particle
friction coefficient on penetration resistance is investigated. For this purpose, four soil
samples (Models 9-12) that have differing inter-particle friction coefficients are pre-
pared in addition to the sample in Model 7 while the rest of the parameters that define
these models are kept the same. Information about these models is given in Table 3.3.
The influence of the inter-particle friction coefficient on penetration resistance can be

ascertained by comparing the results of these five models (Figure 3.9).
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Figure 3.9. Effect of coefficient of inter-particle friction on penetration resistance.

According to Figure 3.9, an increase in inter-particle friction coefficient has a
very high influence until i particiey becomes 0.5. For values of i particiey that are
greater than 0.5, the effect of the inter-particle friction starts to saturate. Several
researchers attribute this trend to the fact that inter-particle friction coefficient can
have a profound effect on soil mechanical behaviour only up to a threshold value (Dai
et al. 2016; Huang et al. 2014; Tran et al. 2016). According to Huang et al. (2014) and
Dai et al. (2016), the dominance of particle sliding at particle to particle contact points

starts to diminish with the increase of ji(s particie). This is because with greater values of
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[(s,particle), Tolling starts to become more energy-efficient than sliding. Particle rotation
is free in all samples used for comparison (Models 7, 9,10,11, and 12). Obtained results
are compatible with Huang et al. (2014) and Dai et al. (2016). Accordingly, it is seen
that the resistance the soil shows to pile penetration can be also responsive to increases

in inter-particle friction only until a limit value.

3.4.4. Effect of Particle Size on Penetration Resistance

Modeling particles at their actual sizes is the most realistic option for DEM based
soil simulations. However, this is not practical in terms of computational cost, since
using actual particle sizes will result in a staggeringly high number of particles, even
with small-sized soil samples. Effect of particle size on total simulation time is twofold.
The expected first effect is that the number of particles needed to simulate a soil sample
will increase with the reduction in particle size; increase in the number of particles in
simulation increases necessary computational time. Secondly, the smallest particle size
in simulation is a parameter in the calculation of time step. As the smallest size becomes
smaller, the Rayleigh time step also gets smaller, as seen in Equation (3.2). Smaller
time steps correspond to longer simulation times as they require greater number of
calculations (EDEM 2018). Therefore, it is customary to scale up particle size in DEM
models in order to decrease computational cost, even at the expense of influencing
soil behaviour. For that reason, it is necessary to determine the possible influences of
particle upscaling on mechanical behaviour when modelling with DEM (Coetzee 2019;
Lin and Wu 2012; Liu and Wang 2016; Miyai et al. 2019; Vangla and Latha 2015). In
order to be able to observe the effect of particle size on penetration response, it is more
meaningful to investigate the effect of relative particle size (B/Djg) rather than the
particle size itself. In addition, all the input parameters apart from particle size, such as
particle morphology, particle size distribution and void ratio of sample, should remain
the same (Esposito et al. 2018; Miyai et al. 2019; Vangla and Latha 2015). Accordingly,
two different models are generated using particles with sizes equal to 8.75 mm and 7.5
mm in diameter; these are Model 13 and Model 14 in Table 3.3, respectively. Since pile
diameter remains constant in this study, (B/Dso) varies with the variation of particle

size. (B/Dsp) ratios in Models 6, 13 and 14 are calculated as 3, 3.43 and 4, respectively
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as the pile diameter is constant at 30 mm. The aim is to prepare models composed of
uniformly graded soils that have the same void ratio as that of Model 6 which would
make it possible to investigate the effect of particle size only. Models that have the same
void ratio, but different uniform grain sizes, are prepared by adjusting the inter-particle
friction coefficients during the filling stage. When the inter-particle friction coefficients
used in the filling stages of models that have successively smaller size particles are
compared (specifically models 6, 13, and 14), it is noticed that higher coefficients of
inter-particle friction are necessary when particle sizes are smaller to achieve the same
void ratio. Eventually, the required coefficients inter-particle coefficients of friction
during air-pluviation in Models 6, 13, and 14 are determined as 0.25, 0.39, and 0.5,
respectively (Table 3.3). After the generation of DEM models, penetration resistances
obtained from the simulations of Model 6, Model 13 and 14 (Table 3.3) are compared.
According to the results shown in Figure 3.10, models with smaller particles show lower
resistances to pile penetration, when all the other characteristics are the same. These
findings are compatible with previous studies, such as Bolton et al. (1999), Feng et al.
(2019) and Miyai et al. (2019). However, when the results in Figure 3.10 are examined,
it is not possible to suggest a significant particle size effect. However, Bolton et al.
(1999), Peng et al. (2009) and Kang et al. (2018) asserted that effect of particle size on
penetration resistance is negligible for (B/Dsg) values greater than 20. Based on the
results in literature, it is possible to assume that penetration resistances in these tests
are under the influence of particle size. But, the observed trend shown in Figure 3.10
where models with larger size particles generate greater resistance to penetration is in
line with expected theoretical response. This is because when all other characteristics
are the same, grains with larger sizes produce greater critical state friction angles, and

therefore greater frictional resistances, as shown and explained by Dai et al. (2016).
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Figure 3.10. Effect of particle size on penetration resistance.

3.4.5. Effect of Particle Size Distribution on Penetration Resistance

Soil classification is the first step towards understanding possible mechanical re-
sponses and properties of soils. Especially, in case of cohesionless soils, behaviour is
directly dependent on particle size distribution (PSD). Three coefficients are used to
quantify the characteristics of particle size distribution curves; these are the mean par-
ticle size (D), coefficient of uniformity (C,) and the coefficient of curvature (C.). C,

and C, are calculated using

Cu = DGO/Dlo (32)

and

CC = D%O/ <D60 X Dw) . (33)
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In Equation (3.2) and Equation (3.3), Do, D3g, and D¢ represent the diameters cor-
responding to 10%, 30%, and 60% finer by weight, respectively. For all the models, the
magnitude of Dsq is 10mm, except Model 13 and Model 14. Similarly, the coefficients
of curvature (C.) in all models ranged between 0.996 and 1.04, therefore it can be
considered to be the same as the differences between models are insignificant. Then,
among the coefficients defining the characteristics of particle size distribution curves of
models in this study, C, is the only distinguishing factor. Accordingly in this study,
particle size distribution curves with three different C,, values are adopted. These are
PSD_1, PSD_2, and PSD_3 with C, values 1, 1.5, and 2, respectively (Table 3.4). The
resulting PSD curves are illustrated in Figure 3.11. As seen in Figure 3.11, the mean

particle sizes are the same for all PSD curves.
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Figure 3.11. Different PSDs used in the models.
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Table 3.4. Parameters of the PSD.

PSD Type C. C. Ds
(Deo/Dro) | (D3p/(Dio % Deo)) | (mm)

PSD_1 1 1 10

PSD_2 1.5 1 10

PSD_3 2 1 10

The effect of particle size distribution on mechanical behaviour of soils can be
classified into two aspects. Firstly, different PSD curves will result in different sample
void ratios if they are prepared under the same conditions. This is because a PSD with
a greater C, corresponds to a sample with different sized particles and the smaller
sized particles tend to fill voids within larger sized particles; thus, porosity (or void
ratio) decreases. Secondly, samples that are collections of different-sized particles are
not expected to behave the same as ones with uniform graded particles even when they
are prepared at the same void ratio. Therefore, in this study, two models for each PSD
curve are prepared. The first of the two models is prepared at the densest possible
state by keeping inter-particle coefficient of friction zero during pluviation. For all
models prepared at their densest states, void ratios might differ as a result of different
PSD curves, but their relative densities are all 1. The models prepared at the densest
possible state are Model 7, Model 15, and Model 16 for PSD_1, PSD_2; and PSD_3,
respectively. The second of the two models is prepared with a target void ratio by ad-
justing the inter-particle coefficient of friction during air-pluviation; target void ratios
for the second models of all PSD curves are the same for the purpose of comparison.
For the models at the target void ratio, two models are prepared for PSD_2 and PSD_3
gradation curves to achieve the same void ratio as that of Model 7 (PSD_1), which is
0.59. These models are Model 17 and Model 18 for PSD_2 and PSD_3, respectively. By
preparing the models at the same void ratio but with different gradations, differences
in resistances to penetration in these soils will only be the product of the differences

