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Abstract

This doctoral work presents an experimental investigation into the deformation mechanisms govern-
ing the macroscopic response of sand-pile interface during monotonic installation and subsequent
axial loading cycles. An innovative approach combining x-ray tomography and advanced image
analysis tools is employed to extract information at different scales, including at the micro-scale. A
quantitative analysis of the behavior of individual sand grains in the vicinity of the pile offers valu-
able three-dimensional (3D) data set against which theoretical or numerical approaches could be
tested.

A series of tests is run on an instrumented close-ended conical model pile installed by monotonic
jacking in a dense calcareous sand sample. Following the installation, the model pile is submitted to
a large number of axial displacement-controlled loading cycles (a few thousands cycles) under con-
stant radial stress. The tests are performed in a mini-calibration chamber that allows the acquisition
of high resolution x-ray images at different stages of the loading. The chamber is admittedly not rep-
resentative of field pile testing conditions for the main following reasons: the calibration chamber-to-
pile diameter ratio and the sand particle-to-pile diameter ratio are far below the ratios recommended
in the literature to limit scale effects on the interface response. Consequently, the results presented in
this work can not, and should not, be directly extrapolated to field pile design. And yet, such a setup
is able to reproduce trends similar to those obtained at the macro-scale on large-scale experiments
and allows the observation of full-field mechanisms taking place at the micro-scale.

3D images resulting from the reconstruction of the x-ray scans are used to identify and follow the
evolution of individual sand grains. Full-kinematics are measured thanks to a 3D Digital image
Correlation (DIC) code, "TomoWarp2". Image processing tools are also employed to measure local
porosity changes and the production of fines by grain crushing at the interface.

During pile installation, different zones where grains displacements concentrate are identified. A
recirculation of the grains alongside the pile is also observed. Globally, the sand mass exhibits a
dilative behavior except within a relatively thin layer (about 3 to 4·D50 thickness) around the model
pile where grain crushing occurs. During subsequent loading cycles, the macroscopic response of
sand-pile interface shows a two-phases evolution, with a non negligible increase of shaft resistance
in the latter phase. For these two phases, the measurement of grain kinematics reveals a different
behavior of the sand mass associated with a significant densification at the interface. In the first
phase, the sand mass contracts radially within a region of thickness 4·D50. This mechanism is likely
due to inter-granular the collapse of the hoop stresses developed during pile installation. In the
second phase, sand grains hardly move and the sand mass reaches a threshold density for which the
friction on the shaft resistance increases significantly.
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Chapter 1

Introduction

This PhD work examines the mechanisms that govern the macroscopic response of a displacement
pile installed in a crushable calcareous sand by monotonic jacking. Local density changes, full-
kinematics and grain crushing are investigated quantitatively during both pile installation and subse-
quent axial displacement-controlled cyclic loadings. This research project follows a preceding exper-
imental PhD work (Silva Illanes, 2014) using the large and highly instrumented calibration chamber
of Laboratoire 3SR, within the framework of the ANR project SOLCYP (French acronym for National
Project in Piles under Cyclic Solicitations). This chapter describes the background and the main ob-
jectives of the study and presents the organization of the thesis.

Pile foundations are submitted to both long-term cyclic loads due to their environment (such as
waves, wind or temperature fluctuations) and in-service cyclic loads (such as traffic or vibrations).
These specific loading conditions were shown to influence the shaft resistance depending on the
number and on the level of the applied cyclic loads. Although current regulations account for the
potential effects of cyclic loading on the bearing capacity of foundations, there is still a lack of un-
derstanding of the mechanisms driving the macroscopic response of sand-pile interfaces under axial
cyclic loading.

Sand-pile interfaces behavior involve complex mechanisms that are coupled across a range of
scales. At the macro-scale the effect of cyclic loading manifests itself by a loss or a gain in shaft
capacity. Although the macro-scale is of primary interest for pile foundations practical design, the
macroscopic behavior of the sand-pile interface is related to mechanisms that take place at under-
lying scales. At the micro-scale, structural properties of individual sand grains and full-kinematics
(translation and rotation) are essential to interpret macroscopic observations. At an intermediate
scale, commonly called meso-scale, the volumetric behavior of the interface can be studied to better
understand how the individual sand grains behave collectively. A number of small-scale laboratory
investigations have been reported on related topics of sand kinematics, grain crushing, local porosity
changes and macroscopic interface behavior (White and Bolton, 2004; Silva et al., 2013; Arshad et al.,
2014; Martinez and Frost, 2017). However, these studies suffered from some of the following limi-
tations: (i) use of plain strain devices and 2D imaging tools, (ii) studies limited to the installation of
a pile or to a non-displacement pile1, (iii) postmortem analyses, (iv) lack of quantitative data on the
observed grain crushing or density changes. These limitations can be overcome by the combined use
of 3D small-scale physical model and non-intrusive full-field measurement techniques such as x-ray
Computed Tomography (CT) and 3D Digital Image Correlation (DIC), as proposed in the present
study.

1In the case of non-displacement piles the soil is excavated and the resulting hole filled with concrete (or a pre-cast
concrete pile is installed and grouted in). At the laboratory scale, for non-displacement piles the soil is directly deposited
around the pile.
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Objectives
The first objective of this PhD work is to identify key mechanisms taking place at the scale of in-
dividual sand grains that can lead to changes in shaft resistance of a displacement pile, when it is
submitted to a relatively high number of axial loading cycles. The second objective is to provide a
detailed analysis of the sand grains behavior in the vicinity of the model pile under different testing
conditions that could be used to validate theoretical or numerical models. Particle-scale simulations
such as DEM (Discrete Element Modeling) offers new possibilities to simulate grain-scale phenomena
controlling sand-pile interface behavior. However, these models remain incomplete if they can not
be compared to experimental data. Current comparisons are often limited to macroscopic responses
or to micro-mechanisms observed during pile installation. In the present work, an innovative exper-
imental approach is proposed to overcome these limitations.

To achieve the above objectives, this study required a reduced physical model, referred to as
"mini-calibration chamber", that could be combined with x-ray tomography and high resolution im-
age analysis. The laboratory arrangements employed by Silva Illanes (2014), including the mini-
calibration chamber, was adopted and further developed in this research work. The chamber is
admittedly not representative of field pile testing conditions for the main following reasons: the cali-
bration chamber - to - pile diameter ratio and the sand particle - to - pile diameter ratio are far below
the ratios recommended in the literature to limit scale effects on the interface response. And yet, such
a setup is able to reproduce the same trends obtained at the macro-scale on large-scale experiments
and allows the observation of full-field mechanisms taking place at the micro-scale. The dissertation
includes a discussion of the influence of the specific testing conditions adopted in this experimental
work on the results obtained at different scales.

Outline of the thesis
The thesis is organized in seven chapters; the current Chapter 1 provides the introduction and sets
out the background to this PhD work.

Chapter 2 reviews the most important findings that have informed advances in understanding
and designing displacement piles when submitted to axial loading cycles. This review covers numer-
ous experimental campaigns that were conducted at different scales, including full-scale pile tests,
large calibration chamber tests, centrifuge tests and 2D interface shear tests. Particular emphasis is
given to the effect of axial cyclic loading on the pile shaft resistance. This chapter also reports the
mechanisms identified in the literature that are controlling the macroscopic response of sand-pile in-
terface under cyclic loading. Finally, chapter 2 highlights the need for the development of advanced
experimental tools providing quantitative micro-scale data against which numerical models could be
tested and validated.

Chapter 3 introduces briefly x-ray computed tomography and the x-ray tomograph of Labora-
toire 3SR used in this work . Further details are provided on the acquisition system, the method
employed for the reconstruction of 3D images, as well as the selection of optimum parameters allow-
ing the visualization of the interface at a relatively high resolution. The second part of this chapter
focuses on the way 3D images are manipulated to extract quantitative information at the grain-scale.
A particular attention is paid to the process used to isolate each individual sand grains. The method
employed to follow local density changes during both pile installation and loading cycles is also de-
scribed, including a mesoscopic approach of porosity measurement and a grain-scale approach to
take into account the volume of fines produced by grain crushing. Then, chapter 3 details the mea-
surements of full-kinematics using two different approaches of 3D Digital Image Correlation (DIC):
continuum DIC (following a pattern made up with pores and grains) and discrete DIC (following
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individual grains). Finally, the technique used to measure the orientation of each grain is described.

Chapter 4 focuses on the specific characteristics of the calcareous sand employed in this study,
Glageon sand. Then, the mini-calibration is presented along with the loading system and the model
pile. The testing procedure including a first embedment of the pile by monotonic jacking followed
by a series of displacement-controlled loading cycles is also described. Chapter 4 discusses in what
extend the results obtained in this study can be compared with other experimental observations con-
ducted with large-scale tests. The experimental program and the objectives of each individual test
are provided at the end of this chapter.

Chapter 5 presents the results obtained at the macro-scale thanks to the mini-calibration chamber.
First, the evolution of the loads applied on the pile during the first embedment phase is analyzed.
Then, results showing different regimes in shaft resistance evolution during loading cycles are pre-
sented. Finally, the effect of several testing parameters on the macroscopic response are investigated:
amplitude of the displacement applied during loading cycles, boundary conditions and method of
installation.

Chapter 6 contains the analysis of grain kinematics, volumetric behavior and grain crushing dur-
ing both pile installation and subsequent loading cycles. A link between the mechanisms observed
at the micro-scale and the macroscopic response of the interface is proposed.

Finally, Chapter 7 summarizes the work described in this thesis, drawing out the principal re-
sults and advances in the understanding of particle-scale behavior of sand-pile interface under cyclic
loading. The perspectives for future work are also discussed.
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Chapter 2

Literature review

In addition to usual constant loading, foundations are subjected to variable loads including the so-
called "cyclic" loads. This type of loading is described as "cyclic" for its repetitive character in terms of
amplitude and frequency. Cyclic loads have various possible origins: environmental (wind, waves,
vibrations, temperature or pressure fluctuations, etc.) or anthropic (operating machines, traffic, etc.).
Their impact on foundations highly depends on their frequency and on the number of cycles. These
two parameters vary significantly from one structure to another. The load frequency for emptying
of tanks may be weekly, while for waves it may be around ten seconds. A storm may imply a few
thousands cycles whereas railway of high speed trains may involve millions of cycles. Different as-
pects of pile behavior during cyclic loading are of interest for foundations design: (i) the effect of
cyclic loading on the axial load capacity (both in tension and compression); (ii) the number of cycles
that a pile can withstand before failure; and (iii) the accumulated displacement at the pile tip during
loading.

A remarkable collaborative research project, SOLCYP, recently proposed a methodological ap-
proach and a set of calculation methods to take into account the effect of cyclic loads on pile founda-
tion in Puech and Garnier (2017). Many studies mentioned in the following sections were conducted
within this research project.

2.1 General description of cyclic loading

Chan and Hanna (1980), Tsuha et al. (2012), Jardine and Standing (2012) among others reported that
the applied cyclic loads can be described by means of the following parameters:

– the number of cycles (N)

– the period of the cycles (T)

– the mean value of the cyclic load (Qmean)

– the amplitude of the cyclic load (Qc)

– the maximum and the minimum load values in the cycle (Qmax and Qmin)

Figure 2.1 illustrates these different parameters in the ideal case of cyclic loading, which means a
case of constant amplitude and regular period. If this ideal case is generally employed for laboratory
testing, field conditions are admittedly more irregular and, in some cases, highly random. Two types
of cyclic loading should be distinguished: one-way loading that involves applying cyclic loads of
only one sign (tension or compression) to the head of the pile and two-way loading that involves both
compression and tension head loads with the potential to be more damaging than one-way loading.
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Figure 2.1: Schematic illustrating the characteristic parameters of cyclic loading, from
Tsuha et al. (2012)

2.2 Effect of axial cyclic loading on sand-pile interface: macroscopic ob-
servations

2.2.1 Full-scale behavior

Field experiments showed that driven piles in sand have three possible responses to axial cyclic
loading depending on the cyclic parameters defined in the previous section: stable, unstable and
meta-stable. These three types of response were used to build the concept of cyclic stability diagram,
also called interaction diagram, as introduced by Poulos (1989). The cyclic stability diagram allows
the evaluation of the behavior of a pile submitted to axial cyclic loading as a function of the number
of cycles and the cyclic loads as illustrated in Figure 2.2, with P0 = mean load, Pc = cyclic load, Qc =
static compressive capacity and Qt = static tensile capacity. Such diagram defines three zones: a sta-
ble zone (A), a metastable zone (B) and an unstable zone (C). It is then possible to determine whether
the applied load is critical or not for the soil-pile interface considered. This diagram is obviously a
function of the type of pile and of the type of soil.

Figure 2.2: Main features of a cyclic stability diagram, after Poulos (1989)
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For instance, Jardine and Standing (2000) used the stability diagram to characterize cyclic shaft
failure conditions based on load-controlled tests conducted on seven open-tube steel piles, driven
above and below the water table in clean medium-to-dense marine sand, at Dunkerque, France (see
Figure 2.3). The Authors described thoroughly the three types of cyclic response:

– Stable: axial displacements stabilize or accumulate slowly over hundreds of cycles, under one-
way or two-way loading. In such a case, shaft capacity can benefit from cyclic loading.

– Unstable: axial displacements accumulate rapidly under one-way or two-way loading leading
to shaft failure within a few tens of cycles and a marked decrease of shaft capacity.

– Meta-Stable: axial displacements accumulate at a moderate rate without stabilization. Shaft
failure develops for 100 to 1000 cycles.

Figure 2.3: Interaction diagram for full-scale piles, from Jardine and Standing (2000).
Numbers within the graph area represent the number of cycles for each test

As part of the national project SOLCYP, an other experimental campaign of axial cyclic loading
tests was conducted on the Loon-Plage site, near Dunkerque. Five bored piles installed in dense to
very dense Flanders sands (the same sand formation as Dunkerque site) were submitted to extensive
series of static and cyclic one-way tests, in compression. The results reported by Benzaria et al. (2013)
showed that the non-damage zone (stable zone) is very limited in the case of bored piles, which
highlights the importance of the method of pile installation.

2.2.2 Physical modeling

Full-scale experimental studies of pile submitted to cyclic loading offer an efficient and attractive ap-
proach but they are unfortunately difficult to carry out, for obvious financial reasons. Such tests are
thus often covering only particular testing parameters and they are all conducted on the same pile,
which makes their interpretation more complex. Physical modeling (i.e., laboratory experiments)
offers a good alternative for replicating the behavior of sand-pile interactions under controlled and
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repeatable conditions.

A laboratory test of soil-pile interface can simply be a direct shear interface test under appropriate
conditions. Boulon and Foray (1986) showed that active boundary conditions, i.e., constant normal
stiffness (CNS) conditions, can reproduce an infinite surrounding soil mass. The normal stiffness
imposed to the interface (k) was defined by Boulon and Foray (1986) as in Eq. 2.1, where Ep is
the pressuremetric modulus, R0 the pile radius, ∆σn is the variation of normal stress acting on the
interface, and ∆[u] is the variation of normal displacement.

k =
2Ep

R0
=

∆σn

−∆[u]
(2.1)

A number of studies on the related topics of cyclic shear behavior (Ooi and Carter, 1987; Johnston
et al., 1987; Tabucanon et al., 1995; Mortara et al., 2007; Pra-ai and Boulon, 2016) showed that cyclic
loading induces a significant normal stress reduction with increasing number of cycles. 2D-direct
shear tests allow the variation of many parameters such as boundary conditions, amplitude of cyclic
loading, roughness of the interface, loading rate, etc. However, such a test does not take into account
the possible 3D effects induced by pile installation and subsequent cycles, especially in terms of stress
(re)distribution.

Calibration chamber testing is a well established tool for the understanding of in situ testing. It is
assumed that the results obtained are comparable to in situ results, provided that the tested material
is identical to the field and that in situ stresses conditions are correctly reproduced in the chamber.
This assumption is not strictly valid due to the limited size of laboratory chambers compared to the
large body of soil to be modeled. It is well-known that boundary conditions have an important ef-
fect on calibration chamber results (e.g., Parkin and Lunne, 1982; Foray, 1991; Schnaid and Houlsby,
1991). However, by choosing appropriate scales (size of the chamber, pile diameter, mean-particle
size) and relevant boundary conditions, calibration chamber results prove to be in good agreement
with full-scale observations. A number of laboratory studies considerably advanced the understand-
ing of the effect of cyclic loading on sand-pile interface by means of calibration chamber testing.