in gradation.
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Eventually, five different models (Models 7, 15, 16, 17, and 18), whose details are
given in Table 3.3, are used to investigate the influence of grain size distribution on
penetration resistance of soils. When the results of penetration into these five models
as shown in Figure 3.12 are examined, it is observed that models having PSD curves
with greater C, show higher resistances to pile penetration if they are all at their
densest possible states (void ratios are 0.59, 0.56 and 0.51 for the samples with C,= 1,
1.5 and 2, respectively). This is because each model has a different void ratio at the
densest state as a result of the differences in gradation; models with smaller void ratios
at densest state exhibit greater resistance to penetration as expected. On the other
hand, when the samples are prepared at the same void ratio, then higher C, values
result in less resistance to penetration. Here it should be noted that coordination
number does not influence resistance to penetration as previously explained in Section
3.4.2. Hence, differences in penetration resistance are caused by the differences in their
relative degree of packing. Considering Figure 3.12, greater the difference of a model’s
void ratio from its void ratio at the densest state, less dense it’s granular packing is.
This is also observed by the required coefficient of inter-particle friction to achieve the
target void ratio during pluviation; the required coefficients of inter-particle friction to
achieve a void ratio of 0.59 are 0, 0.1, and 0.3 for Models 7, 17, and 18, respectively.
Correspondingly, models that are at a looser state yielded relatively lower penetration
resistances, even if they have the same void ratio. Therefore, gradation’s actual impact

is caused by its influence over relative degree of packing.
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Figure 3.12. Effect of PSD on penetration resistance (* at the densest state).

Particle size distribution influences also the computational time by two differ-
ent means. First, the number of particles required to achieve a certain void ratio is
dependent on the particle size distribution of the assembly. Second, for models with
the same Dy values, smallest particle diameter decreases with increasing C,,, and it
is the diameter of the smallest sized particle in the assembly that is used as d, in
Equation (2.6) to calculate time step. To observe these effects, Models 7, 17, and 18
that have the same void ratio, the same D5y values, but different C,, magnitudes are
used (Table 3.5). As it is seen in Table 3.5, PSD curve with higher C, requires larger
number of particles to achieve same void ratio if all the other characteristics of models
are kept constant. In addition, an increase in C, with a constant Dsy leads to a de-
crease in the diameter of the smallest sized particle in the assembly, as shown in Table
3.5. Since computational time is proportional to the number of particles and inversely
proportional to the diameter of the smallest particle in the assembly, it is clear that a

model having a PSD curve with greater C, requires relatively more computational time.



Table 3.5. Properties of models related with particle size distribution (PSD).

o1

Model Cl Void | Total Number D Smallest Particle
No (Deo/pyy) | ratio of Particle (mm) Diameter
(mm)
Model 7 1 0.59 70750 10 10
Model 16 1.5 0.59 83782 10 7
Model 17 2 0.59 111624 10 5.6

3.4.6. Effect of Particle Shape on Penetration Resistance

Particle shape, an inherent soil characteristic, has a significant effect on soil be-

haviour. Morphology of granular materials can be quantified using shape parameters,

such as aspect ratio, convexity, sphericity, roundness, and angularity (Mitchell 1993;

Soltanbeigi et al. 2017). In this study, aspect ratio is the parameter of choice for

quantifying particle shape. Aspect ratio (AR) is considered as the ratio of the minor

axis length to the major axis length, as this is the preferred form in recent works, such

as Jiang et al. (2018). To achieve aspect ratios different than 1, particles are clumped

to each other. In this study, clumped particles are formed by defining two overlapped

spheres. This way, particles with different aspect ratios are created as indicated in

Figure 3.13.
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Figure 3.13. Particle aspect ratio.
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The clumps with different aspect ratios are separately used to generate the models
labelled Models 19 and 20 in Table 3.3. The minor axis lengths of the clumped particles
are all the same and equal to the average diameter (Dso) of the spherical particles in
Model 7. Besides, models with particles that have different aspect ratios are prepared at
the same void ratio as Model 7 by adjusting the inter-particle friction coefficient during
the filling procedure. This is necessary for the considered non-spherical particles, since
it is seen that the packing density is a function of aspect ratio value. Using trial and
error, the coefficients of inter-particle friction in Model 19 (AR=0.833) and Model 20
(AR=0.714), which result in the same void ratio as Model 7, are determined as 0.205
and 0.25, respectively (Table 3.3). As seen for a smaller aspect ratio, a higher value
of inter-particle friction must be assigned to achieve a comparable packing density. In
other words, if the friction coefficient during filling is kept constant, then the models
including longer particles will have higher densities. However, it must be noted that
the increase in density with respect ratio is not always the case for cylindrical particles.
Gan and Yu (2020) studied the variation of packing density with AR for cylindrical
shape particles through DEM simulations. It is observed that the packing density, for
AR <1, is increased up to around AR=0.667, and then further decrease in aspect ratio
lead to a decrease in packing density. Thus, particle shape has a direct effect on soil
behaviour even at the depositional stage. However, the main purpose of this study is to
understand the impact of particle shape on penetration response. That is why, models
composed of different shaped particles are prepared at the same void ratio. This way,

it is possible to monitor the influence of particle shape uncoupled from density.

Accordingly, in Models 7, 19, and 20, all the parameters are the same, with the
exception of aspect ratio. Variations of penetration resistance with depth are shown
in Figure 3.14 for these three models. As it is clearly observed in Figure 3.14, even if
the only difference between them is particle shape, models yield different penetration
resistances. Specifically, smaller aspect ratio results in greater penetration resistance
as long as the models are at the same void ratio (Figure 3.14). This is an expected
outcome as deviation from sphericity hinders particles rotation capability. In other
words, non-spherical particle shapes impose a partial restriction to rotation. Thus,

granular structures show greater resistance to pile penetration as particles have more



23

elongated forms, corresponding to smaller aspect ratios.
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Figure 3.14. Effect of particle shape on penetration resistance.

3.4.7. Effect of Rolling Friction on Penetration Resistance

Rolling friction is defined as a torque resisting the rolling of particles. The torque

is a function of normal force (F,,) and a coefficient of rolling friction () as given in

T, = —/,LanRiwi (34)

where R(i) and w; are the radius of each sphere in contact and the unit angular ve-
locity vector of the object at the contact point, respectively (EDEM 2018). Spherical
particles can normally rotate without limitation. On the other hand, non-spherical
shapes of particles naturally restrict rotation by increasing interlocking. Thus, rolling
friction function is a numerical substitute for particle shape (Wensrich and Katterfeld

2012). Considering the computational demand, it is more advantageous to use rolling
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friction as opposed to defining non-spherical particle shapes. Especially in cases when
actual particle morphologies are defined in DEM, computational cost can be stagger-
ingly high. However, the results of some studies (Esposito et al. 2018; McDowell et al.
2012) suggested that when particles are restricted or inhibited to rotate, the kinematics
of the problem is not the same as when non-spherical particles are defined. Thus, it is
a matter of debate whether employing rolling friction to simulate particle shape effect
is appropriate or not. To investigate the influence of rolling friction on penetration
simulations, three different models are created. These are Models 21, 22 and 23 and
their details are given in Table 3.3. As it is seen in Table 3.3, the coefficient of rolling
friction values used in this study are 0.05, 0.1 and 0.2. Models that do not include
rolling friction (u,=0) are also added to the comparison as references. These models
are Model 7, composed of spherical particles and Models 19 and 20, composed of non-
spherical particles. The penetration resistances measured in Models 7, 19, 20, 21, 22,
and 23 are shown in Figure 3.15. When Figure 3.15 is examined, it is noted that the
trends of penetration resistance curves obtained from the models with rolling friction
are significantly different than the models without. With rolling friction, the rate of in-
crease in resistance is significantly higher in the initial stages of penetration. This high
rate of increase in penetration resistance diminishes in the later stages of penetration
and can be noticed from the abrupt change in the slope of the penetration resistance-
depth curve. As the soil models in this study do not have a crust zone such changes
in the rate of increase of penetration resistance are not reasonable. These findings
are compatible with McDowell et al. (2012) and Esposito et al. (2018). Apparently,
rolling friction should not be used as a substitute for particle shape. Consequently, it is
advised to use as realistic particle shapes as the computational cost allows in modeling

penetration problems.
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4. VALIDATION OF DEM MODELING OF
PENETRATION IN GRANULAR MATERIALS AND
METHODS TO REDUCE COMPUTATIONAL TIME

This chapter aims both to obtain a validated DEM model and to investigate the
techniques used for reducing the computational cost. To achieve the first purpose,
experimental results of a penetration study in the literature are used for the validation
process. DEM models with different rolling friction coefficients are generated and the
penetration resistance is obtained for each model. The resistance results are compared
with the experimental ones to determine the model parameters for the validated model.
As for the second purpose, three novel techniques are used for the model preparation to
decrease the computational time of DEM simulations. To evaluate the validity of the
approaches, the results from each of the models prepared with different techniques are

compared with a similar sample that is prepared without any optimization technique.

4.1. DEM Model and Validation

4.1.1. General Description of Experiments Used for Validation of DEM
Models

Here, the goal is to design a reliable DEM penetration model that is validated
using experimental results. For this purpose, the results from experiments conducted
by Feng et al. (2019) were selected as a means of verification. The model used by Feng
et al. (2019) consists of a cylindrical object (with a diameter of 5 cm and length of
7 cm), and a cylindrical chamber (with diameter of 45 cm and depth of 21 c¢cm) that
is filled with assembly of 6 mm diameter spherical glass beads. The packing fraction
(ratio of total particle volume to chamber volume) was adjusted as approximately 0.575
(£0.002). The cylindrical object penetrated the granular medium with a velocity of

0.5 mm/s, and each test is repeated five times. The resistance forces and penetration
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depths were normalized using

F
y = 4.1
P Pp X WX gxS, xR, (4.1)
and
h
hy, = — 4.2
= (42)

where F|p,, ¥, g, S, R and h are the penetration resistance, particle density, packing
fraction, gravitational acceleration, section area of object, object radius, and, penetra-

tion depth, respectively (Kang et al., 2018).

To clearly show the trend of the resistance along with the penetration depth,
a temporal averaging is performed on the data obtained throughout the penetration
following the suggestion of Janda and Ooi (2016) as explained in Section 3.1.3. Ac-
cording to Janda and Ooi (2016), each averaging of penetration resistance is taken for
a displacement of the penetrator which is approximately 3.5 times the mean diameter
of particles. In these experiments, the data were averaged at each 21 mm displacement

since the bead diameter is 6 mm.

All the resistance forces are presented in a dimensionless and time-averaged form.
Accordingly, the upper and lower boundaries of penetration resistance forces in the
experiments conducted by Feng et al. (2019) are shown in Figure 4.1. These results
are compared with the results obtained from the DEM simulations to determine the

suitable parameters for a validated DEM model as mentioned in the following section.
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Figure 4.1. Upper and lower boundaries of the normalized penetration resistance

forces in the experiments conducted by Feng et al. (2019).

4.1.2. Validation Procedure

In this section, the purpose is to generate a DEM model that gives compatible
penetration resistance forces with the ones in the series of experiments conducted by
Feng et al. (2019). In the generated models, the particle properties are used the
same as in the study of Feng et al. (2019) (i.e. inter-particle friction, shape particle,
particle size, particle density, and coefficient of restitution). The shear modulus for the
particles is set to the same value as in the study of Gezgin et al. (2020). The material

parameters constantly used in the validation process are given in Table 4.1.

The chamber is generated as a box rather than a cylinder in the models as shown
in Figure 4.2. However, the particle diameter, the height of the granular assembly, the

chamber width, and the diameter of the penetrating object are all kept the same as the



59

experiment conducted by Feng et al. (2019) as given in Table 4.2. The packing frac-

tion of the granular medium in the DEM models generated for validation is adjusted

as 0.58, which is almost the same as the one in the experiments.

Table 4.1. DEM material properties used in the all simulations.

particles and object, fi(s object)

Parameter Value | Unit From
Particle density, p, 2650 | kg/m® | Feng et al. (2019)
Particle Poisson’s ratio, v, 0.3 - Feng et al. (2019)
Particle shear modulus, G, 5 x 108 Pa Gezgin et al. (2020)
Inter-particle static friction coefficient, 0.5 - Feng et al. (2019)
H(s,particle)
Coefficient of restitution, e, 0.8 - Feng et al. (2019)
Coeflicient of static friction between 0.3 - Feng et al. (2019)

W. e
(a)

Figure 4.2. DEM model of a cylindrical object penetration (a) normal view (b) top

view.

W.
(b)
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Table 4.2. DEM model properties used in the validation stage.

Parameter Value | Unit From
Chamber height, H, 210 mm | Feng et al. (2019)
Chamber width, W, 450 mm | Feng et al. (2019)
Object diameter, B, 50 mm | Feng et al. (2019)

Velocity of the object, Yopject 30 mm/s -

Particle diameter, d,, 6 mm | Feng et al. (2019)

The penetration velocity of the object in the simulations is optimized considering
computational cost. Additionally, it must be noted that a too fast penetration can
also affect the soil response. So, the highest velocity that does not have an effect
on soil resistance to penetration should be determined for each simulation. Equation
(3.1) given in Section 3.1.3 is used to calculate the maximum penetration velocity
(¥.). It is shown in Equation (3.1) that the limit for the velocity depends on the
gravitational acceleration and the particle diameter. Since the diameter of particles
in the models used for validation is 6 mm, the highest velocity that does not affect
soil-object interaction is calculated as 34.3 mm/s. Thus, a velocity of 30 mm/s for the
object is selected to eliminate its effect on penetration resistance with the minimum

computational cost possible.

Rolling friction is selected as the variable to be used to obtain a model validated
by the experiments, because it is also a parameter affecting the resistance force of the
particles to penetration. Rolling friction makes rotation more difficult for the particles
during penetration, as a consequence to which resistance to penetration increases. Ac-
cordingly, it is aimed to determine the coefficient of rolling friction (yu,) which provides
a compatible model. For this aim, Models 24 - 27, the details of which are given in Ta-
ble 4.3, are prepared using different pu, values. The comparison between these models
is shown in Figure 4.3. According to Figure 4.3, p,=0.01 used in Model 26 ensures a
penetration resistance compatible with the experimental results. So, Model 26 can be

defined as the “validated model”.
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Table 4.3. Features of DEM models generating for validation.

Model No | Coefficient of rolling friction (u,)
24 0
25 0.05
26 0.01
27 0.02

MNormalized penetration resistance (-)
0 25 50 75 100

U L} L] L}
-©-Lower Boundary of Experiments

— -A-Upper Boundary of Experiments
= = Model 24 (cor=0)
% 05 F -B-Model 25 (cor=0.005)
© =-2—-Model 26 (cor =0.01)
5 —=—Model 27 (cor=0.02)
®
[il]
=N
=
&
E 15 F
5]
=z

2

Figure 4.3. Comparison of resistance forces obtained from the models with different

coefficients of rolling friction and experiment boundaries.

4.2. Methods to Reduce Computational Time

Although DEM offers several advantages for the investigation of soil response
and soil-structure interaction, it also has some drawbacks. One of the most important
problems is the high computational cost of simulations. Most of the solutions offered
to deal with the high-cost problem usually involve reducing the number of particles
(2D modelling, particle refinement method, using a quarter of the system) or increas-

ing time step (reducing stiffness). Some techniques, such as particle upscaling, solve
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the problem by both reducing the number of particles and providing larger time steps.
The time step can be increased using smaller shear modulus and/or bigger particles
as shown in Equation (2.6). However, some of these techniques can have undesir-
able effects on the simulation results. As an example, too soft particles, which have
small shear modulus, can lead to deviation from realistic soil response as explained
in Section 3.4.1. In addition, 2D modelling results in completely different kinematic
constraints from ones obtained in 3D simulations and real granular material (Falagush
et al. 2015a). Applying the method of particle upscaling can also negatively affect
soil response in simulations if up-scaled particles are not successfully calibrated (Coet-
zee 2019). Hereby, the possible effect of the techniques to save on computational cost
should be evaluated before applying them. Accordingly, it is aimed to investigate three
methods, that are presumed to have no undesirable effect, to decrease computational
time in this part of the study. Using a quarter of the system and particle refinement
method, which will be explained in Sections 4.2.1 and 4.2.3, respectively, work by de-
creasing the number of particles. On the other hand, model upscaling, which will be
mentioned in Section 4.2.2; provides an increase in the time-step by using larger parti-
cles. For all three techniques, the details of the models used for the validation purposes

are given in Table 4.4.