Tsuha et al. (2012) conducted model pile tests in dense siliceous sand (Fontainebleau NE34) within
the large calibration chamber of Laboratoire 3SR, Grenoble, France. The design of the chamber and
of the closed-ended stainless steel Mini-ICP pile (Mini-Imperial College Pile) are fully described in
Jardine et al. (2009). Mini-ICP pile was installed with jacking cycles and submitted to multiple static
and cyclic tests involving one-way, two-way load and displacement controlled loading. The cyclic
tests exhibited a range of stable, unstable and meta-stable responses broadly comparable to that ob-
served in the field in Figure 2.3. Under stable conditions, up to 1000 cycles can be sustained and an
overall increased in shaft capacity was observed. Under unstable conditions, shaft failure (defined
when accumulated axial displacements reached 10% of the pile diameter, i.e., 3.6mm for Mini-ICP
pile) occurred in less than 100 cycles with a marked degradation of shaft capacity. Finally, under
meta-stable conditions, shaft capacity may decrease depending on the level of loading imposed but
piles can sustain several hundreds of cycles without reaching failure.

Using the same experimental arrangement as Tsuha et al. (2012), Silva Illanes (2014) reported
results of driven and jacked piles submitted to axial load-controlled and displacement-controlled
loading cycles. Load-controlled tests results were consistent with the stability diagrams proposed
by Tsuha et al. (2012). Displacement-controlled tests were performed with different boundary con-
ditions for a large number of loading cycles (up to 100 000 cycles). Different regimes were identified
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in the evolution of shaft resistance during cyclic loading. Tests under constant volume (zero strain)
exhibited a continuous degradation of shaft resistance during the first 3000 loading cycles and a sta-
bilization for the following cycles. For tests conducted under constant normal load, a sharp decrease
in shaft resistance was measured for few thousands of cycles after which, shaft resistance started
increasing again. Axial cyclic loading tests performed in the calibration chamber of UR Navier-
CERMES (France) filled with Fontainebleau sand produced similar results (Bekki et al. 2014; 2016).
The Authors reported a gain in shaft capacity by performing post-cyclic measurements as shown in
Figure 2.4a. Although a decrease of shaft resistance was observed in the first hundreds of cycles, the
Authors reported that a large number of two-way displacement-controlled loading cycles can lead to
a significant gain in shaft capacity as illustrated by Figure 2.4b.

(a) (b)

Figure 2.4: a) Shaft capacity measured during monotonic loading, prior to and after
cyclic loading and b) evolution of lateral shaft friction with the number of cycles, after

Bekki et al. (2014)

Li et al. (2012) investigated the influence of cyclic axial loads on the performance of pile founda-
tions for different installation methods (cyclic jacking, monotonic jacking and pre-jacking, i.e., bored)
in the case of both force-controlled and displacement-controlled loading conditions. Tests were con-
ducted at 50g in the Turner beam centrifuge at Cambridge University. Relative to "classical" calibra-
tion chamber testing, centrifuge testing has the advantage of replicating in situ stress conditions. The
results showed that the pile head maximum force reduces during displacement-controlled loading
with increasing number of cycles, but at a reducing rate. During force-controlled loading, more per-
manent settlement is accumulated. Pre-jacked pile head stiffness increases with increasing number of
cycles while that of jacked piles remains almost constant. The Authors suggested that for pre-jacked
piles, head load transfers from the shaft to the base due to densification of the soil beneath the pile tip.

The numerous results obtained from experimental campaigns conducted at different scales, from
full scale tests to small-scale physical models, lead to similar conclusions regarding the macroscopic
response of sand-pile interface submitted to loading cycles. It is generally observed that loading
cycles result in a significant degradation of shaft capacity. Fewer results are found for a large number
of loading cycles (higher than several hundreds). However, the existing studies all agree that there
are different regimes in the evolution of shaft capacity during loading cycles, depending on the level
of cycling and on the boundary conditions employed.
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2.3 Understanding the mechanisms that control the macroscopic axial cyclic
response

In addition to technical and financial feasibility, experimental modeling offers the possibility to inves-
tigate the complex mechanisms driving the macroscopic response of sand-pile interface. Local obser-
vations and measurements can be compared with the global interface response under well-defined
testing conditions. Three main aspects were reported in the literature as potential explanations to
the cyclic shear evolution of sand-pile interfaces: changes in effective stress around the shaft, local
volumetric changes, and grain crushing.

2.3.1 Local effective stress around the shaft

White and Lehane (2004) analyzed the distribution of lateral stresses acting on piles during installa-
tion and subsequent load-controlled cyclic centrifuge tests and provided a further understanding of
the mechanism called "friction fatigue". Friction fatigue theory was introduced by Heerema (1980) to
describe pile driving behavior in clay, assuming that shaft friction, at a given soil horizon, decreases
with increasing penetration of the pile tip. The results showed that cyclic installation methods lead
to a significant degradation of shaft friction, varying in the case of one-way or two-way installation
method. It was also observed that, for a given installation method, the degradation during subse-
quent cyclic loading followed the same decay pattern as that during installation. This is illustrated
by Figure 2.5 and plotted for a relative position to the pile tip of h/pile diameter=1. The Authors
attributed this phenomenon to the contraction of a thin layer around the pile, confined by the far
field soil with a relatively high lateral stiffness.
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By means of highly instrumented Mini-ICP piles and a set of stress sensors placed in the sand
mass around the pile, Tsuha et al. (2012) related the local effective stress conditions to the three types
of macroscopic response of piles under axial cyclic loading. The Authors conducted the analysis
of effective stress paths based on the multiple yield surface framework proposed by Tatsuoka et al.
(1997) (see Fig. 2.6). The small kinematic Y1 yield surface corresponds to a fully recoverable elastic
behavior for fine silica sand. Tatsuoka et al. (1997) defined Y2 surface as the "threshold condition" that
can trigger a re-direction of the strain increment vector and corresponds to cyclic loading without
significant strain accumulation. Y3 surface is associated with increasing plastic and irrecoverable
behavior. Tsuha et al. (2012), reported that, under stable conditions, the stress paths remain within Y2
limit without any local slip at the interface. Only minor top-down degradation was observed. Under
unstable conditions, local slip developed at the interface and was linked to shear zone compaction
and marked reduction of radial effective stress resulting in a highly inelastic behavior in the soil mass.
Finally, under meta-stable conditions interface slip may develop depending on the level of cycling
and a markedly plastic behavior was observed concentrated close to the shaft.

Figure 2.6: Scheme of multiple yield surface, from Tsuha et al. (2012)
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2.3.2 Volumetric behavior and grain crushing

The mechanisms controlling interface load transfer degradation during cyclic loading were investi-
gated at the particle scale by DeJong et al. (2003). The Authors studied the effect of particle charac-
teristics, cementation, mean stress and of the amplitude of displacement on the load transfer degra-
dation. A series of interface shear tests conducted under constant normal stiffness were analyzed by
means of Particle Image Velocimetry (PIV). Three different regions of deformation were identified:
slip between the interface and the shear zone, the shear zone itself (5-10 particle diameters thickness)
and a region above the shear zone undergoing horizontal compression against the end walls of the
shear device. The shear zone thickness was shown to increase with cumulative relative displacement
and the cyclic reduction of normal stress was linked to the global contraction of the shear band. Cal-
careous sand exhibited a higher shear band thickness decreasing with cycling. Further analysis on
the behavior at the interface within an individual cycle was presented by DeJong et al. (2006). During
a single cycle, the volume change in the shear band included an initial contraction until the so-called
transformation point (i.e., the point when the volumetric response changes from contractive to dila-
tive) at a stress ratio of about 0.5 followed by a dilation until the cyclic limit.

From a series of centrifuge tests on instrumented model piles, Dijkstra et al. (2010) also reported
that local density change at sand-pile interface correlates well with the change of base and shaft resis-
tances during cyclic loading. The tests performed on loose and dense saturated sand samples involve
pile installation by jacking and four subsequent series of 10 displacement-controlled cycles with re-
spectively 0.5, 1.0, 1.5 and 2.0 mm amplitude. Density measurements based on electrical resistivity
changes were made at three different depth alongside the shaft. The main observation was that an
increase in sand density near the pile is coupled to a decrease in shaft resistance during cycles. The
Authors suggested that cyclic loading leads to the collapse of stress build-up and loosening occurring
during pile installation.

If the cyclic degradation of the interface has been observed and thoroughly analyzed by a number
of researchers, fewer analyses were proposed for the cyclic hardening reported by Silva Illanes (2014)
and Tali (2011) in the case of a large number of loading cycles. Bekki et al. (2013), interpreted the
different phases of shaft friction evolution using a relatively simple mechanical model, based on the
concept of constant stiffness of the soil surrounding an interface zone around a probe, as illustrated
in Figure 2.7, k0 being the stiffness of the soil. This interpretation was made assuming that no sig-
nificant grain crushing occurs at the interface. The Authors suggested that the mobilization of shaft
friction during cyclic loading is driven by the combined evolution of the normal component of the
effective stress σ

′
n and the local densification of the interface zone. The first phase of cyclic degrada-

tion was linked to the decrease in σ
′
n, corresponding to a decrease of the interface thickness. After

a given amount of loading cycles, the maximum degradation is reached, σ
′
n decreases and the sand

contracts at a lower rate. The authors attributed this result to a "prevented dilatancy" which becomes
predominant and results in a cyclic hardening for the following cycles.
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Figure 2.7: Schematic explaining the different phases in shaft friction evolution in the
case of low consolidation stress, from Bekki et al. (2013)

A combination of particle-scale analyses of sand-pile interface after installation and of ring-shear
tests, conducted by Yang et al. (2010), offered new insights on how stress level and displacement
history may affect the shearing characteristics along the pile shaft. The Authors’ analysis lead to the
following main conclusions:

– Considerable grain crushing takes place beneath the pile tip during installation, provided the
sand is sufficiently dense and pressurized.

– The crushed material moves radially as the pile penetrates, which creates concentric zones
around the shaft as described in the schematic of Figure 2.8. Significant abrasion was also
observed alongside the shaft.

– The thickness of the shear zone developed near the tip scales with the mean grain size. The
shear zone thickness increases alongside the shaft, particularly when installation is not mono-
tonic, and is augmented by later static and cyclic loading.

More recently, postmortem analysis of frozen sand samples recovered at sand-pile interface us-
ing x-ray tomography gave a further insight on the link between grain crushing and the axial cyclic
loading (Silva et al., 2013). After pile installation by non-monotonic jacking, and an ageing period of
two weeks, the pile was submitted to 20 000 two-way displacement-controlled loading cycles. Sam-
ples were extracted after testing at depths ranging between 30 cm and 98 cm, i.e., beneath the pile tip
(see Figs. 2.9a, b). X-ray images revealed a thin layer of pseudo-cemented sand with a high content
of fine particles resulting from grain breakage. These fine particles were interlocked between intact
grains as show in Figure 2.9. The shear band thickness was related to the depth alongside the pile
and consequently to the loading history as reported by Yang et al. (2010).

The aforementioned studies contributed substantially to the understanding of the mechanisms
that govern cyclic shear interface behavior and load transfer degradation. However, the results suffer
from some of the following limitations: (i) the analyzes were conducted postmortem (sampling at the
interface after testing); (ii) displacement and strain fields were obtained using 2D imaging tools and
plane-strain devices; (iii) measurements were obtained locally at given locations alongside the pile
shaft or around the pile.
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Figure 2.8: Schematic development of concentric zones around the pile shaft involv-
ing different degrees of particle crushing and their relationship to stress regime (not to

scale), from Yang et al. (2010)

a) b) c)

pile

Figure 2.9: a) Moulding of the sand before extraction, b) frozen sample, and c) slice
showing fine particles at the interface obtained by x-ray tomography, after(Silva et al.,

2013)

2.4 Towards the numerical modeling of soil-pile interface: a need for
micro-scale investigation

Modeling numerically the effects of cyclic loading on soil-pile interface is vital to reproduce the
highly non-linear behavior of the interface and to improve predictive capabilities for foundations
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design. The complex mechanisms driving the macroscopic response of the interface described in sec-
tion 2.3 make this task non-trivial. This section presents a non-exhaustive list of examples of numer-
ical models applied to the soil-pile interface behavior during both pile installation and cyclic loading.

D’Aguiar et al. (2011) employed a 3D finite-element model (implemented in the finite element
software GEFDYN) and an elastoplastic soil constitutive model (Hujeux’s model) to investigate the
effect of the soil initial state, including initial relative density and initial mean stress, and the am-
plitude of the first pre-loading cycle on the load transfer mechanisms that can lead to a reduction in
shaft resistance. In this model, a non-displacement pile was used, which means that the effects of pile
installation were neglected. The model was based on the centrifuge pile tests performed by Fiora-
vante (2002). The numerical results showed that the model captures well the mechanisms governing
friction fatigue including including a decrease of the maximum shear stress depending on the level
of cycling and a contraction of the soil.

A different finite-element (FE) approach, implemented in Abaqus, complemented by a simple
breakage constitutive model (the so-called "student model" of breakage mechanics, as proposed by
Einav, 2007) was adopted by Zhang et al. (2014) to simulate the cone-ended pile penetration tests in
sand. The breakage constitutive model was coded as a user subroutine in Abaqus to deliver updated
stresses and breakage increments to the general FE model. A detailed analysis of circumferential and
vertical stresses around the pile during penetration was conducted and the numerical results were
compared to the experimental results obtained by Jardine et al. (2013) (a typical stress prediction
is shown in Fig. 2.10). The numerical results follow broadly similar trends and show fair quanti-
tative agreement with the experimental measurements. Several limitations were underlined by the
Authors: the installation procedure was simplified (monotonic instead of cyclic) and the shear zone
abrasion was not addressed.

Figure 2.10: Comparison of numerical circumferential stresses at h/R = 0.5 level above
the tip during penetration and experimental results obtained by Jardine et al. (2013),

from Zhang et al. (2014)
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Even though finite-element approaches help greatly in replicating of sand-pile interface behav-
ior for practical design, they remain limited to a small number of cycles and do not take into ac-
count the particle-scale interactions directly linked to the macro-scale complexity of the interface
response. In this sense, discrete element method (DEM) is obviously a more appropriate tool to
simulate the micro-mechanics, which underlies the global response of a granular assembly under
mechanical loading. Originally proposed by Cundall and Strack (1979), DEM explicitly simulates
granular materials as assemblies of individual particles. Inter-particle interactions are modeled by
contact laws, where the normal and tangential contact forces are dependent on the overlap and on
the relative displacement between two particles in contact.

A detailed DEM study of the penetration of driven piles in granular materials was proposed by
Lobo-Guerrero and Vallejo (2005; 2007). A discrete element model was enhanced by including a sim-
plified tensile failure criterion in order to take into account, and to visualize, grain crushing around
a penetrating pile. The particles were idealized as discs with a thickness L and a diameter D. Only
particles with a coordination number smaller or equal to 3 were allowed to break. The loading condi-
tions were simplified as shown in Figure 2.11a. A particle was able to break when its tensile strength
(σt) was higher than a threshold arbitrarily defined by the Authors. The results showed that crushing
starts and concentrates in a region below the tip of the pile (see Fig. 2.11b). As the pile passes through
the region containing crushed particles, a migration of the generated fragments to the sides around
the shaft was observed.

(a)

(b)

Figure 2.11: a) Maximum coordination number for a particle to be able to break; loading
conditions on a particle assumed to be equivalent to the one of a diametrical compres-
sion test; configuration after breakage and b) Evolution of average radial stresses in

representative cycles: strain (-0.1, +0.1%), from Lobo-Guerrero and Vallejo (2005)

More recently, the studies of Butlanska et al. (2014) and Wang and Zhao (2014) also demonstrated
the ability of DEM to capture the main micro-mechanisms governing pile penetration. Both studies
proposed a multi-scale analysis of sand-pile interface, including the evolution of the stress and strain
fields around a virtual pile. The main advantages of these two models are the three-dimensional
approach and the consideration of grain breakage, respectively. For instance, Butlanska et al. (2014)
simulated a CPT test in a virtual calibration chamber thanks to the PFC3D Itasca Consulting Group
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code, as illustrated in Figure 2.12a. This model gave access to the 3D contact forces network devel-
oped around the pile (see Fig. 2.12b). The Authors showed that the strong force network concentrate
around the pile tip and is strongly affected by the boundary conditions (constant stress or constant
volume). Coupled discrete-continuum simulations incorporating 3D aspects (see for instance Jin and
Zhou, 2010; Zhou et al., 2012) can also be a viable alternative for sand-pile interface numerical mod-
eling. In such a model, "coupled discrete-continuum simulations" means that both discrete elements
and finite elements are used at the same scale. For instance, the sand near the pile is modeled using
DEM, while the sand away from the pile is modeled using FEM. The numerical results produced by
all these models at the particle-scale agree well with small-scale experimental results obtained dur-
ing pile installation in sand (see for instance White and Bolton, 2004; Arshad et al., 2014; Silva and
Combe, 2015).

a) b)

Figure 2.12: a) View of the virtual calibration chamber and the model pile. b) Contact
normal forces exceeding average normal force (the lines thickness is proportional to the

magnitude of the normal force), from Butlanska et al. (2014)

Fewer DEM studies can be found in related topics of sand-pile interface submitted to cyclic load-
ing. Cui and Bhattacharya (2016) investigated the mechanisms inducing soil stiffness changes around
a wind turbine monopile submitted to a large number (few thousands) of lateral cyclic loadings by
means of 3D DEM as illustrated in Figure 2.13a. The results obtained by DEM simulations were in
good agreement with the results of small-scale physical models: granular soil stiffness increases dur-
ing cyclic loading; a convective soil flow and a soil densification takes place around the monopile
(see Fig.2.13b); the average radial stress on the pile increases under cyclic loading (see Fig.2.13c).
Similarly, Duan and Cheng (2016) proposed a DEM centrifuge model of a monopile submitted to
lateral cyclic loads using PFC 2D (ITASCA software). Predicted accumulated permanent pile lateral
displacements induced by the lateral cyclic loads, agreed well with experimental observations. To the
author’s knowledge, no equivalent DEM study was developed for axially loaded sand-pile interfaces.
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at the end of the given cycle (mm): strain (-0.1, +0.1%), 1st-50th cycles; c) Evolution
of average radial stresses in representative cycles: strain (-0.1, +0.1%), after Cui and

Bhattacharya (2016)

It is important to note that all the aforementioned DEM studies were based on some of the sim-
plifications listed below:

– 2D

– highly idealized particles (discs or spheres)

– a low ratio of particle diameter to pile diameter leading to potential scale effects

– absence of particle crushing, or fines produced by grain breakage not considered

– an installation method closer to the one of a bored pile (particles virtually removed to leave
place to the pile)

– a separated analysis of pile installation and of subsequent loading cycles

Despite these simplifications, the different applications of DEM to soil-pile interface problems
showed that it is possible to replicate satisfactorily various mechanisms observed in reduced physi-
cal model pile tests and in full-scale tests. DEM models provide valuable and detailed particle-scale
information, such as: grain kinematics, stress and strain fields, contact forces network, and fabric
evolution. Once the ability of DEM to capture the response of a simplified test is demonstrated, the
model can be extended to more realistic cases. For instance, particle shape and grain crushing can
be taken into account, as proposed by Falagush et al. (2015). However, without detailed (full-field)
micro-mechanical measurements obtained experimentally, it is not possible to achieve quantitative
numerical conclusions regarding the particle-scale phenomena driving the macroscopic response of
sand-pile interface. This fundamental need for a grain-scale investigation in the modeling of the in-
terface behavior was underlined by a number of researchers: e.g., DeJong et al. (2006), O’Sullivan
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et al. (2008), Wang and Zhao (2014), Cui and Bhattacharya (2016).

Finally, multi-scale numerical models are promising tools to simulate different scales explicitly.
In a multi-scale framework, a rigorous coupling between the finite element method (FEM) and the
discrete element method (DEM) is implemented at different scales (e.g., Zhao J.D., 2015 and Desrues
et al., 2015). In such a model (see Figure 2.14), to solve a boundary value problem, the macroscopic
geometric domain is first discretized into a FEM mesh. A DEM assembly is then embedded at each
Gauss integration point of the mesh serving as a local Representative Volume Element (RVE). At
each load step, the RVE takes its memory of the past loading history as initial conditions and receives
the global deformation from the FEM at the specific Gauss point as input boundary conditions. It is
solved to derive the local incremental stress-strain relation (e.g., stress and tangential stiffness matrix)
required for advancing the global FEM computation. Such a multi-scale approach could possibly
benefit from grain-scale data provided by experiments such as those using x-ray imaging. Although
very challenging, image-based data could be used to create a REV containing realistic grains. Thus
the numerically modeled micro-structure would be more representative of the great randomness and
heterogeneity of a real granular system.

Figure 2.14: Schematic illustration of the hierarchical computational framework for
multi-scale modeling of granular material, from Zhao (2008)
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Chapter 3

X-ray tomography and advanced image
analysis tools

Small-scale phenomena such as shear banding, grain crushing or cracks formation, which are not
necessarily visible from just looking at the specimen, can be revealed thanks to x-ray imaging. X-
ray tomography has been successfully used as a quantitative experimental tool for strain localization
investigation (see for instance Batiste et al., 2004; Lenoir et al., 2007; Andò et al., 2013a). When a phe-
nomenon is associated with significant density changes within the scanned specimen, the affected
regions of the specimen have a different x-ray attenuation coefficient prior to and after deformation.
However, if a phenomenon occurs without significant volumetric changes, i.e., density changes, then
it is invisible to x-rays. Advanced image analysis tools, such as 3D-Digital Image Correlation (DIC),
have been developed to complement the information provided by x-ray images.

X-ray imaging is a key tool in this research work, in which the deformation mechanisms govern-
ing the sand-pile interface response are investigated at the grain-scale during pile installation and
subsequent loading cycles. The focus is on image-based measurements that track the sand grains in
the vicinity of the pile. A particular effort was made to obtain quantitative results that could be used
to validate numerical models. This study has been made possible thanks to advanced image acquisi-
tion and analysis tools directly available at Laboratoire 3SR, in Grenoble. The majority of the image
processing was conducted thanks to the open-source image processing software Fiji (Schindelin et
al., 2012) and the 3D visualization was done using the open-source, multi-platform data analysis and
visualization software ParaView (Ahrens et al., 2005).

Layout of the chapter

This chapter starts with a brief introduction to x-ray computed tomography (Section 3.1.1) and, par-
ticularly, to the x-ray tomograph employed in this work (Section 3.1.2). The settings selected for the
acquisition and the reconstruction of 3D images are detailed in Sections 3.1.3 and 3.1.4.

Since one of the main objectives of this work is to provide a detailed analysis of the sand-pile
interface at the scale of a sand grain, it is first required to identify and define each grain in the 3D
images. Section 3.2 shows how the solid phase (intact grains and fines produced by grain crushing)
can be separated from the void phase by using an appropriate thresholding method. The method
employed to separate each individual grain from its neighbors is presented afterwards (3D segmen-
tation and labeling). When the grains are identified, it is possible to characterize them geometrically
by means of their main dimensions and their center of mass. The processed images in which the
grains, the voids and the powder produced by grain crushing are identified are used as an input for
a set of full-field measurements techniques described in the next sections.

First, a method to follow the density changes, both at the scale of the sample and locally at the
scale of the grains, is described in Section 3.3. Section 3.4 presents DIC as a tool for measuring the full
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kinematics between different loading steps, which means between different 3D images. A first ap-
proach referred as continuum DIC, the most commonly used, is described in Section 3.4.2. Continuum
DIC tracks a sub-volume from one image to another. This sub-volume forms a 3D pattern containing
different grains and pores. The granular nature of the material is not taken into account and the 3D
displacement field within a sub-volume and between two adjacent sub-volumes is assumed to be
continuous, which is why this approach is referred as continuum. A second approach referred as dis-
crete DIC is detailed in Section 3.4.3. In this approach, the grains are followed individually between
two configurations. The sub-volume is centered on a grain and follows the actual shape of the grain
being tracked, which is why the approach is referred as discrete. These two sections specifically focus
on the methods implemented in the DIC code Tomowarp2 developed by S. Hall and coworkers (Hall
et al., 2010). The selection of a set of parameters optimizing the quality of the DIC-based analyses
is explained in Section 3.4.4. Finally, Section 6.2.2 introduces a method aiming at characterizing the
anisotropy of the granular media prior to and after mechanical loading, based on the distribution of
the orientations of the sand grains.

3.1 X-ray tomography for high resolution 3D imaging

3.1.1 General description of x-ray Computed Tomography

X-ray Computed Tomography (x-ray CT) provides nondestructive three-dimensional maps of the x-
ray attenuation within an object. X-ray is an electromagnetic waveform with a wavelength ranging
from a few picometers to a few nanometers. The energy of an x-ray is usually expressed in eV
(1eV = 1.602x10−19 J). X-rays photons are produced by striking a material with high-speed electrons
(the kinetic energy is transformed into electromagnetic radiation). Therefore, the maximum energy
of an x-ray photon equals the entire kinetic energy of the electron. The energy of each photon, E,
is proportional to its frequency, ν, and is described as shown in Equation 3.1, where h is Planck’s
constant (6.63x10−34 J s), c is the speed of light (3x108 m/s) and λ the wavelength of the x-ray. There
are two types of x-rays: hard x-rays and soft x-rays. Hard x-rays are on the lower wavelength of the
spectrum. They have higher energy and consequently penetrate matter easily. On the contrary, soft
x-rays have wavelengths ranging between 10 nm and 0.1 nm. They are referred as "soft" since they
are easily absorbed by matter.

E = hν =
hc
λ

(3.1)

As the x-rays go through an object, the signal is attenuated by three different processes: pho-
toelectric absorption, Compton scattering and pair-production. For geomaterials, the photoelectric
absorption, which corresponds to the transfer of the total energy of a photon to an inner electron
causing the electron to be ejected, is the main mechanism. When a monochromatic x-ray beam goes
through a homogeneous object, the measured attenuation is linearly related to the thickness of the
object along that path and is described by the Beer-Lambert law (Eq. 3.2) where I0 is the x-ray inten-
sity before crossing the object, z is the depth within the object and µ is the attenuation coefficient of
the material. The attenuation coefficient was shown to be dependent on the atomic number of the
scanned matter (a material with a high atomic number will have a higher attenuation coefficient, see
Als-Nielsen and McMorrow, 2001).

I(z) = I0 exp−µz (3.2)
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The use of x-ray imaging in experimental geomechanics dates back to the early 1960s, in Cam-
bridge, where x-ray radiographies, i.e., 2D images, were employed for measuring strain field in gran-
ular soil (Roscoe et al, 1963). In the case of x-ray CT, x-ray radiographies are recorded at different
angular positions around a specimen. These radiographies are called projections. A 3D image of the
specimen is reconstructed using the projections thanks to a specific algorithm (filtered back projection
in this study). Section 3.1.4 gives further details about the reconstruction process. Originally used
for medical purpose, x-ray CT is now widely used in geomechanics. This technique was pioneered
at 3SR by Desrues and coworkers in the early 1980s to study strain localization in sand (see Viggiani
and Hall, 2012).

3.1.2 3SR x-ray tomograph

X-ray CT allows the visualization of the micro-structure of a specimen during a test, i.e., while it
deforms under loading. The 3SR x-ray tomograph requires to interrupt the loading during the ac-
quisition of a scan. This limitation can be overcome by synchrotron x-ray radiation for which a more
powerful source (and thus a higher photon flux) provides fast scanning at a high spatial resolution.
In this study, it was however possible to follow the entire process controlling sand-pile interface be-
havior prior to, during and after pile installation or loading cycles, at the scale of the sand grains.
Performing such a test while scanning is extremely challenging and requires a specific testing ar-
rangement as described in Chapter 4.

The 3SR device was supplied by RX-Solutions (Annecy) and bought in 2007 with funds from
ANR Project MicroModEx as well as Laboratoire 3SR (see Fig. 3.1a). This device differs from ordi-
nary x-ray scanners. It has been designed to host relatively large and complex equipments within
the x-ray cabin. It also allows connections to the outside of the cabin without risk. For instance, it
is possible to keep data acquisition, pressure or temperature control during scanning. Figure 3.1b
shows the experimental equipment used for this study within the x-ray tomograph. The source and
the detector can be translated vertically and horizontally which allows for scanning different regions
within a specimen. It is also possible to translate the specimen closer to the source (i.e., zoom in) and
increase the spatial resolution of the x-ray images. Further technical details and various examples of
studies conducted using the 3SR device can be found in Viggiani et al. (2015).

The x-ray beam generated by the source1 has a conical shape and is polychromatic. The voltage
and the current applied to the x-ray tube can be controlled by the used depending on the scanned ob-
ject. Increasing the voltage increases the mean photons energy, which means they cross matter easier.
The current controls the number of photons emitted, so the flux of photons. The 3SR source allows
for voltages ranging between 40 and 150 kV and currents up to 500 µA. As an example, a voltage of
100 kV means that an electrical potential is applied across the x-ray tube. Under such conditions, the
electrons that strike the target have 100 keV of kinetic energy. Thus, the highest energy photons that
can be produced is of 100 keV.

The source of 3SR can work with three different "spot" sizes (the spot is the starting point of the
beam): small, medium and large. The higher the power given to the x-ray tube, the larger is the
size of the "spot". The size of the "spot" has to be carefully selected since it partially defines the
spatial resolution of the images by determining the number of possible source detector-paths that
can intersect a given point in the scanned object. The higher the number of paths, the more the image

1Hamamatsu L8121-03 micro-focus x-ray source
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a) b)

x-ray cabin

data
acquisition

control panel

Figure 3.1: a) 3SR x-ray device including the cabin and the control panel. b) Setup
installed in front of the x-ray source within the cabin

will be blurry. Thus, the size of the spot should be smaller than the smallest feature to be resolved in
the x-ray images. The source of 3SR allows a minimum voxel size of 5 µm.

3.1.3 Optimum image acquisition settings

An accurate interpretation of x-ray images relies on an adequate scanning configuration, a careful
calibration and a selection of suitable acquisition settings.

During one scan, projections are recorded at 1024 angular positions. In this work, the acquisi-
tion was done using two different modes: "global tomography" and "local tomography". In "global
tomography", the whole sample is imaged, which means that we have a "global" vision of the phe-
nomena occurring during a test. However, to access information at the grain scale, the resolution
of the images should be high enough to actually resolve individual grains. This constraint does not
allow a field of view including the whole sample. The images are thus limited to a reduced field of
view focused on the pile tip and shaft, which corresponds to a "local tomography".

In global tomography, a voltage of 120 kV and a current of 400 µA were selected, leading to a
power of 48 W. These choices were made in order to obtain clear images and photons with an energy
high enough to penetrate the 70 mm-diameter sand specimen mounted within the mini-calibration
chamber. The targeted voxel size with such a power was 70 µm. The optimum "spot" size was se-
lected thanks to a calibration chart JIMA (Japan Inspection Instruments Manufacturers’ Association)
shown in Figure 3.2. Depending on the spot size and on the power of the x-ray source, the chart
allows the identification of the minimum size of pattern that can be resolved. Based on this calibra-
tion, the size of the spot was set to "large" in global tomography. The size of the images obtained is
1160×1200×1822 voxels. At each angular position, 8 frames were recorded and averaged to limit the
amount of blur in the image. With a frame rate of 1.00 (one frame recorded per second, adjusted to
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avoid pixel saturation and receive enough signal), one entire scan took about 2 hours and a half.

Figure 3.2: JIMA calibration chart used for the selection of the optimum spot size

In local tomography, the voltage was reduced to 150 kV and the current to 200 µA, leading to a
power of 30 W. The highest voxel size possible was 40 µm. For such a voxel size and such a power,
the spot size was set to "medium". When working in local tomography, the axis of rotation of the
x-ray device does not stop at each angular position, rather it rotates continuously. This setting limits
the artifacts created by the parts of the scanned object which are going out of the field of view during
rotation but tends to blur the images. To increase the quality of the images, the number of averaged
frames and the frame rate were increased and respectively set to 14 and 1.75. One complete scan took
about 3 hours (2 hours and 55 minutes).