Table 4.4. Details of DEM models generated for reduction of computational time.

Model H,. W, dp B, Dobject 90° segment Refinement
No (mm) | (mm) | (mm) | (mm) | (mm/s) of the method
chamber
26 210 450 6 50 30 No No
28 210 225 6 50 30 Yes No
29 210 112.5 3 25 24 Yes No
30 210 450 12 100 45 Yes No
31 210 900 24 200 60 Yes No
32 210 562.5 | 6,9, 12 100 30 Yes Yes
33 210 562.5 6 100 30 Yes No
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4.2.1. Using a Quarter of the System in DEM

As a first technique to decrease computational cost, it was planned to consider
only the particles in a 90° segment of the granular material and the cylindrical object as
in the study of Falagush et al. (2015a). A box rather than a cylinder is preferred as the
test chamber to easily consider only a quarter of the sample and the pile as previously
mentioned in Section 4.1.2. In this way, the computational cost can be excessively
decreased since the total number of particles also falls to a quarter. However, firstly,
it is needed to answer if only a 90° segment of the sample and the object provides
sufficient accuracy of the simulation results. For this purpose, Model 28, where only a
quarter of the system is considered, was generated as an alternative to Model 26. All
other parameters in Model 28 are kept the same as the ones in Model 26 as given in
Table 4.4. The quarter sample and the object in Model 28, before the penetration, are

shown in Figure 4.4.

Figure 4.4. DEM model of penetration of the cylinder penetration with only a

quarter of the sample (a) normal view (b) top view.

In the models involving only the particles in a 90° segment, like Model 28, the
simulation results give the force acting on only a quarter of the object. It should be

multiplied by four to calculate the total resistance force during the penetration, since
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this is an axisymmetric problem. The results of penetration simulations in Models
26 and 28 are compared to investigate the effect of considering only a quarter of the
sample and the penetrating object on the penetration resistance. The comparison
result is shown in Figure 4.5. Since this method provides a compatible soil resistance
with the one in the model in which it is not applied, it is also used in the models

generated to investigate the effect of the methods which are explained in the following

sections.
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Figure 4.5. Comparison of resistance forces obtained from the models in which

sample is full and a quarter, respectively.

4.2.2. Using an Up-Scaled DEM Model

One of the factors affecting the computational cost in DEM models is the small-
est particle size in simulation, because it is a parameter in the calculation of the time
step as shown in Equation (3.2). In other words, generating larger particles helps to

decrease computational time. Therefore, the particle upscaling procedure is generally
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performed in DEM models. However, the up-scaled particles need to be calibrated
to represent the smaller ones in DEM models (Coetzee 2019) because particles just
become larger, while the geometry sizes remain the same. On the other hand, creating
an up-scaled model is different from the particle upscaling procedure. In this method,
all the simulation components are up-scaled, including all particles and geometries.
Thus, the ratio between the diameter of the penetrating object and the mean parti-
cle size is kept constant, unlike in the particle upscaling procedure. The interaction
between the particles and the geometries can be compared by normalizing the results
of the penetration simulations. Since there is a penetration problem in this study, the
penetration resistance can be used as a comparison tool after making it dimensionless
using Equation (4.1) and Equation (4.2). To investigate the effect of ‘model scaling’ on
normalized penetration resistance, Models 29 - 31 (details are given in Table (??)) are
generated in addition to Model 28. In Models 28 and 29 - 31, the ratio of the chamber
width to the diameter of the cylindrical penetrating object and the ratio of the object
diameter to the particle diameter are kept constant. However, since the penetration
velocity is proportional to the square root of the particle diameter as shown in Equa-
tion (3.2), the allowable velocity for each particle size was calculated. The penetration
velocities in Models 29 - 31 which were selected considering the maximum values are
shown in Table 4.4. The normalized penetration resistances obtained in these models
are compared as shown in Figure 4.6. As seen in Figure 4.6, all the normalized re-
sistance results obtained from the models at different sizes are compatible with each
other. Thus, it can be said that model upscaling is a successful procedure to decrease

the computational cost.
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Figure 4.6. Using Particle Refinement Method during Sample Preparation.

4.2.3. Using Particle Refinement Method during Sample Preparation

One of the factors influencing the computational cost in DEM models is the num-
ber of particles used to fill the chamber. Filling only in a 90° segment of the chamber
is a way to decrease the cost, as it is mentioned in Section 4.2.1. Moreover, there is
another technique to achieve shorter computational time by reducing the number of
particles, it is called as particle refinement method. It is based on the fact that the
particles in the vicinity of the penetrating object are smaller than those further away
(McDowell et al. 2012). In this way, the same number of particles in contact with the
penetrating object can be achieved with less number of particles as shown in Model
32, the details are given in Table 4.4. Model 32, in which the refinement method is
adopted, involves the particles at different sizes which are 6 mm, 9 mm and, 12 mm,
respectively. These particle sizes are selected following the work of McDowell et al.

(2012). For applying this method, the model is divided into zones as an initial step.
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Each of these zones is filled with different size particles as shown in Figure 4.7a. Fric-
tionless walls are used to separate the zones from each other during the filling stage.
The width of the zone surrounding the penetrating object must be sufficiently large to
satisfy transmission of the forces from the pile to the other zones. According to Sharif
et al. (2019), the width of the core zone should be at least 2.5 times the penetrator ra-
dius. Widths of the other zones are determined based on the ratio of particle diameter
in the considered zone to d, in the core zone. Width of all the zones (R.1, Re2 and, R.3)
and the equations used for their calculations are given in Table 4.5. It is important for
this method that the porosity should be the same for all the zones (McDowell et al.,
2012; Zhao et al., 2019). In this study, the porosity for all the zones is achieved as 0.4.

Table 4.5. Dimensions in Model 32.

Parameter | Calculation step | Value (mm)
d, in Zone 1 - 6
d, in Zone 2 - 9
d, in Zone 3 - 12
R, - 20
Rey 2.5*R, 125
Reo Rey x (%) 187.5
R R * (%) 250

After the sample preparation, the separating walls are deleted and the particles
are allowed to assume their final positions under the action of gravity. Then, the pen-
etrating object penetrates the sample prepared using the particle refinement method
as shown in Figure 4.7a. Due to the penetration, the particles can migrate from the

initial boundaries as shown in Figure 4.7b.

Model 33 is created to investigate the validity of the refinement method applied
in Model 32. For this aim, all the model properties are kept constant as shown in Table

4.4. The unique difference between Models 32 and 33 is that the sample in Model 33
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includes only 6 mm particles. The penetration resistances obtained from Models 32
and 33 are compared as shown in Figure 4.8. As it is seen in Figure 4.8, there is no
considerable difference between the resistance results of Models 32 and 33. The results
supports that this method can be used to reduce computational time, while achieving

similar resistance forces.

Re; R Ry

Figure 4.7. Application of refinement method (a) before penetration (b) after

penetration.
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Figure 4.8. Effect of particle refinement method on penetration resistance.

69



70

5. MULTI-SCALE ANALYSIS OF DEPENDENCY OF
SOIL - PILE INTERACTION CHARACTERISTICS ON
PILE INSTALLATION TECHNIQUE

This chapter firstly aims to investigate the influences of the particle shape and soil
density state on the response of the surrounding soil for both jacked and replacement
piles. The effect of the pile installation method on soil response is also examined for
different particle shapes and soil densities. These influences are observed in the stages
of pile construction and vertical loading, separately. To understand the influence of
particle shape, two types of dense samples are prepared using spherical particles with
an aspect ratio (AR) = 1 and non-spherical particles with AR= 0.67. For investigation
of the effect of soil density state, the non-spherical samples (AR= 0.67) at the loose
state are additionally prepared to compare with the dense ones. In these samples, both

jacked and replacement piles are constructed and then exposed to vertical loading tests.