Prior to a test, the x-ray source and the detector are calibrated. A first filter, called "black filter" is
applied to the recorded data on the detector. This filter aims at removing the electronic noise on the
detector. It consists of taking several black frames with x-rays turned off. It is necessary to update
this filter often, since the background noise changes in time, especially with the temperature of the
detector. A second filter called "flat filter" (or gain) is then applied. This filter aims at homogeniz-
ing the response of each pixel to a given received intensity. It also corrects the defective pixels by
replacing their value by the mean of their neighbor’s. This filter consists of taking white frames with
x-rays turned on and set at the working voltage and about the third of the working current. No object
should interact with the beam during the acquisition of the white images.

3.1.4 3D reconstruction

3D images were reconstructed thanks to the projections recorded during a scan with the X-Act soft-
ware, provided by RX-Solutions. These projections are 2D and represents an integration of all x-ray
attenuation coefficients encountered along the path of the beam until it reaches the detector. The re-
construction was performed using a filtered back projection algorithm implemented in the software.
Further details on the principles of 3D x-ray images reconstruction can be found in Hsieh (2003). An
example of 3D-rendering after pile installation is shown in Figure 3.3.
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a) b)

Figure 3.3: Example of 3D-reconstructed images after pile installation a) in global to-
mography and b) in local tomography

A qualitative interpretation of x-ray images is generally straightforward when adequate acqui-
sition settings are applied. However, various scanning artifacts, described for example by Ketcham
and Carlson (2001), can highly affect the data for quantitative analysis. Some of these artifacts can be
corrected, or reduced, during the reconstruction using X-Act.

First, during a scan, the projection of the x-ray spot can derive or the scanned specimen can de-
form. To correct these drifts, an additional series of projections is recorded at the end of the scan
and correlated to the projections recorded during the scan, at the same angular positions. Second, a
blur (object edges are duplicated) can be produced on the images in the case of a geometrical mis-
alignment (between the source, the specimen and the detector). This artifact is usually due to a bad
calibration of the imaging system and is more pronounced for high zoom values. The differential dis-
placements creating a blur on the images were reported to correlate well with temperature changes
by Andò (2013), which means that they are amplified in the case of long duration scans. Figure 3.4
gives an example of a slice taken through a 3D reconstructed image recorded in local tomography.
Figure 3.4a shows the slice before applying any correction. The edges of the grains are duplicated,
leading to a global blur of the image as highlighted by the zoom into some grains. Figure 3.4b shows
that by correcting the misalignments mentioned previously (in this specific case an offset of 3 voxels
in the x direction and a tilt of −0.02◦ around z were needed) the edges of the grains become sharper
and the image relatively clear.

The linear relation given by Beer-Lambert law mentioned previously (Eq. 3.2) does not work for
polychromatic beams, as it is the case for the scanner at 3SR. Since low-energy photons are more
easily absorbed than high-energy photons, the beam tends to become relatively harder as it goes
through the object. This phenomenon is called "bean hardening". The effect of beam hardening can
be reduced by using metallic filters, such as copper and aluminum, which absorb the low-energy
components of the spectrum. Despite the use of a flat copper filter placed in front of the source, beam
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a) b)

Figure 3.4: Horizontal slice taken through a 3D reconstructed image recorded in local
tomography: a) before the correction of the misalignments and b) after correction in

X-Act

hardening remains a visible artifact for the scans obtained in this work as illustrated by Figure 3.5. On
the boundaries of the horizontal slice taken through the 3D reconstruction, pixel intensities are higher
(brighter) than in the center, especially in global tomography. However, in most of the measurements
described in Sections 3.3, beam hardening is not important enough to affect the results.

3.2 Image pre-processing: identification of individual sand grains

This section details the upstream work of image processing that is needed for the analysis of the 3D
images at the grain scale. The methodology was adapted to the particular material employed in this
study: Glageon sand, a calcareous sand (its mechanical and index properties are detailed in Chapter
4). Glageon grains are angular and produce fines when they wear or break. These specific features
add complexity to the processing of the images described in this section.

3.2.1 Definition of different phases in the 3D images

As shown in the example of the image subset obtained in local tomography (see Fig. 3.6a), three
phases are observed in the gray-scale images: pores (low gray level), intact grains (high gray level)
and, possibly, fines produced by grain crushing. These fines are smaller than the pixel size, there-
fore they cannot be resolved at the spatial resolution of the images. However, as they partially fill
voxels, they can be associated to an intermediate mean gray level. Figure 3.6a also shows the same
image subset with a different color scale to help differentiating the three phases. The definition of the
different phases is a crucial step in the analysis of the grain-scale mechanisms taking place during
mechanical loading. To track the evolution of each phase in terms of volumetric changes or kinemat-
ics, it is imperative to isolate them from each other. The definition of each phase relies on the selection
of a threshold value, which means a gray level (T). Based on the value of T, voxels with a gray level
above T will be attributed to one phase whereas voxels with a gray level below T will be attributed
to a second phase. The selection of T is relatively delicate and requires a particular attention.
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Figure 3.5: Illustration of beam hardening artifact on a horizontal slice a) in global to-
mography and b) in local tomography

In the case of two-phases media (solid and air), there are essentially two ways to select an ap-
propriate gray level threshold value for isolating phases: an automatic thresholding method such as
Otsu method (Otsu, 1979) or the determination of a threshold based on the physical measurement
of the solid volume during sample preparation. In this study, neither of the two methods actually
works. An automatic thresholding generally works when the histogram of the gray-scale image ex-
hibits a clear distinct peak for each phase. In the case of Glageon sand, the presence of fines leads
to an histogram with two peaks separated by a plateau (see Fig. 3.6b). Thus, this method tends to
overestimate the solid phase and enlarges contacts between grains. For images acquired in local to-
mography, the latter method does not allow a fair comparison with the macroscopic measurement
of the solid volume as only a part of the specimen is being scanned. An other source of error comes
from partial volume effect. Partial volume effect occurs at the interface between two phases (e.g.,
grains and pores) and refers to a blurring of the object edges. This artifact is mainly due to the fi-
nite size of a voxel, which includes parts of multiple phases. In the case of Glageon sand, any pixel
at the interface between a grain and a pore will have an intermediate gray value similar to the one
associated with the fines. Partial volume effect is visible in Figure 3.6a: a thin layer of green voxels
surrounding grains having similar gray level as the fines.

Given the aforementioned limitations, the separation of the different phases was done manually.
In this study, two different cases should be distinguished.
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Figure 3.6: Illustration of the definition of the different phases in a gray image: a) Image
subset (2D, 16 bit) recorded in local tomography showing grains, pores and fines. The
same subset displayed with a different color scale helps differentiating the three phases
(grains: red, pores: blue, fines: green). b) Histogram associated with the image subset

indicating the two threshold values selected manually to isolate each phase

Case 1: The first case corresponds to the separation of the intact grains from the fines and from the
voids. By considering three phases, two different threshold values must be selected. This case applies
to the analysis of the volumetric changes of each phase (see Section 3.3). As an example, Figure 3.6b
indicates the two threshold values selected for the image subset. Once the threshold are fixed, the
image can be converted into binary data (binarization). The binarized image can then be used as a
mask on the gray image. Figures 3.7a, b, c show the image subset after applying a mask correspond-
ing respectively to the voids, the fines and the grains. Figure 3.7b, corroborates the fact that partial
volume effect leads to an overestimation of the quantity of fines.

Case 2: The second case corresponds to the separation of the intact grains from the voids, i.e., fines
are not taken into account. This case applies to the tracking of individual grains through images in
the framework of discrete DIC (see Section 3.4.3). To better isolate individual grains, the solid phase
is voluntarily underestimated in order to reduce the size of contacts between grains. Figure 3.8a
shows that the manual threshold is higher than the one given by the Otsu method. It is acknowledge
that this arbitrary selected threshold is user-dependent. In the binarized images one can note that
few grains seem to be "erased" with the manual threshold (see Fig. 3.8b, blue stars). This is a "wrong
impression" simply due to the 2D configuration of the figure.

Before selecting Glageon sand as an adequate material for this experimental work, preliminary
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a) b) c)

Figure 3.7: Result of the multiplication between the original gray-scale image subset
and the binary masks created for each phase: a) voids, b) fines and c) grains
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Figure 3.8: Selection of a manual threshold to identify (and next separate) grains in
the framework of discrete DIC. a) Histogram showing the manual threshold and the
Otsu threshold. b) Differences between the binary data produced with Otsu and man-
ual threshold values: red circles show the difference in the size of the contacts between
grains and the blue stars show that with a manual threshold the grain phase is inten-

tionally underestimated

tests were conducted with different types of sand in order to choose the optimum mean grain size,
which allows individual grains identification for a voxel size of 40 µm (in local tomography). The
sands employed for the calibration were silica sands chosen for their grading. Different granular
fractions were sieved and scanned with identical scanning conditions as the one used for model-
pile tests described in Chapter 4: D50 = 2.4mm, D50 = 1.5mm, D50 = 1.0mm, D50 = 650µm and
D50 = 338µm. Figure 3.9 shows images subsets for these granular fractions and their binarized
versions. When zooming in the binary data, it can be seen that for grains with a mean particle
size less than 1.0 mm, the grains are not well defined and inter-granular contacts are relatively large.
These two features do not allow the identification of each grain by means of segmentation (see Section
3.2.2). A mean particle size close to 1.0 mm was then selected as a good compromise for the studied
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material: Glageon sand has D50 = 1.125mm.

a) b) c) d) e)

Figure 3.9: Image subsets taken from x-ray images recorded in local tomography, with
a voxel size of 40 µm. Different fractions of silica sands were imaged: a)D50 = 2.4mm,
b)D50 = 1.5mm, c)D50 = 1.0mm, d)D50 = 650µm and e)D50 = 338µm. The first row
shows the raw gray-scale image subsets. The second row shows the binarized image
subsets. The third row shows a zoom in the binary data to highlight the poor quality of

the binary data when decreasing the mean particle size

3.2.2 Segmentation of the 3D images and labeling of individual grains

Once the image was binarized following the method used for "Case 2" presented in Section 3.2.1, it
was possible to separate the grains from each other thanks to a watershed algorithm implemented
in the highly optimized commercial code Visilog 2. Despite its optimization, the code needed sev-
eral hours to perform the complete segmentation process for the size of the studied images and the
number of grains to be considered (several hundreds of thousands). An example of 3D segmentation
is given in Figure 3.10. Figure 3.10a shows the gray-scale sub-volume to be segmented and a slice
taken through this sub-volume. Figure 3.10b shows the same sub-volume and slice after binarization.
Visilog takes the binary data as the input for segmentation. The watershed algorithm implemented
in Visilog is based on the definition of markers within each grain. These markers are defined as the
local maxima of the Euclidean distance map calculated on the binarized image. The map indicates,
for each voxel in a grain of the originally binary sub-volume, the shortest distance to the nearest voxel
in the background (i.e., pores). A solid voxel touching a void voxel has a small value, whereas a voxel
inside a grain will have a relatively high value. The 3D image of markers is then obtained by merging
local maxima in the Euclidean distance map (e.g., if the "merge tolerance" is set to 5, and a maximum
is at a value of 10, then all voxels contiguous with that maximum having a value greater than or equal

2Copyright Noesis, see http://www.noesisvision.com/
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to 10-5=5 will be included in the marker). The definition of the markers can be erroneous in some
cases: flat contact between two grains, a grain with an internal porosity or grain with a low com-
pactness 3. A not well-defined marker can lead to under-segmentation (two grains are merged into a
single grain) or over-segmentation (one grain is split into two grains). This phenomenon is illustrated
in Figure 3.10c showing the sub-volume and slice after segmentation. A grain circled in red on the
slice is over-segmented and split into two different grains. To better understand this problem Figure
3.10d presents the Euclidean distance map of the binary slice. The map is displayed as a landscape
where grains are hills and pores are valleys. A zoom into the distance map shows that the highest
values of the over-segmented grain form a ridge with a thinner part indicated by the arrow in the fig-
ure. Thus, two markers can be defined on each side of the arrow resulting in the splitting of the grain.

a)

b)

c)

d)

possible
markers

Figure 3.10: Diagram showing the segmentation process on a sub-volume. a) Gray-scale
sub-volume and a 2D slice taken from it. b) Sub-volume and slice after binarization. c)
Sub-volume and slice segmented and labeled showing a grain split into two particles
(over-segmentation). d) 2D Euclidean distance map of the binarized slice displayed
as a landscape and zoom showing two possible local maxima detected as markers for

watershed segmentation

The watershed is analogous to the flooding of a landscape (the Euclidean distance map), with
a source of water from each marker. The landscape is progressively flooded with markers expand-
ing. When two different markers meet, the interface between the two markers defines the watershed

3The classical compactness of a solid is measured by the ratio between the area3 and the volume2 which is dimensionless
and minimized by a sphere
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point/line/surface, which is the output of the algorithm. The voxels belonging to the watershed
point/line/surface are subtracted for the grains in the binary image. The result is a binary image
with separated grains. Please note that the pile was masked and treated as voids (gray level equals
to 0) in all the binary images for practical reasons.

Finally, the individual grains were labeled with a unique number (positive integer). Visilog as-
signs increasing values of labels as it traverses the volume from the bottom to the top. Each grain
can be easily extracted from the volume by selecting only the voxels associated with its label. Visilog
also provides geometrical features for each grain that can be used to track grains from one image to
another: a bounding box and a center of mass. The bounding box is a parallelepiped adjusted to the
volume of the grain. The center of mass is defined as the spatial average of all the voxels that make
up the grain, weighting voxels equally. It is noteworthy that the center of mass of a voxel is consid-
ered to be in the middle of that voxel. Other features are available such as the maximum/minimum
dimensions or the volume of the grains but are not used in this study.

3.3 Measurement of soil density / porosity

Initial soil density is known to have a major influence on both tip and shaft resistance of piles in
sand. From pile penetrometer tests carried out on homogeneous sand in a large testing tank, Kérisel
et al (1965) showed that deep foundations ultimate capacity is a function both of soil density and
friction. Alawneh et al. (1999) investigated the effect of pile placement method (driven and jacked),
initial sand conditions, pile surface roughness and pile end type (open or closed) on the ultimate
uplift shaft resistance of piles in sand. The authors ranked initial sand density as the most important
factor: an increase of sand density from 45% to 70% results in an average increase of the ultimate
shaft resistance of 70% for driven piles and 100% for jacked piles. A number of other remarkable
studies demonstrate the influence of soil initial state (density and stress level) on pile capacity: see
for instance Foray (1991), Salgado et al. (1997) and Klotz and Coop (2001).

It was also shown that pile installation induces significant local density changes at the interface.
Robinsky and Morrison (1964) studied sand displacement and compaction patterns around driven
flat base model piles on loose to medium sand samples. By means of radiography technique they
observed a zone approximating the shape of a cone beneath the pile where vertical compression and
two-directional horizontal expansion take place. They also measured a vertical expansion within a
thin zone around the pile shaft. From CPT tests in sand of different relative densities, Chong (1988)
showed that the sand close to the shaft undergoes considerable loosening and that the sand beneath
the tip undergoes densification for loose samples or loosening for dense samples. Similar observa-
tions were reported in subsequent studies by Nes (2004), Ngan-Tillard et al. (2005).

More recently, Dijkstra et al. (2010) and Dijkstra and Broere (2010) developed a new method to in-
vestigate soil density change during pile installation and cyclic loading based on electrical resistivity
measurements. The results of a series of centrifuge tests on instrumented model piles showed that
density change is correlated to the change in apparent shaft resistance for initially loose and dense
saturated sand samples.

In this work, x-ray images were analyzed to characterize the state of the tested samples prior to
testing. A detailed study of local porosity changes induced by pile installation and cyclic loading at
the interface was also used to better understand the macroscopic response of sand pile interface. The
results of this analysis are presented in Chapter 6. The methodology employed to measure porosity
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was adapted through different scales: a mesoscopic approach was used for the overall sample char-
acterization and a grain-scale approach was used for the analysis of local density changes.

Mesoscopic approach: overall sample characterization

As described in Section 3.2.1, x-ray images allow the identification of different phases following
the methodology presented for "Case 2": solid phase (grains + fines) and voids. The sample density
can be described by estimating the porosity as the ratio between the void phase volume over the total
volume.