5.1. Methodology

5.1.1. General Model Setup

The DEM models involve a box chamber filled with the particles and a pile. The
granular packing in the chamber represents cohesionless soil. It is important to notice
that the granular material and the rod are called “soil” and “pile”, respectively, be-
cause it is aimed to interpret the results of penetration and loading processes in terms of
geotechnical perspective as explained in Chapter 3. The interactions between the par-
ticular assemblies and the penetrating rods during the installation and loading stages
represent cohesionless soil - pile interaction in this part of the dissertation. During
the model generation, the methods explained in Section 4.2 are utilized for decreasing
computational time. These techniques are using a quarter of the sample and the pile,
model upscaling, and particle refinement method. The first technique is already ex-

plained in Section 4.2.1. As discussed, considering only a quarter of the sample and
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pile in the simulations is sufficient to quantitatively observe soil-pile interaction, since
pile penetration is an axisymmetric problem. Here, the important point is that the
measured forces should be multiplied by four to obtain the actual results. The second
way for achieving a less computational cost is to use the up-scaled models. In this
method, all components of a model become larger contrary to the particle upscaling.
The important factor is to keep the ratio of the box width to the pile diameter and
the ratio of the pile diameter to the particles size constant since the forces acting on
the pile and the pile displacement are normalized to evaluate the results as shown in
Section 4.2.2. The last technique is the particle refinement method. The main idea
in the technique is that smaller particles are generated near the pile and larger ones
further away as clarified in Section 4.2.3. In Section 4.2.3, the sample consists of three
zones that contain particles of different sizes. In this chapter, one more zone is also

added to the model in order to ensure that there is no boundary effect.

Accordingly, the DEM models include only a quarter of the samples which in-
volve four zones with different particle sizes as shown in Figure 5.1. Here, each color
represents particles of different sizes. All the zones are filled using the air-pluviation
method. As emphasized in Section 4.2.3, the porosity should be the same for all the
zones. It becomes possible to keep the porosity constant by adjusting inter-particle

static friction for the particles of each zone during the filling stage.

The width of each zone (R.) is determined using the calculation steps that are
given in Table 5.1. The diameter and the color of the particles in each zone are also
shown in Table 5.1. The model pile has a radius of 1 meter and the smallest particle
in the model has a radius of 0.1 m. So, the ratio between the pile diameter and the
diameter of the particles surrounding the pile (B/Dsg) is 10 that is nearly the same
as the maximum ratio used by Esposito et al. (2018). The ratio of the width of the
quarter of the sample to the pile radius (R./Rp.) is 17.5 that is slightly higher than
the ratio used in Falagush et al. (2015) and Chapter 3 of this study.

For modelling soil-pile interaction, the static friction coefficient between the par-

ticles and the pile is selected as 0.5. In addition, the pile length in the soil (D,) and the
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boundary distance from the pile bottom (after installation) to the bottom of the cham-
ber is 10 times the pile diameter. This boundary condition is also used by Esposito et

al. (2018).

Figure 5.1. Soil sample prepared using particle refinement method (top view).
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Table 5.1. Dimensions in Models 34 - 39.

Dimensions Calculation step | Value (m)
d, in Zone 1 (orange) - 0.2
d, in Zone 2 (yellow) - 0.3
d, in Zone 3 (green) - 0.4
d, in Zone 4 (blue) - 0.5
Rpite - 1
Ra 2.5%Rpite
R Re# (§mrmel) 3.75
Res Rey * (%) 5
Ry Ry * (%) 6.25
R, R+ Rep + Res + Rey 17.5
H, - 40

5.1.2. DEM Simulations Program

In this study, three unique samples, which are spherical - dense, non-spherical -
dense, and non-spherical - loose, are prepared. These samples are utilized to investigate
the effect of both particle shape and density state on soil-pile interaction. Addition-
ally, in each sample, two installation methods (jacked and replacement) are applied
separately (in total six cases are analyzed, as shown in Figure 5.2). Accordingly, this
section will clarify the soil response to the construction and vertical loading of the piles

installed with different techniques for different particle shapes and soil density states.
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Model Pile Particle Aspect Density
Porosity
No Tyvpe Shape Ratio State
34 Jacked ! D 0.37
ense g
37 Bored -

335 Jacked

L 0.67 Dense 0.34
38 Bored
36 Jacked

L 0.67 Loose 0.42
39 Bored

Figure 5.2. Features of DEM models used for investigation of influences of pile

installation methods.

5.1.3. DEM Model Setup of Pile Installation

5.1.3.1. Jacked Pile . Jacked piles, are generally placed into the soil by pushing with

a constant speed. The penetration mechanism that is discussed in Chapters 3 and 4
illustrates the construction procedures of jacked piles. The installation steps in this
part of the study are shown in Figure 5.3. The pile, with a diameter of 2 m, penetrates
at the corner, where the smallest particles are located (orange-colored), as discussed
in Section 4.2.3. The penetration depth is equal to 10 times the pile diameter. To
eliminate the effect of pile velocity on the soil response, the upper limit velocity is
determined using Equation 3.1 as in the work of Feng et al. (2019). In this chapter,
the diameter of the particles surrounding the pile is 0.2 m. Consequently, the allowable
penetration velocity is calculated as 0.198 m/s. As a result, the constant penetration

velocity is selected as 0.2 m/s in this chapter.
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(a) (b) (c)

Figure 5.3. Installation steps of jacked piles.

5.1.3.2. Replacement Pile. The principle for the construction of a replacement pile

is based on the replacement of the soil by the pile at the end of the installation. To
apply this principle in the DEM models, the region where the pile will be located
must be without particles. Therefore, a realistic procedure is followed to construct
the replacement piles in a DEM simulation. According to this procedure, firstly, all
the zones, except the core one, are filled with the designated particles. In the core
zone, which is closest to the area where the pile will be located, the particles are only
filled up to the level that coincides with the bottom of the pile (Figure 5.4a). With
the use of dividing walls, which are used to separate the zones from each other, the
height difference between the particle assemblies in the first zone and the others were
preserved. As a second step, a pile cover, which is at the length of the pile but 10%
wider than the pile, is created at the location where the pile is intended to be placed
(Figure 5.4b). As the next step, it is continued to fill the surrounding area of the pile
cover in the first zone with the particles until the assembly height in the core zone is

the same as that in the others (Figure 5.4c). After that, all the frictionless dividing
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walls between the zones are removed, then all the particles are allowed to settle until
the system reaches equilibrium. As a final step, the pile cover is removed and the pile
is positioned in the place of the cover (Figure 5.4d). After the cover is removed, due to
the diameter difference between the cover and the pile, the particles surrounding the
cover relocate to their new positions by moving towards the pile under gravity. After
all the particles completely settle in their final positions, the pile installation phase is

completed.

1.;[_;::3 B

) (b) (© (d)

Figure 5.4. Installation steps of replacement piles.

5.1.4. DEM Model of Vertical Pile Load Tests

After the installation stages are completed, the vertical load tests are performed
on the piles in Models 34 - 39. The aim is to assess the influences of pile installation
method, soil density, and soil particle shape on the pile capacity under vertical loading.
The loading tests allow the observation of the vertical pile displacement in response
to each vertical load level. According to the loading procedure, the pile is pushed by
increasing vertical load in a stepwise fashion, such as 0 kN, 2000 kN, 4000 kN, 6000
kN, and so on. Each load is applied until pile penetrates no more, at which stage
nearly all particles lose their kinetic energies and the system reaches equilibrium. At
the end of each loading step, the vertical pile displacement observed at that load level

is measured.
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5.2. Results and Discussions

5.2.1. Pile Installation Stage

5.2.1.1. Jacked Piles. Here, it is aimed to investigate the influences of both particle
shape and soil density state on penetration resistance in three aspects which are total
resistance, end bearing and, shaft friction. During penetration of a jacked pile, the
soil particles both under the toe of the pile and around the pile show resistance to
penetration together. The resistance of the particles which are under the pile toe is
called “end bearing” while one developing due to friction between the particles and
the pile shaft is known as “shaft friction”. The DEM enables separate measure the
penetration resistances that develop on the toe and shaft of the pile. As an example,
it is sufficient to consider only the contact forces between the pile and the particles in

contact with the surface area in the calculations to obtain just the shaft friction.

Accordingly, total resistance, end bearing and shaft friction are separately mea-
sured during the pile installation stage for different particle shapes and soil density
states. The measured resistances and the penetration depths are normalized using
Equation (4.1) and Equation (4.2), respectively. Figure 5.5 shows three different com-
parisons, which are between the total resistance, end bearing and, shaft resistance that
are normalized, respectively, for Models 34 - 36. According to Figure 5.5, soil density
has a significant effect on penetration resistance as presented in Section 3.4.2. This
influence has validity for both end bearing and shaft friction. Clearly, the penetra-
tion resistance in the dense non-spherical sample is almost two times it in the loose
one. In addition, it is seen that the particle shape also affects the penetration resis-
tance as mentioned in Section 3.4.6. Although the spherical sample in Model 34 and
the non-spherical sample in Model 36 are at dense and loose states, the resistance in
the spherical-dense sample is just slightly higher than the non-spherical - loose one as
shown in Figure 5.5a. However, the shaft frictions obtained in these samples completely
coincide as illustrated in Figure 5.5¢. It means that shaft friction highly contributes to

the penetration resistance in the non-spherical sample as against the spherical one.
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Figure 5.5. Penetration resistances in Model 34 [spherical - dense], Model 35
[non-spherical - dense], and Model 36 [non-spherical - loose| in terms of (a) total

resistance (b) end bearing (c) shaft friction.

Coordination number is a micro-scale parameter that shows contact density within
granular assemblies. It is defined as the average number of contacts per particle. Since
this number reflects the micro-mechanical aspect of soil behavior, soil response to the
pile installation can be also interpreted using this micro-scale indicator. However,
it should be noted that the coordination number of a granular medium depends on
techniques of sample preparation. It is a function of the inter-particle friction coeffi-
cient during the preparation stage as clarified in Section 3.4.2. Therefore, the initial
coordination number of the assemblies in each zone is different from the others even
before the pile installation in Models 34 - 36. Here it is focused on the variations in
the average coordination number of the sample. Accordingly, these variations that
are separately obtained for each zone in Models 34 - 36 are illustrated in Figure 5.6.
According to Figure 5.6, the average coordination numbers in the last two zones do

not show a significant change as against the other zones in all the models. It is not

surprising because the penetration effect decreases further away from the pile. Though
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the intensity is slightly higher for the first zone, they in the first two zones also show a
similar tendency during the penetration in all the models. At the beginning of the pen-
etration, the average coordination numbers in the first zones instantaneously decrease
for all the situations as shown in Figure 5.6. However, the effects of particle shape
and soil density state on the coordination number becomes apparent especially in the
first zone as the pile continues to penetrate. Pile penetration has a deeper effect on
the average coordination number of the non-spherical sample (Figure 5.6b) than that
of the spherical one (Figure 5.6a). Nevertheless, it is seen that particle shape does not
affect the tendency of the coordination number during penetration. In the first two
zones, it continues to decrease in both situations where the particles are spherical and
non-spherical, respectively. On the other hand, the soil density state directly affects the
micro-mechanical aspect of soil response to pile penetration. The coordination number
of the dense soil surrounding the pile consistently reduces (Figure 5.6b) while that of
the loose one starts to increase (Figure 5.6¢). This is because due to the penetration,

the loose sample densifies while the dense one shows dilatant behavior.

The DEM can also give the illustration of all contact networks in a simulation
(particle-particle and/or particle-geometry). Thus, the contact density of a granular
assembly can be visually interpreted without any indicator, such as the coordination
number. Here, it is aimed to visually observe the pile installation effect on the internal
structure of the soil samples with different particle shapes and density states at the
beginning of penetration. Accordingly, the contact networks before and immediately
after penetration in Model 34 - 36 are shown in Figure 5.7. Since the penetration mostly
affects the particles surrounding the pile, only the contacts between the particles in
the first zones are observed in detail. As shown in Figure 5.7, before penetration,
the contact networks are uniformly distributed in all three models. However, pile
penetration leads to a break in uniform distribution of the contact network, therefore, a
decrease in the number of force chains is seen. All three samples, that are with different
particle shapes or density states, are exposed to a similar effect of penetration. As it is
previously revealed that the coordination numbers of the assemblies in the first zones
instantaneously decrease immediately after the pile penetrating. Thus, the findings

given in Figure 5.7 are compatible with the variations in the coordination number
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shown in Figure 5.6.
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Figure 5.6. Variations in average coordination numbers during penetration stage (a)
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Figure 5.7. Contacts between the particles before and immediately after penetration
in (a) Model 34 [spherical - dense] (b) Model 35 [non-spherical - dense] (¢) Model 36

[non-spherical - loose].

5.2.1.2. Replacement Piles. Since replacement piles are not installed by pushing into

the soil, soil resistance to the pile installation is not developed. Therefore, the soil
response to pile installation can be observed in terms of only the contact intensity
in the samples. Coordination numbers and contact networks are used to identify the
contact intensity as clarified in Section 5.2.1.1. Accordingly, Figure 5.8 shows the
variation in the average coordination number of the particles in each zone for the
samples with different particle shapes and/or density states. However, the variation
is versus the elapsed time, starting after the pile replaces with its cover, rather than
the penetration depth because there is no penetration mechanism in this installation
method. According to Figure 5.8, in all three models, the coordination numbers in
the first zones decrease while those in the other zones do not show a considerable

change during the installation stage. Thus, it can be reported that the installation
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of a replacement pile causes a decrease in the average coordination number of the
particles surrounding the pile irrespective of the particle shape or the soil density
state. However, the comparison between Figure 5.8b and Figure 5.8c shows that the

coordination number of the dense sample decreases more than that of the loose one.

In Models 37 - 39, the contact networks before and immediately after pile in-
stallation in the first zones are also obtained and shown in Figure 5.9. Before pile
installation, the contact network is uniformly distributed around the pile cover in each
model. At the beginning of the installation, the pile replaces with the cover and some
contacts in the network disappear due to the instantaneous movement of the particles
around the new geometry. Thus, the contact intensity decreases in all three models
as shown in Figure 5.9. This finding is compatible with the results obtained from the
coordination numbers presented in Figure 5.8. Also, the decrease in the network inten-
sity observed in the dense sample is higher than it in the loose one, a similar finding

with that obtained from the coordination numbers.
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Figure 5.8. Variations in average coordination numbers during installation stage of
replacement piles in (a) Model 37 [spherical - dense] (b) Model 38 [non-spherical -
dense| (¢) Model 39 [non-spherical - loose].
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4.0e+004

Figure 5.9. Contacts between the particles before and immediately after installation
in (a) Model 37 [spherical - dense| (b) Model 38 [non-spherical - dense] (¢) Model 39

[non-spherical - loose].

5.2.2. Pile Vertical Loading Stage

After the pile installation stage, both jacked and replacement piles are subjected
to the loading tests in Models 34 - 39. The test procedure is explained in Section
5.1.4. Soil response to the load tests is classified into two major components that are
end bearing and shaft friction. Total resistance is the product of these components.
Determination of end bearing and shaft friction is explained in Section 5.2.1.1. The

procedure is the same as that in the penetration stage. All the discussions of test results
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given in the following are based on the total resistance, end bearing, and shaft friction.
It should be noted again that all the forces and the displacements measured during the

load tests are normalized using Equation (4.1) and Equation (4.2), respectively.

5.2.2.1. Jacked Piles. Figure 5.10 shows load-displacement curves that are obtained

in terms of total resistance, end bearing, and shaft friction for each sample in Model 34
- 36. It is clear that for Model 34 (spherical) both end bearing and shaft friction show
a similar trend with respect to load increments, as presented in Figure 5.10a. However,
it must be noted that the gradual increase of both resisting components saturates at
some point during the loading test. On the other hand, the loading test results for
the non-spherical samples at dense and loose states are presented in Figure 5.10b and
Figure 5.10c. It is seen that, contrary to the response of spheres, only the shaft friction

reaches a saturation state while the end bearing continues to increase.