To generate a 3D porosity field, the solid and void phases were integrated over sub-volumes in
the 3D images obtained by x-ray tomography. These sub-volumes should be large enough to be rep-
resentative of the granular material and small enough to give a "local" porosity measurement. The
minimum size of a sub-volume which leads to stable porosity measurements over the sample was
chosen as the optimal size, then the corresponding sub-volume was referred as Representative El-
ementary Volume (REV). The program used to find the REV was implemented by Andò (2013). It
consists in defining a set of regularly spaced calculation nodes over the 3D image. For each node, the
program grows a cubic sub-volume, centered on the node, over which is calculated the porosity. The
porosity measurement is equal either to 0% (sub-volume corresponding to the solid phase) or 100%
(sub-volume corresponding to the void phase) and evolves as the sub-volume grows. Once the sub-
volume is large enough to be representative, the porosity measurement is expected to tend towards
the macroscopic porosity of the sand sample (provided that the sample is relatively homogeneous).

In this study, the REV was found based on the 3D images recorded for the initial state of the
test, when the sample did not yet experience any loading (apart from a mean stress of 100 kPa).
At this stage, the sand sample was considered as having a relatively homogeneous density. Figure
3.11a illustrates the estimation of the REV size. This example shows that starting from a size of 50
pixel3, which means that there are about 30 grains within the sub-volume, the porosity measure-
ments converge towards a common value of about 45%. This sub-volume size was selected as a good
compromise for the REV for all the mesoscopic measurements of porosity.
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Figure 3.11: Example of sample characterization at the initial state. a) Evolution of the
porosity measurement as the cubic sub-volume on which it is measured increases from
one voxel to a cube measuring 100 pixel3 and selection of the REV size. b) 3D porosity

field for the selected REV of 50 pixel3



3.4. Measurements of full-kinematics thanks to 3D-Digital image Correlation 33

Figure 3.11b shows an example of 3D porosity field for a sample at its initial state. Note that in
this work, whenever the porosity field is presented as an image, it is always filtered for noise with a
3D median filter of radius 3 pixels. This filter replaces each voxel gray level with that of the median
value of voxels inside a small sphere centered on that voxel.

Despite a careful calibration of the x-ray source, several artifacts described in section 3.1.4 can
affect the porosity measurements. For instance, small variability in the x-ray beam leads to a shift
in gray-level values between two scans. To fairly compare the porosity measurements made at each
step of the loading, the histogram of the 3D images were normalized. The normalized gray level
Gn of each voxel "v" can be expressed as in Eq. 3.3, where Gi is the initial gray level of "v", Peakp
is the gray level associated with the pores peak in the initial histogram, and Peakg is the gray level
associated with the grains peak in the initial histogram.

Gn(v) =
Gi(v)− Peakp

2(Peakg − Peakp)
+ 0.25 (3.3)

Although very useful, the porosity fields obtained up to this point suffer from several limitations.
First, the grid of calculation nodes defined over the image does not account for the presence of inter-
faces. The sub-volumes located at the interface between the sand and the pile can lead to inaccurate
measurements since voxels belonging to the pile are considered as being part of the void phase (the
pile was masked as mentioned in section 3.2.2). Second, the powder produced by grain crushing is
not set apart from the intact grains. For these two main reasons, an alternative approach was devel-
oped to follow quantitatively local density changes at the interface.

Grain-scale approach: density changes at the interface

The grain-scale approach accounts for the three phases identified in the images: grains and fines
are considered separately. This is no longer simply a question of density changes, but of production
of fines by grain crushing. In the present study, density is expected to vary radially from the pile
shaft. For this reason, the percentage of voxels belonging to each phase was estimated within 5-
voxels-thickness hollow cylinders centered on the pile axis around the shaft as illustrated in Figure
3.12. The size of the cylinders was selected to get a sufficient resolution of the measurement of fines
quantity.

3.4 Measurements of full-kinematics thanks to 3D-Digital image Corre-
lation

DIC is a pattern recognition technique that compares two images (2D or 3D) recorded at two different
time steps and provides a full-field measurement of kinematics. DIC has been increasingly used
during the last 20-30 years in experimental geomechanics. In the field of soil-structure interaction,
White and Bolton (2004) developed and innovative technique using PIV (Particle Image Velocimetry)
to study the displacement and the strain paths experienced by the soil during the installation of
a plane-strain model pile in a calibration chamber. The Authors reported a detailed analysis of pile
penetration mechanisms and examined the influence of soil type, initial state, pile breadth and the use
of a driving shoe. PIV is a DIC technique used primarily in fluid dynamics where the fluid is seeded
with particles that follow the flow field. This technique was also employed for the investigation of
static (pile, footing) and dynamic (projectile) penetration in granular media by means of transparent
model soils (Lehane and Gill, 2004; Iskander, 2010; Liu and Iskander, 2010; Omidvar et al., 2015;
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Figure 3.12: Local density changes at the interface: sketch showing the subdomains
over which the percentage of each phase (grains, fines and pores) is estimated. These
subdomains are hollow cylinders with a thickness of 5 voxels (i.e., 0.2 mm), coaxial to

the pile

Chen et al., 2017). Classical DIC was used in a thorough study of soil displacements resulting from
cone penetration in sand conducted by Arshad et al. (2014). The results of a series of CPT tests
performed in a half-circular chamber allowed the identification of different zones of displacements
around the cone affected by the density and the crushability of the sand, as well as the depth of
penetration. In the present work, DIC provided a number of results essential to the understanding
of the mechanisms governing the sand-pile interface macroscopic response.

3.4.1 Digital Image Correlation: general principles and methodology

In DIC, two images are compared: a reference image (I1) and a deformed image (I2). The objective is
to find a transformation operator, Φ (4x4 matrix), that makes these two images as similar as possible,
such as:

I2(Φ.X) = I1(X) (3.4)

Φ is an extension of the transformation gradient tensor F taking into account also the translation
vector, which together with the rotations describe the rigid-body motion of the material:

Φ =


Fzz Fzy Fzx tz
Fyz Fyy Fzx ty
Fxz Fxy Fxx tx
0 0 0 1

 (3.5)

The basic steps involved in a DIC procedure are:

– the reference image I1 is divided in smaller image subsets referred as "correlation window"
with calculation nodes defined at their center

– the transformation operator is applied to the correlation window
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– if the transformation is not limited to a translation of an integer number of pixels, an interpola-
tion of the gray-scale field is required

– a correlation function is defined in order to assess the similarity between the transformed subset
in I1 and the image subset in I2

– the unknown components of the transformation operator are determined by maximizing the
correlation function

The resolution of DIC relies on the selection of important parameters such as the spacing between
each node of calculation and the size of the correlation window. The selection of these parameters
is often a trial and error process, because it depends on a large number of factors including image
texture, correlation method, as well as the complexity of the expected deformation pattern.

Correlation window
The size of the correlation window is of major importance. This parameter defines the resolution of
the calculations. If the correlation window is too large, the resolution of the displacement field is
reduced and the local aspect of the measurements is lost. Conversely, if the correlation window is
too small, it does not contain enough information (the pattern being tracked might not be unique)
and can lead to poor correlation.

Node spacing
A small spacing between nodes tends to smooth the field of displacements. However, if it is too
small (relative to the noise in the displacement measurements) then the gradient of displacement can
be dominated by noise and the strain field can not be well determined.

3.4.2 3D-Digital Image Correlation: continuum approach

Continuum DIC is the most commonly used approach to track an image subset (2D) or a sub-volume
(3D) between two configurations. In the present study, a typical sub-volume forms a 3D pattern
including multiple grains, pores and possibly fines. In continuum DIC the similarity between two
sub-volumes relies on the gray levels that make up the 3D pattern. The granular nature of the ma-
terial is not taken into account. In addition, the 3D displacement field within a sub-volume and
between two adjacent sub-volumes is assumed to be continuous, which is why this approach is re-
ferred as continuum.

The analyses based on continuum DIC were performed using the 3D-DIC code Tomowarp2 (Tud-
isco et al., 2017). The six steps listed below describe the specific methodology implemented in To-
mowarp2 and are also illustrated in 2D in Figure 3.13.

1. definition of a grid of nodes uniformly distributed over the reference image

2. definition of a cubic correlation window centered on each node

3. calculation of the similarity between two image subsets for different displacements of the cor-
relation window within a region, called search window, in the deformed image (the transfor-
mation operator is limited to a translation of an integer number of pixels)

4. the displacement giving the best correlation between the two image subsets is defined as the
real displacement of the node considered (pixel search)



36 Chapter 3. X-ray tomography and advanced image analysis tools

5. the displacement obtained being an integer number of pixels can be refined by using a sub-pixel
method (sub-pixel search)

6. if required, the strain field can be deduced from the gradient of the derived displacements and
a continuum assumption

Figure 3.13: Flow chart explaining the different steps of continuum DIC implemented
in Tomowarp2 (existing code employed in this work). The example is given in 2D for
clarity and show the displacement field and the maximum shear strain field for an in-

cremental displacement of the pile tip of 1.0 mm
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There is a number of correlation functions that can be used to assess the degree of similarity
between two images. The function used in Tomowarp2 is normalized-cross correlation (referred as
NCC) defined in 3D by Eq. 3.6, where (x,y,z) are the spatial coordinates and (u,v,w) the Cartesian
components of the displacement imposed to the correlation window to a new position in the de-
formed image (I2). The function is normalized to account for possible variations in lighting and
contrast between I1 and I2 that can lead to erroneous correlation.

NCC(u, v, w) =
∑x,y,z I1(x, y, z)I2(x + u, y + v, z + w)√

∑x,y,z I1(x, y, z)2 ∑x,y,z I2(x + u, y + v, z + w)2
(3.6)

The maximum of the NCC function (or the minimum of 1-NCC) defines the best integer shift of
the correlation window. X-ray images are, by nature, discretized into pixels, which means that the
highest resolution that is reachable with Tomowarp2 is that of a pixel. This pixel resolution leads to
a stepped displacement field and, as a consequence, to high strain values associated with the jumps.
Two methods implemented in the code allow a sub-pixel resolution: interpolation of the correlation
coefficient and gray-scale interpolation of the deformed image.

Interpolation of the correlation coefficient
This method consists in finding the maximum of the local variation in the correlation coefficient for
test displacements (of 1 pixel) around the best integer displacement determined in the pixel search.
The correlation coefficient is described by a quadratic function and interpolated for sub-pixel dis-
placements over this neighborhood. The "new" maximum is determined using Newton’s method
and gives the "new" sub-pixel displacement of the image subset. This method is relatively fast but is
limited to rigid body translation as a more complex transformation would require a gray-scale inter-
polation as in the following method.

Gray-scale interpolation
This method is based on the interpolation of the pixel values (gray-scale) of the deformed image with
an optimization of the transformation (translation and rotation) of the deformed image to match the
reference image (or vice-versa). The code uses a spline interpolation of the requested order (selected
by the user). The optimization of the transformation is based on Powell’s method (unconstrained
optimization by quadratic approximation).

TomoWarp2 also provides the full-strain tensor field using a trilinear gradient function of the
nodal displacements of cubic elements. The output are individual 3D fields of the each component of
the strain tensor, as well as the three invariants of the strain tensor. The strain tensor E is determined
through the strain gradient tensor G and the right Cauchy-Green deformation tensor C defined in
Eq.3.7, where I is the identity tensor and ∂u

∂x is the gradient of the displacements.

G = I +
∂u
∂x

C = FT F

E =
1
2
(C− I)

(3.7)

The maximum shear strain tensor is expressed as

1
3

√
2(ε11 − ε22)2 + 2(ε11 − ε33)2 + 2(ε22 − ε33)2 + 3ε2

21 + 3ε2
31 + 3ε2

32 (3.8)
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In this PhD work, the volumetric strain obtained from DIC are not presented. During pile instal-
lation, DIC was performed on image pairs recorded after an incremental displacement of the pile of
1.0 mm. For such an incremental step, the volumetric strain field was dominated by noise.

3.4.3 3D-Digital Image Correlation: discrete approach

In the case of sand-pile interface, continuum DIC cannot take into account the possible discontinuities
in displacement between the pile and the grains or between the grains themselves. Grain breakage is
another important aspect that is not considered with the continuum approach; rather, the presence of
broken grains tend to affect the correlation since the pattern in the reference image can not be tracked
in the second image. Therefore, a discrete version of 3D-DIC has been developed in Tomowarp2 to
track each individual grain from one configuration to an other (Hall et al 2010). The main difference
with the continuum approach is that the correlation window is replaced by subsets centered on in-
dividual grains that follow the actual shape of the grains and include only a single grain. In discrete
DIC the similarity between two sub-volumes relies on the gray levels that make up the 3D pattern (if
the grain is not homogeneous) but most importantly on the actual shape of the grains.

Discrete DIC requires an upstream work of image pre-processing not needed for continuum DIC.
An appropriate identification of individual grains is crucial to ensure a good correlation. This pre-
processing was conducted using the method described in Section 3.2.2.

Figure 3.14: Flow chart showing the main steps of the implementation of the 3D discrete
DIC in Tomowarp2

Once the grains are identified and labeled, discrete DIC can be performed following the steps
described in Figure 3.14. In Tomowarp2, the correlation window defined for discrete DIC is the
bounding box obtained thanks to Visilog (see Section 3.2.2). All the voxels in the bounding box that
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do not have the same label value as the grain being tracked, which means parts of other grains, are
removed. The information within the subset is binarized: the voxels part of the voids are treated
as 0 and the voxels part of the grain are treated as 1. The binary data is copied into a larger cubic
matrix allowing the 3D rotation of the grain around its center of mass. The binary data is then dilated
and used as a mask on the gray image. The dilation ensures that all the information in the grain is
considered. The rest of the procedure is the same as continuum DIC (NCC calculation and subpixel
refinement). In addition, the discrete method implemented in TomoWarp2 provides the 3D rotation
of each individual grain. The result is given as a rotation vector with three components describing
the axis around which the grain rotates, the norm of which gives the angle of rotation. The DIC code
uses the Rodrigues’ rotation formula (Andò, 2013) define such a rotation vector.

3.4.4 Optimal set of parameters for 3D-Digital Image Correlation

Continuum DIC
As mentioned previously, the selection of the size of the correlation window is of main importance
in the resolution of DIC results. In this work, a cubic correlation window of 40 voxels (i.e., it includes
about 8 grains) was selected as a good compromise using a trial-and-error approach. The REV size
(50 voxels) calculated for the measurement of porosity in Section 3.3 was used as a first guess for
the determination of the size of the correlation window. At the interface, a window smaller than 40
voxels could not be tracked since its pattern was highly modified from one image to another due to
grain crushing.

Without sub-pixel search, a typical DIC calculation takes about 30 min, whereas with sub-pixel
search (including translation and rotation) it takes about 32 hours. This computational time was re-
duced by performing a two-steps calculation. In the first step, the DIC code was run with a relatively
large node spacing (40 pixels) and a large search window (e.g., ±10 pixels). In the second step, the
node spacing was reduced to 20 pixels and the search window was reduced to ±2 pixels. Then, the
DIC code was run by taking the output of the first step as an input, which means that the displace-
ment field measured during the first step was used as a first clue for the second calculation. With
these two steps, the computational time was at least divided by 2.

It is noteworthy that the order of the spline-interpolation used in the sub-pixel search to inter-
polate the gray-scale values has also a major effect on DIC results, as reported by Bornert et al.
(2009). With a tri-linear interpolation, the code has a tendency to converge towards half-integer
values, which results in mostly non-physical lines patterns in the strain fields. Figure 3.15 gives an
example of such lines pattern in the 3D field of maximum shear strain measured during pile installa-
tion. In TomoWarp2, an order of interpolation of 3, i.e., tri-cubic interpolation, is sufficient to remove
this artifact and obtain a physically-reasonable result.

Discrete DIC
The performance of discrete DIC mainly depends on the pre-processing of the 3D images, and more
precisely on the segmentation of the grains. If a successful segmentation is achieved and if all grains
have relatively distinct shapes (which is the case of Glageon grains), then each individual grain
should be tracked from one image to another. Only grains that break may not be found in the sec-
ond image. The same problem as for continuum DIC arises with the choice of the order of spline
interpolation for the sub-pixel search. Similarly to continuum DIC, a third order interpolation was
employed.
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Figure 3.15: Example of slices through the maximum shear strain field obtained with a
tri-linear spline interpolation in the sub-pixel search. Please note that the color contrast

was enhanced for clarity

A parameter, specific to discrete DIC, that can potentially affect the results is the dilation applied
to the binary mask presented in Figure 3.14. The dilation of the mask, i.e., the binary data corre-
sponding with the labeled grain, allows to capture all the gray-scale information (voxels) from the
grain being tracked. However, the dilation should be small enough to minimize the possibility of
capturing voxels that belong to other grains. In this study, a 3D dilation of 3 voxels was selected as a
good compromise.