To have a better understanding regarding the influences of both particle shape
and soil density state, the results from Figure 5.10 are individually compared in terms
of total resistance (Figure 5.11a), end bearing (Figure 5.11b) and, shaft friction (Figure
5.11c) for Models 34 - 36. Compared to Models 34 and 35, it is observed that the total
resistance is considerably higher for dense non-spheres (Model 35). Interestingly, it can
be seen that the total resistances are almost similar for spherical dense (Model 34) and
non-spherical loose (Model 36) samples. A similar conclusion can be drawn for the end
bearing and the shaft friction. This indicates that both particle shape and soil density

state must be considered as governing factors for soil-pile interaction in jacked piles.
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Figure 5.10. Jacked pile load test results, that show total resistance, end bearing, and

shaft friction, in a) Model 34 (spherical - dense) b) Model 35 (non-spherical - dense)
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terms of a) total resistance b) end bearing c) shaft friction.
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5.2.2.2. Replacement Piles. Similar investigations that are conducted for jacked piles

are repeated for replacement piles as well and are shown in Figure 5.12 and Figure 5.13.
It is seen in Figure 5.12 that while end bearing continuously increases for all cases, the
shaft friction saturates for replacement piles independent of both particle shape and

soil density state.

Furthermore, comparing different resisting components shown in Figure 5.13, it is
shown that the non-spherical dense sample yields a higher bearing capacity. Addition-
ally, it is seen that the non-spherical loose sample provides a higher loading capacity
than the spherical dense sample, which is slightly different than the jacked pile. This
indicates that in the case of the replacement pile installation method, spherical parti-
cles do not rearrange in the vicinity of the pile, and thus the pile has less interaction

with the surrounding particles.
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Figure 5.12. Replacement pile load test results, that show total resistance, end
bearing and shaft friction in a) Model 37 (spherical - dense) b) Model 38

(non-spherical - dense) ¢) Model 39 (non-spherical - loose).
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Figure 5.13. Comparison of load test results for replacement piles in Model 37
(spherical - dense), Model 38 (non-spherical - dense), and Model 39 (non-spherical -

loose) in terms of a) total resistance b) end bearing c) shaft friction.

5.2.2.3. Soil Response based on Installation Methods. In Sections 5.2.2.1 and 5.2.2.2,

the pile loading test is conducted for both pile installation methods. In these tests, the
dependency of soil response to vertical load increment is investigated for samples with
different particle shape and density states. However, it is also crucial to understand
the differences in soil response for the two installation methods. Accordingly, using
the load test results, here it is aimed to compare the jacked piles with the replacement

piles in terms of end bearing and shaft friction for each sample.

Figure 5.14 shows the comparison between the end bearing curves of the jacked
and replacement piles (including models 34 - 39). According to Figure 5.14, it is clear
that the jacked pile has a higher end bearing capacity than the replacement one for
all the models irrespective of particle shape and density state. The reason for this
apparent difference is that a jacked pile compresses the soil particles both under its
toe and along the shaft while penetrating. Additionally, this soil compaction leads to

a higher shaft resistance for the jacked piles, as shown in Figure 5.15.
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Figure 5.14. Effect of installation method (jacked and replacement piles) in terms of
end bearing for a) dense sample with spherical particles (Models 34 & 37) b) dense
sample non-spherical particles (Models 35 & 38) ¢) loose sample with non-spherical

particles (Models 36 & 39).

It is observed in Figure 5.14 and Figure 5.15 that the installation method has a
greater effect on the shaft friction than the end bearing. This is because the installation
process of replacement piles loosens the surrounding soil, while soil compression is
commonly observed on jacked piles. Consequently, it can be deduced that the shaft
friction component of the pile loading resistance is significantly affected by the pile

installation method.
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Figure 5.15. Effect of installation method (jacked and replacement piles) in terms of

shaft friction for a) dense sample with spherical particles (Models 34 & 37) b) dense

sample non-spherical particles (Models 35 & 38) ¢) loose sample with non-spherical

particles (Models 36 & 39).
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6. SUMMARY

This dissertation focuses on a multiscale investigation of soil-pile interaction with
DEM modelling. This study has three main themes, which discuss soil-pile interaction
from various perspectives. The following will summarize the outcomes for each chapter

that contains numerical results.

6.1. Influence of Soil Characteristics on Pile Penetration

In Chapter 3, for various soil properties, the results of the DEM simulations for
pile penetration are compared. A single parameter is varied in each model to observe
its influence on penetration resistance uncoupled from the rest. This is achieved by
comparing the variations of penetration resistances with depth for models that have
only a single differing parameter. Based on the presented comparisons, the effect of
each soil characteristic on penetration resistance is discussed. The main conclusions of

this part of the dissertation can be summarized as follows:

e The minimum shear modulus that will not significantly alter penetration results
is found to be 5 x 10® Pa.

e Models prepared at higher relative densities yield greater resistances to pile pen-
etration, as expected.

e The average coordination number is dependent on the method of model prepa-
ration. Model preparation by air-pluviation with reduced inter-particle friction
coefficient leads to higher coordination numbers (average number of contacts per
particle) relative to model preparation by loading and unloading.

e Results show that resistance to penetration into dry cohesionless soils is indepen-
dent of the average coordination number as resistance is controlled by void ratio
and stress state. Therefore, the fabric does not influence penetration resistance
as long as it does not affect density.

e The inter-particle friction coefficient has a major effect on pile penetration resis-

tance until (s particie)=0.5. However, this effect starts to saturate forp s particie) >0.5.
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e [t is observed that for the same size chamber and pile, models composed of larger
particles produce greater resistance to penetration.

e Models with particle size distribution curves having greater coefficients of unifor-
mity form denser granular arrangements; denser models have higher penetration
resistances.

e In case two models have the same void ratio, grain shape and mean grain size,
the one with particle size distribution curve resulting in a smaller coefficient of
uniformity has higher penetration resistance.

e PSD curve with a greater coefficient of uniformity increases computational time
even in case the void ratio is the same due to both smaller-sized particles and a
larger number of particles in the model.

e When aspect ratio of particles in a model is concerned; a model composed of
particles with smaller aspect ratios (having more elongated shapes) shows higher
resistance to pile penetration compared to a model composed of particles with
higher aspect ratios (having more rotund shapes).

e Models with rolling friction (discussed in Section 3.4.7) have higher resistances to
penetration relative to those without when all particles are spherical. However,
especially when the results of models with rolling friction are compared with the
results of models with non-spherical particles, it is noticed that rolling friction
cannot properly mimic the shape effect in case of penetration problems. There-
fore, the use of rolling friction substituted for non-sphericity of particles in DEM

simulations of penetration is not advised.

6.2. Validation of Dem Modeling of Penetration in Granular Materials

and Methods to Reduce Computational Time

In Chapter 4, the DEM model is validated using the experimental results. For
validation, the rolling friction coefficient is varied while other parameters are kept
constant. After the validation, different methods are employed to reduce the compu-
tational time of the DEM simulations. The computational cost can be decreased using
several strategies, where two simple ways are considered here, namely decreasing the

number and increasing the sizes of particles. Therefore, in this part of the dissertation,
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the micro- and macro-scale response of samples that are prepared using three different
approaches are compared. In the first technique, only a quarter of the chamber is filled
with particles, where the penetrating rod is only partially (one-fourth of its volume)
contacting the prepared sample. By utilizing this method, the number of particles
shrinks to a quarter. The results obtained from this model are compared with those
acquired from the chamber that is fully filled with the particles. The comparison shows
that the results for these models are similar. This observation was expected, since pile

penetration is an axisymmetric problem.

The second technique is upscaling the whole model. Normally, particle upscaling
is used to decrease the computational cost. However, this may lead to possible adverse
effects on the accuracy of the simulation results. On the other hand, upscaling is carried
on all of the model components, where the following ratios are kept constant: ratio
of chamber width to the pile diameter, and that of the pile diameter to particle size.
In this way, the particles get larger, and therefore, the time-step for DEM simulation
is improved and computational cost reduces. However, the number of particles in
contact with the pile remains unchanged (granular system is in a similar state as).
To test the validity of this technique, a series of DEM simulations at different scales
are generated. At the end of the simulations, the penetration resistances are obtained
from the different scaled models and normalized to compare those with each other. The
comparisons show that model upscaling can be adopted to decrease the computational

cost of simulations.

The third technique to reduce computational time is the particle refinement
method. This technique aims to decrease the total number of particles in a simu-
lation with no change in the number of particles in contact with the pile. The principle
of the particle refinement method is based on that the small particles in the simulation
are located near the penetrating object while larger particles are further away. Ac-
cordingly, the model is divided into zones and each of those is filled with different-sized
particles to employ this method. It should be considered that the porosity in each
zone is the same as it is in the others. As a next step, the other sample that contains

only the small particles is also prepared. Then both of these samples are subjected to
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penetration and the resistances acquiring from those are compared. According to the
comparison result, the penetration resistances that the refined and non-refined sam-
ples show are compatible with each other. This compatibility asserts the validity of the

particles refinement method to decrease the computational cost of DEM simulations.

6.3. Multi-scale Analysis of Dependency of Soil - Pile Interaction

Characteristics on Pile Installation Technique

In Chapter 5, the multi-scale effects of the particle shape and soil density state
on the characteristics of the surrounding soil for both jacked and replacement piles are
investigated. In addition, the influences of pile installation methods on the response of
the soils with different density states and particle shapes are examined. Accordingly,
three different samples that are spherical-dense, nonspherical-dense, and nonspherical-
loose are prepared by using the techniques that are validated in Chapter 4. After
sample preparation, both the jacked and replacement piles are installed into these
samples. Thus, the six different soil-pile models (three with jacked pile and three
with replacement pile) are considered in this part of the study. Consequently, the soil
response to pile installation is evaluated based on the soil density state, particle shape,
and installation method. The total penetration resistance is described as the sum of
end bearing and shaft friction. Thus, all the comparisons are also made in terms of
end bearing and shaft friction in addition to the total resistance. All the values of total
resistance, end bearing, and shaft friction that are acquired during the installation are
normalized to obtain dimensionless results. The conclusions from this chapter that are
drawn in consequence of the DEM analyses of the pile installation can be summarized

as follows:

e In the macro-scale investigation of the installation stages of jacked piles, it is
observed that all types of penetration resistance in the dense-nonspherical sample
are almost twice the ones in both the spherical-dense and nonspherical-loose
those. On the other hand, the comparisons between the spherical-dense and the
nonspherical-loose samples show that the end bearing is slightly higher in the

former sample while the shaft frictions in these samples nearly coincide with each
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other. Thus, it can be interpreted that shaft friction in the non-spherical sample
is more effective than that in the spherical sample.

Installation processes of the jacked piles are also investigated at the micro-scale
by utilizing both average coordination numbers and contact networks. According
to the observations on the variations in coordination numbers during the pene-
tration, it can be deduced that the changes are mainly observed in the first two
zones, especially the first (core) zone, for each sample type. It is also seen that the
penetration process leads to a continuous decrease in the coordination number
for the dense samples while causing an increase, after an instantaneous reduction
at the beginning, in the loose sample. In addition, the particle shape does not
affect the general trend of the variations in the coordination numbers, although
the nonspherical particles lead to a more pronounced effect of the penetration
process. At micro-scale, the contact networks for each sample type are assessed.
The observations show that the contact networks are uniformly distributed be-
fore the penetration process. Then, at the beginning of the penetration, the
networks are broken, therefore the contact intensity decreases in all the samples.
The less intense contact networks due to pile penetration are compatible with the
instantaneous reduction in average coordination numbers.

In the micro-scale investigation of the installation stages of replacement piles,
variations in both the average coordination numbers and the intensity of contact
networks are monitored. According to the coordination number results, it is seen
that the changes in those are mainly observed in the first zone and the installation
process leads to a decrease in the average coordination number for all the samples.
This indicates that there is no considerable effect of both soil density state and
particle shape on the soil response. The observations for the contact networks in
all the samples present a similar finding. The installation process of replacement
piles causes an interruption in stability of uniformly distributed contact network
that leads to less intense contact networks since that represent a decrease in the
coordination number, in all the samples. It is just observed that the reduction in
the intensity of the contact network in the dense sample is slightly higher than
it in the loose one. This result is also compatible with that obtained from the

changes in the coordination numbers.
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After the pile installation stage is completed in each model, a vertical loading
test is conducted on each pile installed into the soil samples with different soil density
states and particle shapes. For all the simulations, load-displacement curves in terms of
total resistance, end bearing, and shaft resistance are obtained. These resistance forces
and the pile displacements are also normalized as those obtained in the installation
stage. The normalized load - normalized displacement curves are compared with each
other to reveal the effects of soil density state and particle shape for both jacked and
replacement piles, as well as the influences of pile installation method. The main

conclusions are summarized the following:

e Reviewing the loading test results obtained for the jacked piles, it is noticed that
the shaft friction shows a similar trend with the end bearing, and therefore, the
total resistance, in the spherical sample. On the other hand, in nonspherical
samples (loose and dense), the shaft friction mobilizes at a certain normalized
pile displacement, while the end bearing and total resistance continues a gradual
increase. In addition, the load-displacement curves obtained from the spherical-
dense, nonspherical-dense, and nonspherical-loose samples are compared in terms
of the total resistance, end bearing, and shaft friction. The comparisons indi-
cate that all the resistance components are considerably higher for the dense-
nonspherical sample. However, the obtained results from spherical-dense and
nonspherical-loose samples are similar to each other. It means that the spherical-
dense sample can only show as much resistance as the nonspherical loose one.
These results clarify that both the density state and particle shape have a con-
siderable effect on the bearing capacity of jack piles.

e The replacement piles installed into the samples with different density states and
particle shapes are also subjected to vertical loading tests. According to the test
results, there is a similar trend in each sample so that the shaft friction saturates
at a certain magnitude, while the end baring and the total resistance continue
to increase. In addition, it is seen that the bearing capacity of the replacement
pile, in the nonspherical dense sample, is clearly higher than the other ones.
Interestingly, the bearing capacity of the replacement pile in the spherical-dense

sample is even less than it is in the nonspherical-loose one.
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e To investigate the effects of installation method, the curves for the end bearing
and the shaft friction obtained from the jacked piles are compared with those
from the replacement piles for each sample. According to the comparison results,
it is clear that the jacked piles have higher bearing capacities than the replace-
ment piles irrespective of the density state and the particles shape of the sample.
This is because the build-up stresses are developed on the jacked piles due to
the occurrence of soil compression during the penetration stage. However, it is
also observed that the influence of installation method on the shaft resistance
is stronger than it is on the end bearing for all samples. The reason for this
difference is that the surrounding soil becomes looser during the installation of a

replacement pile, whereas jacked pile installation makes the soil denser.
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7. CONCLUSION

Pile installation process has different effects on the properties of the surround-
ing soil. However, these influences are not completely apparent and they need to be
ascertained. For that reason, soil - pile interaction and the impact of pile installation
on soil behavior are still investigated using different techniques, such as field tests,
laboratory tests, and numerical analyses based on the finite element method. How-
ever, none of these approaches can provide micro-scale observation. At this point, the
discrete element method (DEM) is an alternative numerical way to analyze soil - pile
interaction. Unlike the other techniques, DEM enables the micro-scale investigation in
addition to the macro-scale one. Therefore, recently, this method has been widely used
to model the mechanisms of pile installation and loading. Accordingly, this dissertation
purposes to present a multiscale investigation of soil - pile interaction, using the DEM
modelling, by considering both soil characteristics and pile construction approaches.
For this purpose, the dissertation is framed upon three major subjects. Firstly, the in-
fluences of the soil properties at the micro (i.e. particles stiffness, particles size, particle
size distribution, particle shape, inter-particle friction, and rolling friction) and macro
scales (i.e. soil void ratio) on the pile penetration resistance are investigated. The
observed effects especially show the importance of particular characteristics of soils on
their multi-scale response to pile penetration. Secondly, after validating a DEM model
using the experimental results obtained from the literature, three novel techniques are
used to decrease the computational costs of DEM simulations. Based on comparisons
of the penetration resistances, the validity of each approach is evaluated. Lastly, the
soil samples with different soil density states and particle shapes are prepared using
the approaches that are considered to decrease computational cost in the second part
of the thesis. Then, these samples are subjected to two installation methods, and their
vertical bearing capacities are evaluated using loading tests. As a result of the DEM
analyses, influences of the density state, particle shape and pile installation technique

on soil response to pile installation and loading are verified with at multiscale.
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