With these sets of parameters, the resolution reached for both continuum and discrete DIC was
of 1 pixel, i.e., 40 µm, without sub-pixel search and 10−3 pixel with sub-pixel search. The accuracy of
the measured displacements estimated was 0.5 pixels, i.e., about 20 µm, by correlating two 3D images
acquired for the same sample, at the initial state (i.e., without any transformation between the two
scans).

3.5 Grains orientations

It is well known that mechanical properties of a granular assembly is linked to the geometry of the
granular skeleton, commonly referred to as fabric. Oda (1972) defined the term fabric of a cohesion-
less granular assembly to represent "the spatial arrangement of the particles and associated voids,
including (i) the orientation of individual particle, (ii) the position of the particle and its the mutual
relationship to other particles" (i.e., inter-particle contacts). In Oda et al. (1985), the Author identifies
the preferred orientation of non-spherical particles as a major source of fabric anisotropy, along with
the change in inter-particle contacts orientation.

Numerous numerical studies using discrete element method propose a detailed analysis of fabric
evolution of granular material during mechanical loading (e.g., Fu and Dafalias, 2011). Experimen-
tally, measuring accurately the orientation of individual grains and contacts becomes relatively com-
plex. Advanced imaging techniques offer new possibilities to measure and quantify the fabric of a
granular soil assembly at the micro-scale level, as proposed by Yang et al. (2008). The Authors inves-
tigated fabric anisotropy for different sand sample preparations (dry and wet), using coupon surfaces
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analyzed by scanning electron microscopy (SEM) postmortem. Recently, Paniagua et al. (2018) pro-
posed an innovative approach to link volumetric behavior to changes in soil fabric during a cone
penetration test (CPTU) in silt. Volumetric changes were measured thanks to x-ray tomography and
with 3D-DIC whereas the soil fabric was studied by means of high resolution 2D backscattered elec-
tron images (0.4µm/pixel) obtained postmortem. In both studies, a postmortem approach is used,
which implies three main limitations: (i) the the soil specimen should be manipulated with mini-
mum disturbance of the soil fabric, (ii) the selected sections should be representative of the rest of the
soil mass, and (iii) the 2D measurements should be in agreement with the 3D nature of the problem
studied. To the best of the author’s knowledge, the work proposed by Paniagua et al. (2018) is the
first experimental study investigating soil fabric in the field of pile testing.

In this PhD work, the orientations of individual sand grains were studied during a test and in 3D
thanks to x-ray tomography. The measurements were made in the segmented and labeled 3D images
by means of the inertia tensor following the method described by Wiebicke et al. (2015). The inertia
tensor was calculated over all the voxels that make up the particle, attributing an equal weight to each
voxel. The orientation of a grain was then determined based on the eigenvectors of the symmetric
inertia tensor. The minor eigenvector, associated with the smallest eigenvalue, points in the longest
direction of the grain, from the center of mass (it represents the axis around which the rotation of
the grain is the less "energy-demanding"). The grains of Glageon sand are elongated and relatively
flat as shown in Section 4.1. As expected, the inertia tensor of Glageon grains exhibits a relatively
small minor eigenvector and two other eigenvectors of similar magnitude. As a result, the minor
eigenvector ( ~emin) was selected as a meaningful measure to characterize grains orientations prior to
and after pile installation.

The orientation of a single grain, θ, was defined as the angle between ~emin and the vertical axis,
which also represents the pile axis denoted~z (see Fig. 3.16). As a result of the axisymmetry around~z,
the distribution of the orientations can be expressed by the probability density function of cos(θ) = x,
denoted p(x), with 0 ≤ θ ≤ π. By construction, p is an even function and is constant for an isotropic
system. Such a function can be expanded in the series of Legendre polynomials, with only terms of
even order, truncated after the 4th order

p(x) = 1 + A(3x2 − 1) + B(35x4 − 30x2 + 3) (3.9)

in which coefficients A and B are related to the moments of the distribution

A =
15
4
(〈x2〉 − 1

3
)

B =
9
64

(35〈x4〉 − 30〈x2〉+ 3)
(3.10)

Coefficient "A" can be used to describe the anisotropy of the distribution as it is directly related to
the difference between the second moment and its isotropic value. This method has been proposed
in a number of numerical studies to analyze the inter-particle contact anisotropy in a granular as-
sembly (e.g., Emam et al., 2006; Khalili et al., 2017). To characterize the level of anisotropy of grains
orientations, the notation ã was introduced:

ã = 〈x2〉 − 1
3

(3.11)

It is important to specify that the resolution at which individual grains are imaged is of major
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Figure 3.16: Scheme illustrating the measurement of the orientation θ of a single
Glageon grain. ~emin, ~emed and ~emax are the minimum, the intermediate, and the max-

imum eigenvectors of the inertia tensor, respectively

importance in the accuracy of the measurement of the inertia tensor. Wiebicke et al. (2015) studied the
accuracy of the determination of the principal particle orientations using a high resolution greyscale
image of an Hostun sand grain rotated via 4 different angles around a defined axis. These rotated
images were scaled down to a minimum resolution corresponding to the one of a typical x-ray CT
experiment. The Authors estimated an error of about 1.8◦ on the orientation of the minor eigenvector.
This relatively good accuracy was attributed to the fact that the grain investigated had a clearly
defined long axis. Thus, a similar level of accuracy can be expected for Glageon grains.
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Chapter 4

Physical modeling

The previous chapter has described how the combined use of x-ray tomography and advanced im-
age analysis tools provides both qualitative and quantitative data about kinematics at the scale of the
sand grains. This chapter details small-scale physical modeling of a calibration chamber, referred as
"mini-calibration chamber" is adapted to x-ray imaging. It is acknowledged that the size of the mini-
calibration chamber does not respect the rules of similitude allowing a fair reproduction of field pile
testing. However, the main objective of this work is to analyze the deformation mechanisms taking
place at the grain-scale that govern the macroscopic response of sand-pile interface. Thanks to the
reduced size of the chamber, it is possible to zoom into the specimen and to identify individual sand
grains in the 3D x-ray images.

Layout of the chapter
This chapter starts with a description of the material tested in this experimental work, its mechanical
and index properties and highlights the reason why this specific material has been selected (Section
4.1). Section 4.2 describes the small scale physical model including the mini-calibration chamber, the
loading device and the instrumentation used during a mechanical test. This section is followed by
the presentation of the instrumented model pile (Section 4.3).
Section 4.4 presents the testing procedure for a model pile test: sample preparation, sample, con-
finement, pile installation and loading cycles. The main differences with field pile testing conditions
are underlined in Section 4.5 in which the scale effects expected on the interface response are also
discussed.
Finally, Section 4.6 summarizes the tests conducted in this work along with their main objectives and
the difficulties encountered with the instrumentation of the pile.

4.1 Tested material

The soil used in this work is Glageon sand. This specific granular material was selected for its ge-
ometrical and mechanical properties which are particularly suitable for the present study. Glageon
sand is a calcareous sand derived from a limestone rock (hard limestone from Givétien age) crushed
in Bocahut quarry, in Glageon, France. The material was sieved in order to keep a fraction of uni-
formly graded particles with a size ranging from 1.000 mm to 1.250 mm. The remaining fraction was
then carefully washed with water and dried in an oven for 48h. Thanks to such grading, the grains
can be identified in the x-ray images and tracked individually from one loading step to an other (see
Section 3.2.2).

Figure 4.1a shows a 3D reconstructed volume of Glageon sand grains with a size ranging between
1.250 and 1.600 mm, during an oedometer test. This scan was recorded at a voxel size of 6.5 µm, at
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a) b)

Figure 4.1: a) 3D-reconstructed volume of an œdometer sample of Glageon sand (gran-
ular fraction: 1.250 - 1.600 mm) at ESRF, Grenoble, by Dano and coworkers (2018) at a
voxel size of 6.5 µm. b) Horizontal slice taken through the reconstructed volume show-

ing the angularity of Glageon sand grains

the European Synchrotron Radiation Facility (ESRF), Grenoble, by Dano and coworkers from Labo-
ratoire 3SR. From the figure, it appears that Glageon grains are rather elongated. An horizontal slice
taken through the reconstructed volume (4.1b) also highlights the angularity of such grains. In the
present study, the shape of the grains was further analyzed on a sample scanned at the initial state
(i.e., before loading) in local tomography, with the x-ray device of 3SR. Although the granular fraction
employed in this work is smaller than the one scanned at ESRF (1.000 to 1.250 mm against 1.250 to
1.600 mm), it is believed that the shape of the grains remain similar. The x-ray images acquired in this
work were segmented as explained in Section 3.2.2 and the bounding box of each individual grain
was extracted. Different shape parameters were estimated based on the dimensions of the bounding
boxes (see Fig. 4.2): the aspect ration (AR), the elongation (E) and the flatness (F) expressed as in Eq.
4.1, where L is the longest dimension of the box, S the smallest one and I the intermediate one.

AR =
S
L

E =
I
L

F =
S
I

(4.1)

L

L

I S

S

I

Figure 4.2: Grains morphology based on the dimensions of the bounding box
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The distributions of the shape parameters for all the grains of the volume scanned are plotted in
Figure 4.3 and fitted with a Gaussian function, where σ is the deviation and µ the mean. From Figure
4.3a it can be seen that most of the grains have an aspect ratio close to 0.5, which supports the fact
that Glageon grains have a longer dimension and are rather elongated. However, it can be seen from
Figures 4.3b, c that the flatness and the elongation are closer to 1.0. This result means that there are
as many grains that are platy (as a slab) as elongated grains (as a rod). An example of a platy and
an elongated grain taken from the volume in Figure 4.1 is given in Figure 4.4. It should be noted
that the bounding boxes may not be reliable to measure the flatness and elongation in the case of
Glageon grains. Indeed, due to the relatively complex shape of the grains, the size of the bounding
boxes can be overestimated in one of the directions. Figure 4.3d shows the ratio between the volume
of the grain (number of voxels making up the segmented grain) and the volume of the bounding box.
It can be seen that most of the grains have a volume equal to 0.3 times the volume of the bounding
box. To improve the estimation of the grains flatness and elongation, the bounding box should be
defined with an orientation based on the inertia tensor of the grains. However, the objective of this
preliminary shape analysis was to highlight the fact that following the orientation of the grains based
on their longest dimension is actually a representative and meaningful measurement for the whole
sample.

The shape and the angularity of the grains make them more vulnerable to crushing (see for in-
stance Feia et al., 2017; Cho et al., 2006), which is the main reason why they were selected for this
study. As shown by Nakata et al. (1999) and Coop et al. (2004), particle breakage is greater for uni-
formly graded than for well graded sands, which is also the reason why only the material from one
sieve interval was used for this study.

It is well known that working on crushable sands is complex, mainly due to the sand erosion
during its transportation or sample preparation. Wils et al. (2013) summarized the issues encountered
in laboratory testing on crushable sands. One of the main difficulties is the estimation of accurate
maximum and minimum void ratios. For calcareous sands, breaking of angular grains asperities
releases small dust particles that do not lead to a visible change in grain size distribution considerably
affect the densification process. The maximum void ratio of Glageon sand was evaluated following
the method specified by ASTM D4254. The mold was filled with sand from a nil fall height using
a funnel so that the falling grains do not have time to rearrange and compact. The maximum void
ratio, was estimated following ASTM D698-12e2: nine layers of sand were deposited and each layer
was tamped radially with 25 blows. In parallel, the minimum void ratio was estimated thanks to
ASTM D4253-16 by using a vibratory table. Both methods gave similar results with limited amount
of grain wear. Glageon sand index properties are summarized in Table 4.1.

Table 4.1: Glageon sand index properties

Specific Gravity (Gs) D50 : mm Coefficient of uniformity Cu emax emin

2.65 1.125 1.25 1.070 0.839

The mechanical properties of the sand, were determined by performing a series of tests as sum-
marized in Table 4.2. The triaxial compression tests were performed on dry sand sample, under
drained conditions with a confining pressure of 100 kPa and 200 kPa.

The results of triaxial compression tests on Glageon sand are plotted in Figure 4.5. The samples
were prepared dense as indicated in Table 4.2 following the same procedure as described in section
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Figure 4.3: Preliminary shape analysis of Glageon sand grains based on the bounding
boxes: a) aspect ratio, b) elongation and c) flatness. d) Ratio between the volume of
the grains over the volume of their bounding box. The red curve show the Gaussian fit

associated with a deviation σ and a mean µ

4.4.1. The three tests exhibit typical results for a dense granular material. Figure 4.5a shows a quasi-
linear deviatoric stress evolution at low strain values, followed by a non-linear evolution until a
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Figure 4.4: Example of two grains extracted from the reconstructed volume of Figure
4.1. The grains are displayed in different orientations to show that one is rather elon-

gated and the other one platy but both have a longer dimension

Table 4.2: Testing program to characterize Glageon sand

Test Name Conditions Initial Dr (%)

TRIAX-GLAG-00 Drained - 100 kPa 104
TRIAX-GLAG-01 Drained - 100 kPa 94
TRIAX-GLAG-02 Drained - 200 kPa 94

maximum deviatoric stress (reached at 12% and 17 % for a confining pressure of 100 kPa and 200 kPa
respectively). The tests continue with a softening phase at a reducing rate. The tests were stopped at
a maximum axial strain of 35 %. In the case of Glageon sand, it was not possible to reach a plateau of
residual stress. The volumetric response, presented in Figure 4.5b, starts with a contraction followed
by a continuous and significant dilation. Tests TRIAX-GLAG-01 and TRIAX-GLAG-00 show very
similar deviatoric responses. The volumetric behavior is slightly different. This difference is likely
due to the difference in initial relative density. TRIAX-GLAG-01 shows a more contractant behavior
at the beginning of the loading, due to its lower initial relative density.

Figure 4.6 shows the grain size distribution obtained by sieving before and after triaxial testing.
Youd (1972) stated that grain crushing is significant when the minimum increase of particles passing
any sieve is more than 2 %. Based on this statement, it is clear that triaxial testing lead to grain
crushing at both confining stress. Increasing the confining stress also results in a higher percentage of
smaller particles. Grains passing the 1 mm sieve increased to 20 % and 40 % for the tests respectively
conducted at 100 and 200 kPa. The percentage of grains passing through smaller sieves also increased
significantly (2 to 10 %). This result suggests that different mechanisms of grain breakage occurred:
fracture, attrition of small asperities and eventually wear of grains producing fines that were not
quantified during sieving. The two tests performed at 100 kPa exhibit very similar responses and
also show the reproducibility of the tests results.
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4.2 Small-scale physical model

4.2.1 Description of the mini-calibration chamber

The mini-calibration chamber was originally developed by Silva Illanes (2014), and was modified as
part of this research work. It consists of a cylindrical Polycarbonate cell that allows the application of
different magnitudes of uniform confining stress via externally applied pressurized fluid (in this case
air or water) to the sand sample. Polycarbonate was selected for its relatively low x-ray absorption
coefficient. Figure 4.7 shows a scheme of the experimental arrangement including the chamber, the
model pile, the loading device and the load sensors.

4.2.2 Loading device

The loading device employed to apply monotonic and cyclic loadings to the model pile was a worm
gear motor which drives a loading head up or down. For this study, two different devices were used.
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Figure 4.7: Scheme of the mini-calibration chamber mounted on the loading device

The first one was used at a speed of 0.06 mm/s (its minimum speed) to remain in the quasi-static do-
main. A second loading device, with a higher precision and a higher load capacity, was acquired later
in this research work, allowing the application of a loading rate of 25 µm/s (its maximum speed). The
difference in the applied loading rate was considered to be negligible for the analysis of the tests.

The use of the mini-calibration chamber within a tomograph implies a very specific configura-
tion of the setup. Indeed, no parasite object should pass in front of the x-ray source during the scan
(cables, screws, etc). Thus, the entire loading device was suspended below the rotation stage of the
tomograph by four tie bars. These bars were also linked to the cell to ensure the rotation of the entire
setup during a scan. This means that the model pile was inserted upwards, from the bottom of the
chamber.

4.2.3 Instrumentation

To measure the force applied by the loading device to the model pile, a force meter was installed
on the top of the loading head and tied to the model pile head. This force meter was calibrated
beforehand with a reference force meter (see Fig. 4.9a). Its maximum capacity is 1.0 kN. The axial
displacement of the loading device and, thus, of the model pile was measured thanks to a linearly
variable differential transformer (LVDT) placed on the loading head. The stroke of the LVDT is 1.0
cm. Finally, the confining stress around the sample was kept constant during a test at 100 kPa thanks
to a pressure meter linked to the cell by a pipe. The precision of the measurements is given in Table
4.3.
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4.3 Instrumented model pile

4.3.1 Description of the model pile

The model pile is a tubular aluminum probe with a length of 21.6 mm and a diameter of 14 mm (see
Figure 4.8a). This diameter was the minimal diameter required by the designer, DOERLER Mesures,
for the internal instrumentation of the pile. The tip is conical and has an apex angle of 60 degrees. It is
linked to an inner rod instrumented with strain gauges as shown in Figure 4.8b. The model pile was
calibrated as shown in Figure 4.9b. Its maximum capacity in compression is 1.5 kN. The precision
of the strain gauges was estimated based on the standard deviation of the slope (0.64 V) and offset
(3 V) measured during five different calibration tests. These gauges measure independently the load
applied to the tip during a test. By subtracting the tip load from the head load measured by the head
load sensor described in Figure 4.7, the shaft resistance was also measured during a test. The pile
was made of aluminum instead of steel, as it is the case for typical field piles, since aluminum has a
moderate x-ray attenuation.
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Figure 4.8: Design of the model pile: a) drawing made by DOERLER Mesures and b)
schematic of the different parts of the model pile

Table 4.3: Sensors precision.

Sensor Precision

Head Load ±5.0 N
Tip Load ±4.6 N

LVDT 0.005 mm
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Figure 4.9: Calibration of the load measured by a) the head load sensor (total load ap-
plied to the pile) and b) the strain gauges (tip load). Full symbols represent compression

and empty symbols represent tension

4.3.2 Shaft surface roughness

The model pile tests were performed on a pile having a smooth shaft surface. The roughness of the
surface of a pile is typically quantified by the normalized roughness. The normalized roughness Rn
was defined by Kishida and Uesugi (1987) as the ratio of the maximum roughness Rt (i.e., the max-
imum vertical distance between a peak and a trough) to the mean grain size D50, measured over a
length Lm = D50 (see Fig. 4.10). In this study, measurements done over the shaft surface with a laser
gave: Rt = 20µm and Rn = 0.018. According to Tehrani et al. (2016), a pile-soil interface is smooth
when Rn ≤ 0.02, which is the case of the model pile used in this work. This experimental choice
was made in order to limit the amount of grain crushing at the interface to make the processing of
the images easier. The use of rough interface is presented as one of the perspectives of this research
work. Indeed, the roughness of sand-pile interface is known to be one of the most important factors
affecting the unit shaft resistance (e.g., Uesugi et al., 1988; Fioravante, 2002; Frost and DeJong, 2005;
Martinez and Frost, 2014; Tehrani et al., 2016). Uesugi et al. (1988) showed the effect of the roughness
of the interface on the formation of a shear band in the vicinity of the interface. The Authors noted
that sand particles tend to slide along a smooth surface without large deformation. More recently,
Hebeler et al. (2015) investigated the effect of particle shape and size on CPT friction sleeve behavior
over a range of counter-face surface roughness values. They noted that, for a conventional smooth
CPT, some key aspects of interface shearing are eliminated, which results in a pure sliding failure
mechanism.

Therefore, in this study, the friction mobilized by the shaft is far below the one measured in the
field. Direct shear tests were performed on sand-aluminum interface under a constant normal stress
of 100 kPa or 200 kPa. The samples were prepared with a similar initial relative density as for model
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Figure 4.10: Definition of the maximum roughness Rt and the normalized roughness
Rn, from Tehrani et al. (2016)

pile tests (85 %) and sheared against a perfectly smooth aluminum plate. Figure 4.11 shows the
evolution the shear stress (τ) against the tangential displacement (w) for both constant normal stress.
From the estimation of the peak and the mean shear stresses (in both loading directions) the results
give a peak interface friction angle of about 16◦ and a residual interface friction angle of about 14◦

whereas field piles have a roughness that leads to a typical residual interface friction angle of about
30◦ (e.g., Yang et al., 2010; Tehrani et al., 2016).
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Figure 4.11: Shear stress measured during two monotonic direct shear tests conducted
with a constant normal stress of 100 kPa and 200 kPa

4.4 Testing procedure

4.4.1 Sample preparation

Figure 4.12a shows the holder on which the sample was prepared. The holder is a Plexiglas cylinder
with a hole at its center in order to insert the pile in the sand sample. Two other small holes were
drilled in the holder to apply suction at the bottom of the sample. A filter paper was placed over the
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holder to prevent the grains to fall down during sample preparation. The filter paper was chosen as
it allows the application of the suction. A membrane was then cut to size and slipped over the system
so that it covers the holder to prevent from water invasion when the sample is being confined. Due
to their size and angular shape, the sand grains can damage the membrane during the test. For this
reason, the latex membrane was chosen with a thickness of 0.5 mm. One rubber O-rings was needed
to press the membrane against the holder and ensure a better sealing.

a) b) c)

Figure 4.12: Parts needed to build the tested sand sample: a) sample holder and cell
support, b) cylindrical cell and c) blocking piece

The cylindrical mold used in this work is shown in Figure 4.13a. The mold was closed around the
holder and the membrane was folded back over it. Vacuum was applied on the circumference of the
mold to press the membrane against it.

A preliminary study was conducted to select the most adequate method for sand deposition with
a controlled density. Typical sand samples employed for model calibration chamber tests are pre-
pared by pluvial deposition. In this study, dry pluviation was performed by pouring the sand grains
with a funnel. Due to the size and the shape of Glageon grains, the minimum funnel diameter that
could be used is about 2cm. With a smaller diameter, grains get blocked (a cohesive arch may form
by angular grains) and do not flow homogeneously through the outlet. However, a diameter of 2
cm is already relatively large compared to the sample diameter and makes it very difficult to cover
a wide range of relative densities despite the control of the falling height of the sand grains. Thus, it
was decided to pour the sand layer by layer with a spoon and tamp it moderately for dense samples
(relative density between 85 % and 110 %). After sand deposition, the sample was closed at its top by
a metallic blocking piece as shown in Figure 4.12c. The sample being well sealed, the vacuum was
stopped around the membrane and applied at the bottom of the sample. The sample could stand
under its own weight and the mold was carefully removed (see Fig. 4.13b). The sample height and
diameter were measured for the estimation of initial relative density. The cell was finally mounted
around the sand sample and filled with water before being closed at its top (see Fig. 4.13c).

4.4.2 Sample Confinement

Following sample preparation, the cell assembly was mounted on the loading device inside or out-
side the tomograph as described in Figure 4.14. Before applying any mechanical loading, the sample
was confined isotropically at 100 kPa.
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Figure 4.15a shows the 3D porosity field at the initial state, i.e., before pile embedment, for sample
P-GLAG-16. The measurements were done over a REV of 50 voxels. Five horizontal layers of lower
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porosity, of about 40 %, are observed in the 3D field. These layers are attributed to the sample prepa-
ration during which the sand is poured layer by layer and slightly tamped. A relatively uniform
porosity, ranging from 44 to 49 %, can be observed in the vertical slice of Figure 4.15b. These values
are consistent with the porosity measured macroscopically during the preparation of the sample for
test P-GLAG-16, i.e., 45 %. Horizontal slices taken through the 3D field reveal the effect of the tamp-
ing during sample preparation (Fig. 4.15c). The two slices taken at the elevations H1 and H3, at the
limit between two layers of sand deposition, exhibit lower values of porosity.

The results presented in Figure 4.15 indicate that the porosity are lower on the boundaries of
the sample (about 39 %). This phenomenon is believed to be mainly due to beam hardening. From
Figure 3.5, the ratio of the gray level at the center of the image to the gray level on the circumference
equals to 82 %. Similarly, the ratio of the porosity at the boundary to the porosity at the center of the
sample equals to 85 %. As explained in Section 3.1.4, beam hardening leads to higher gray levels at
the boundaries, i.e., lower porosity values (grains and voids are associated with high and low gray
levels, respectively). The lower porosity on the boundaries might also be due to a membrane-grains
interaction. The angularity and the elongated shape of the grains might induce a particular alignment
of the grains alongside the membrane during sample preparation.
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Figure 4.15: Porosity at the initial state for test P-GLAG-16: a) 3D field of porosity, b)
Vertical slice through the 3D field, and c) horizontal slices taken at different elevations

through the 3D field (H1, H2, H3, H4)

4.4.3 Pile installation

In this study, the model pile was installed by monotonic jacking at a constant rate of 25 µm/s until
an initial embedment depth ranging from 45 to 65 mm. This embedment depth was selected for two
reasons: with a depth higher than 70mm, the tip response is highly affected by the top metallic piece
closing the sand sample; moreover, having the tip located at half of the sample height facilitates im-
age acquisition. As illustrated by the typical head load profile shown in Figure 4.16, after the initial
embedment the loading was interrupted and resumed according to the type of study: installation
or loading cycles. In the case of a test that aims at studying the installation process, the monotonic
loading was resumed and stopped every millimeter for image acquisition, until an additional em-
bedment of 15 mm.
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4.4.4 Displacement-controlled two-ways loading cycles

In the case of a test that aims at studying the behavior of the sand-pile interface during cyclic load-
ing, multiple loading cycles were applied to the pile following the initial pile embedment. The model
pile was submitted to up to one thousand axial displacement-controlled cycles. The cycles were per-
formed at the same rate as for pile installation, with an amplitude of±0.5 mm or±1.0 mm around the
pile-tip reference position, alternating between compression and tension phases (two-way cycles).//

Figure 4.17a shows the typical evolution of the displacement imposed to the pile by the LVDT
during loading cycles. The red dots symbolizes the times when the scans were acquired: when the
tip comes back to its reference position, which means when the LVDT is at 0 mm. In the example
given in Figure 4.17a, scans were recorded before cycling, after one cycle and after ten cycles. It is
important to note that the position imposed by the LVDT is stable in time. Figure 4.17b gives the
evolution of shaft resistance (friction measured on the shaft) within a single cycle. During one of the
tests using x-ray tomography, the loading was interrupted within a single cycle in order to study the
behavior of the sand-pile interface during the tension and the compression phases of the cycle. The
black dots on Figure 4.17b indicate when the loading was interrupted for scanning in such a test.
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Figure 4.17: a) Typical displacement imposed to the pile during loading cycles; b) Typi-
cal shaft resistance evolution within a cycle. (red and black dots represent an x-ray scan

acquisition)

4.5 Comparison with field pile testing conditions and scale effects

This section describes to what extend the mini-calibration chamber and the experimental procedure
are comparable to large-scale experiments. Indeed, scaling effects result in distortion of the stresses
and strains measured on the model and lead to results that cannot be directly extrapolated to field
piles.

Scale effects and boundary conditions
The main effect to be considered for small scale calibration chambers is that of chamber boundaries
(Parkin and Lunne, 1982; Bellotti, 1985; Boulon and Foray, 1986). Due to the reduced size of the
mini-calibration chamber, it is a main shortcoming of the present work. In an early study, Schnaid
and Houlsby (1991) reported that this ratio affects substantially cone resistance, especially in the case
of dense sands, and suggested that a ratio of at least 50 is required. Chamber size effects depends
on the soil capacity to dilate radially. Thus, is should be higher in the case of low confining stresses
and a dense sand. Later on, Balachowski (1995) and Salgado et al. (1998) suggested that values over
100 may be required in order to reach complete similitude with field behavior and neglect the size
effects on penetration resistance, even for relatively dilative sand. Foray (1991) showed that, at a
certain radial distance from the pile, pile penetration induces soil stresses that can be modeled by
cavity expansion theory, with a loading and an unloading phase. The Author suggested to simu-
late an infinite lateral surrounding soil by applying a constant lateral stiffness at the boundaries that
could reproduce the loading and unloading path. The use of such ’active’ boundary conditions also
proved to be the most adequate to model lateral shaft friction alongside a pile in sand (e.g., Boulon
and Foray, 1986; Mortara et al., 2007; Pra-ai and Boulon, 2016).

A second important source of scale effects in model pile testing is the ratio of the pile diameter to
the mean particle size. In the case of a coarse sand, the layer of grains around the shaft experiencing
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shearing becomes too large, which can lead to excessive normal effective stress and affect directly the
shaft resistance as reported by Lee et al. (2011). To minimize this effect the pile diameter should be at
least 80 times the mean particle size according to Peterson (1988).

In the present study, the ratio of the chamber to the pile diameter and the ratio of the pile diame-
ter to the mean particle size are respectively 5 and 14, which is far below the limits proposed in the
literature and cannot reproduce field conditions. In the current setup, keeping a pile diameter of 14
mm, a chamber diameter of 140 cm would be required to limit scale effects. However, such a diam-
eter is not compatible with x-ray imaging. The mean grain size should be of 140 µm, which means
that grains could not be tracked individually during mechanical loading. Adopting these conditions
would make the benefits of a small-scale model, i.e., applicability of high-resolution 3D imaging and
extraction of grain-scale information, useless. Therefore, the scaling of the experimental arrangement
used in this study is considered as a reasonable trade-off resulting from the limitations imposed by
x-ray imaging and image-based measurements.

Testing procedure
It is also important to mention that the testing procedure employed in this work does not reproduce
faithfully the loading conditions encountered in the field. In fact, single displacement-controlled
cyclic tests is just an example of a highly artificial case that is rarely encountered in the field, where
piles that support bridges, towers, pylons, wind-turbines or offshore platforms have to sustain axial
load-controlled cycles imposed by vehicles, winds, etc. However, displacement-controlled tests are
more suitable to a grain-scale investigation of sand-pile interface as the zone of interest remain the
same throughout the test. During load-controlled tests, the interface zone evolves in time as the dis-
placement of the pile evolves. Load-controlled tests allows the evaluation of the sand-pile interface
stability, which was not the objective of the present work.

The response of sand-pile interface is highly dependent on the stress level (mainly circumferential
stresses). At earth gravity, stress similitude with field conditions cannot be achieved. In this work,
the reduced height of the sample (about 130 mm) and the low confining pressure (100 kPa) highly
reduce the magnitude of stress state in the model. This condition can lead to unrealistic failure mech-
anisms, especially near the pile.

4.6 Experimental program and tests naming

A total of 18 model pile tests using the mini-calibration chamber, 3 triaxial compression tests were
conducted on Glageon sand. A series of 16 direct shear tests were also conducted as part of two MSc
internships (Baydoun, 2017; Mohamed, 2017) on Glageon sand for comparison with model pile tests.
The following naming convention was adopted:

• the first series of characters designate the type of test: P="Model Pile", TRIAX="Triaxial"

• the second series of characters designate the material used: GLAG="Glageon sand"

• the third series of characters designate the test number

Throughout the experimental campaign different testing parameters were varied in the model
pile tests to study their effect on the cyclic behavior of sand-pile interface. Table 4.4 details the testing
conditions for each test and Table 4.5 describes the main objectives and problem encountered for each
test.
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• Some of the tests were performed inside the 3SR tomograph to image phenomena at the inter-
face during a test. These tests are attributed the variable "Imaging" = "Y". The remaining test
were only analyzed at the macroscopic scale, without imaging.

• For all tests, the boundary conditions were CNL (Constant Normal Load), which means that
the confining pressure was kept constant at 100 kPa during pile installation and cyclic loading.
One test, P-GLAG-05 was conducted under constant volume conditions (CV).

• Tests were conducted on dense sand samples prepared by sand deposition as described in sec-
tion 4.4.1 with an initial relative density ranging between 85% and 110%. Two tests have a
slightly different initial state: P-GLAG-00 (medium dense) and P-GLAG-03 (very dense).

• To study the influence of the displacement amplitude of loading cycles, two different ampli-
tudes were applied on the pile: ±0.5 mm or ±1.0 mm. For test P-GLAG-13, the amplitude was
varied during a test from 0.5 to 1.0 mm.

Table 4.4: Summary of model pile tests conducted in the mini-calibration chamber

Test Name Imaging BC1 Dr (%) n (%)2 Number of Cycles Amplitude (mm)

P-GLAG-003 Y CNL-100 kPa 61 48.2 - -
P-GLAG-01 N CNL-100 kPa 102 45.5 - -
P-GLAG-02 N CNL-100 kPa 85 46.6 1500 ±0.5
P-GLAG-03 Y CNL-100 kPa 84 46.7 1000 ±0.5
P-GLAG-04 N CNL-100 kPa 130 43.5 400 ±0.5
P-GLAG-05 N CNL-100 kPa 110 44.9 1000 ±1.0
P-GLAG-06 Y CV 102 45.5 2000 ±0.5
P-GLAG-07 N CNL-100 kPa 85 46.6 500 ±0.5
P-GLAG-08 N CNL-100 kPa 98 45.8 400 ±0.5
P-GLAG-09 Y CNL-100 kPa 85 46.6 150 ±1.0
P-GLAG-10 N CNL-100 kPa 98 45.8 315 ±0.5
P-GLAG-11 Y CNL-100 kPa 102 45.5 130 ±1.0
P-GLAG-12 N CNL-100 kPa 106 45.2 800 ±0.5
P-GLAG-13 N CNL-100 kPa 117 44.4 1160 ±0.5
P-GLAG-14 N CNL-100 kPa 104 45.4 175 ±0.5 - 1.0
P-GLAG-15 N CNL-100 kPa 85 46.6 1000 ±0.5
P-GLAG-161 Y CNL-100 kPa 110 44.9 500 ±0.5
P-GLAG-17 Y CNL-100 kPa 84 46.7 - -

1 Lateral Boundary Conditions (BC).
2 Initial porosity calculated after sample preparation.
3 In this test the model pile was not instrumented yet. Only the head load was recorded.
4 This test was imaged by global tomography whereas all the others were imaged by local tomog-

raphy.
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Table 4.5: Specific objectives and technical issues encountered for each test

Test Name Objectives Technical Remarks

P-GLAG-00 Investigate the grain-scale mechanisms governing
the behavior of sand pile interface during pile in-
stallation.

Lower initial relative density
due to the method of sand de-
position.

P-GLAG-01 Test the accuracy of the model pile instrumenta-
tion for both monotonic and cyclic loadings.

None

P-GLAG-02 Examine the effect of axial cyclic loading on the
macroscopic response of the interface.

None

P-GLAG-03 Investigate the grain-scale mechanisms governing
the behavior of sand pile interface during cyclic
loading.

None.

P-GLAG-04 Verify the reproducibility of the macroscopic re-
sults.

The loading device stopped
working after only 400 cycles.

P-GLAG-05 Investigate the effect of a larger amplitude of cy-
cles on the macroscopic behavior of the interface.

Error in the tip resistance val-
ues recorded by the strain
gauges.

P-GLAG-06 Investigate the effects of constant volume bound-
ary conditions on the cyclic behavior of the inter-
face.

A deviation of the tip load
measurements was observed.

P-GLAG-07 Test the model pile after a new calibration of strain
gauges recording the tip resistance.

Error in the tip resistance val-
ues recorded by the strain
gauges.

P-GLAG-08 Test a new acquisition system to solve the problem
of the tip resistance measurements

Error in the tip resistance val-
ues recorded by the strain
gauges.

P-GLAG-09 Investigate the effect of a larger amplitude of cy-
cles on the grain-scale behavior of the interface.

The tip resistance could not
be recorded.

P-GLAG-10 Test the model pile after isolating each electrical
device.

None

P-GLAG-11 Examine the grain-scale mechanisms within a sin-
gle cycle (during cyclic softening and during cyclic
hardening).

None

P-GLAG-12 Verify the reproducibility of the macroscopic re-
sults.

Error in the tip resistance val-
ues recorded by the strain
gauges

P-GLAG-13 Verify the reproducibility of the macroscopic re-
sults.

None

P-GLAG-14 Investigate the influence of a change in the ampli-
tude of cycle within a single test.

None

P-GLAG-15 Investigate macroscopic response of the interface
for a sand sample directly molded around the pile
to stress the effect of the installation method.

None

P-GLAG-16 Investigate the global behavior of the sample by
means of global tomography during cyclic load-
ing.

None

P-GLAG-17 Test performed without any loading in order to
verify the accuracy of the grain-scale measure-
ments (porosity, grain kinematics, etc.).

None
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Chapter 5

Macroscopic response of sand-pile
interface

This chapter presents the results of model pile tests performed in the mini-calibration chamber. It
examines particularly the evolution of the load applied to the pile when it is submitted to monotonic
jacking (initial embedment phase) and when it is then submitted to a large number of displacement-
controlled cycles. Different testing parameters affecting the macroscopic response of sand-pile inter-
face during cyclic loading were varied:

• the amplitude of displacement imposed to the pile during loading cycles

• the boundary conditions (constant radial stress, constant volume)

• the method of pile installation (monotonic jacking, sand molding around the pile)

These various tests also aimed at producing a rather complete dataset to be compared to previous
experimental work conducted on large-scale laboratory models. The objective was to validate the
results obtained at the macro-scale within the mini-calibration chamber despite the expected scale-
effects as described in Section 4.5. The specific objectives of each tests are detailed in Table 4.5, while
Table 4.4 summarizes the testing parameters. The principal technical problems encountered during
testing are also reported in Table 4.5.

Layout of the chapter
This chapter starts with the presentation of the evolution of the loads applied to the pile during the
first embedment phase (Section 5.1). The reproducibility of the results and the comparison with other
studies from the literature are discussed. The influence of the interruption of the loading on the load
evolution is also pointed out.
The following sections focus on the macroscopic behavior of the interface during the cyclic phase
of the tests. Section 5.2.1 shows the identification of two different regimes in the evolution of shaft
resistance. Section 5.2.2 details the problem encountered with the strain gauges measuring the load
applied to the pile tip and how this problem affected the results of a few tests. The results of the tests
conducted with a larger amplitude of the cycles, under constant volume and on a molded pile are
presented in Sections 5.3, 5.4, and 5.5, respectively.

5.1 Typical response during pile installation

5.1.1 Evolution of the loads applied to the pile

Figure 5.1 shows the evolution of the loads applied to the pile during the initial embedment: the head
load (total load), the tip resistance and the shaft resistance. The pile head load and the tip resistance
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follow the same trend. Two distinct phases are observed. First, the tip resistance increases sharply
and rapidly for the first 15 mm, which also corresponds to the height of the conical tip. After its
rapid mobilization, the tip resistance tends to stabilize and reaches a plateau at a value of about 580
N. There is no visible change of tip resistance when the pile tip reaches a new layer of sand (each
layer is about 2 cm thick). However, given the sub-optimal ratio of pile diameter to pile diameter, tip
resistance measurements cannot be directly correlated to density variations in this specific study. The
shaft resistance, is about 15 times lower than the tip resistance. Negligible at the very beginning of
the installation, the shaft resistance starts increasing almost linearly after 20 mm embedment, as the
surface in contact with the surrounding sand increases. At the end of the loading, the shaft resistance
reaches 47 N. Tali (2011) observed similar results from large calibration chamber tests with similar
testing conditions as illustrated in Figure 5.2. However, Tali (2011) pointed out a visible effect of the
bottom of the calibration chamber on the tip measurements: the tip resistance increases again after
reaching a plateau, as it gets closer to the bottom of the chamber. In Tali (2011), the distance from
the pile tip to the bottom of the chamber was about 5.5 pile diameters. In the present study, the dis-
tance from the pile tip to the top of the sample is of about 5 pile diameters. The difference observed
between the two studies is likely die to the different boundary conditions: constant volume in Tali
(2011) and constant vertical stress in the present study.
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Figure 5.1: Evolution of the loads ap-
plied on the pile during the initial em-

bedment for test P-GLAG-01

Figure 5.2: Evolution of tip and
shaft resistance during pile in-

stallation, after Tali (2011)

In sand, the unit shaft resistance at failure (qsL) is governed by Coulomb friction and depends on
the normal effective horizontal stress (σ′r f ) and the mobilized interface friction angle (δ) as presented
in Equation 5.1.

τs f = σ′r f tan(δ) (5.1)

A reliable value of δ can be selected depending on the mean grain size and the normalized inter-
face surface roughness using interface shear tests (Jardine et al., 1993). In a general framework for
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the prediction of shaft resistance, White (2005) detailed how the stress of soil element adjacent to the
pile changes at each stage of the installation from the initial state σ′h0 to σ′r f , depending on the loading
history. From centrifuge pile tests using different installation methods (monotonic, cyclically jacked
and "pseudo-dynamic") White and Lehane (2004) showed that the horizontal stress normalized by
the tip resistance remains constant throughout monotonic installation and is independent of the dis-
tance behind the pile tip. It is also shown that, unlike during cyclic installation, the horizontal stress
increases during monotonic installation, with no friction fatigue (see Figure 5.3).

In the present work, it can be assumed that the radial stress applied to the shaft is equal to the
confining stress (which should not be the case as evidenced by the studies described previously).
With this assumption, by fitting a linear function to the shaft resistance evolution for a tip position
ranging between 20 and 70 mm, the slope obtained gives an interface friction angle about 12 ◦. This
result is close to the residual interface friction angle measured during the monotonic direct shear
interface test presented in Section 4.3.2 (14◦).

Figure 5.3: Horizontal stress measurement at different distances from the pile tip during
monotonic installation, from White & Lehane (2004)

5.1.2 Reproducibility of the results

The measured load for several tests conducted under similar testing conditions are plotted in Figure
5.4. The tip and the shaft resistances of test P-GLAG-12 are not displayed, as they could not be mea-
sured during the test due to electrical interferences. The results show a good reproducibility of the
measurements for the selected tests despite an initial density varying from 85 % to 110 %. Unlike test
P-GLAG-01, two tests show a sudden change in the measured head load as indicated by the arrows
in Figure 5.4a. This change, also visible from the tip resistance profiles given in Figure 5.4b, occurs
respectively at 38 mm and 46 mm for test P-GLAG-02 and test P-GLAG-06 and may correspond to
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the interface between two deposition layers. From Figure 5.4c, it can be seen that until 25 mm em-
bedment, the measurements of shaft resistance are noisy, since the surface in contact with the grains
is close to null. It is also observed that between test P-GLAG-01 and test P-GLAG-11 the shaft re-
sistance nearly doubled. Despite the smoothing of the model pile with a very fine sandpaper before
each experiment, a slight change in pile surface roughness is expected between the tests. From axial
interface shear tests conducted on sub-angular sand, Hebeler et al. (2015) reported the evolution of
the peak and residual stress ratios (ratio between the shear stress and the normal stress) as a function
of the maximum surface roughness Rmax

1. Their results show that when Rmax increases from 0.01
mm (smooth conventional CPT) to about 0.125 mm the peak stress ratio increases from 0.2 to 0.3,
which means that the interface friction angle increases from about 11 to 17◦. It is believed that the
repeated installations and removals of the model pile can induce such a surface roughness increase
as illustrated by the photograph of the model pile taken after a typical test in Figure 5.5.

The fluctuations in the measured load are attributed to the small D/D50 ratio and not to potential
measurement inaccuracies. Indeed, fewer grains are in contact with the tip and the shaft of the pile.
Consequently, if one of those grains is displaced or broken due to the large stresses developed by the
penetration of the pile, the resulting change in measured load will also be relatively large. However,
it can be noted that test P-GLAG-11, conducted with the second loading device described in section
4.2, at a loading rate of 25 µm/s, exhibits smoother results.

As a general remark, the measured tip resistance and shaft resistance are much lower than the one
commonly obtained in full-scale conditions. There are several possible explanations to this signifi-
cant difference. First, as described in section 4.1, Glageon sand is vulnerable to crushing, even at low
stress levels. Hence, unlike siliceous sands, Glageon sand tends to exhibit a higher volumetric reduc-
tion upon shearing. The high compressibility of calcareous (or carbonate) sands has been reported
as one of the main factor that leads to lower pile tip resistance and pile shaft friction as compared
to siliceous sands (e.g., Almeida et al., 1991; Parkin, 1991; Chin and Poulos, 1996; Klotz and Coop,
2001; Schneider et al., 2007). Schneider et al. (2007) also suggested that the higher friction angles of
calcareous sands result in a faster radial decay of stress during cavity expansion.

A second, and rather straightforward explanation, is the scale effects due to the reduced size of
the mini-calibration chamber. Parkin (1988) showed that a large chamber diameter to cone diameter
ratio is needed before the cone resistance levels off to a constant value, especially in the case of dense
sands. Salgado et al. (1998) also showed that under constant lateral stress, the penetration resistance
is always smaller than the corresponding free-field values. Free-filed conditions involves higher
lateral stresses which are increasing at the same distance from the point of penetration. Based on
the penetration resistance theory (R., 1993), Salgado et al. (1998) stated that a lower confining stress
results in a lower stiffness, thus to higher hoop strains at the elastic-plastic interface illustrated in
Figure 5.6a. Salgado et al. (1998) concluded that the higher initial relative density and the lower the
initial confining stress, the higher will be the dilatancy of the plastic zone and the more pronounced
the scale effects. Figure 5.6b also shows that a lower chamber diameter to cone diameter ratio leads
to lower values of penetration resistance in comparison with free-field conditions. The experiments
describe in the present work gather all the parameters reported in the literature as having an effect
on pile tip and shaft resistance during pile installation: a crushable sand, a dense initial soil state,
low confining stresses and a low chamber diameter to cone diameter ratio.

1The maximum surface roughness is defined as the absolute maximum distance between the highest peak and the
lowest valley of the surface roughness profile.
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Figure 5.4: Load profiles during pile installation for different tests showing the repro-
ducibility of the results (initial relative density between 85 % and 110 %): a) head load,
b) tip resistance and c) shaft resistance. Note that the tip resistance and shaft resistance

could not be recorded during test P-GLAG-12
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Figure 5.5: Photograph showing the pile surface after a typical test in the mini-
calibration chamber

(a) (b)

Figure 5.6: a) Different zones developing around the pile during cavity expansion and
b) size effect curves for several vertical stress values (cc: calibration chamber, ff: free-

field), after Salgado et al. (1998)

5.1.3 Typical response when the loading is stopped for image acquisition

In this work, the analysis of pile installation in sand also aimed at calibrating the image analysis
tools described in chapter 3. For this reason, the experimental conditions of the test analyzed (test
P-GLAG-00) were modified accordingly. For test P-GLAG-00, the pile was initially embedded with
a low confinement pressure of about 20 kPa to limit the amount of grain breakage at the interface.
When they break Glageon sand grains produce a powder that brings additional noise in the x-ray
images and adds complexity to the analyses. After an initial embedment of 35mm, the confining
pressure was increased until 100 kPa. Finally, 14 incremental displacements of 1 mm were applied to
the pile. The loading rate was kept constant at 25 µm/s.

Figure 5.7b shows the evolution of the pile head load during the 14 incremental displacements.
The results show that, after a total embedment of 50 mm, the head load does not stabilize and reaches
a maximum value of about 400N, which is two thirds of the value measured for the other tests (about
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600 N). This is likely due to the lower stress level developed around the pile during the first em-
bedment at lower confining pressure (20 kPa). The installation method of test P-GLAG-00 may be
closer to the one of a non-displacement pile for which the sand is molded directly around the pile.
Therefore, the analysis of the incremental loading was related to the region of interest illustrated in
Figure 5.7b, meaning before the head load reaches a plateau.

At each increment, the loading was interrupted for image acquisition as symbolized by the red
circles in Figure 5.7a. The interruption of the loading involves a phase of relaxation of the pile head
load until it stabilizes again. This is likely due to the relaxation of the whole system (sand, loading
device and pile). However, when the loading is resumed, the head load comes back to its previous
value almost instantaneously and continue increasing. This phenomenon is classically observed and
neglected for mechanical tests performed incrementally inside the x-ray scanner (see for instance
Andò, 2013, Fonseca et al., 2013). Two jumps in head load values are indicated by the arrows in
Figure 5.7a. These jumps corresponds to voltage drops due to an electrical interference during the
test that did not influence the final results.
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Figure 5.7: a) Incremental loading steps applied to the pile during scanning for test P-
GLAG-00. The circles represents the steps when the loading was interrupted for scan-
ning. b) Sketch of the region of interest analyzed by x-ray tomography during pile

embedment

5.2 Typical evolution of tip and shaft resistance during loading cycles

5.2.1 Identification of two different phases in shaft resistance evolution.

Displacement-controlled cyclic tests allowed to follow the mobilization of the pile skin friction (thus
shaft resistance) and of the pile tip resistance within a single cycle and after a series of loading cycles.
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The applied loading can be described as follows:

1. The pile is installed by monotonic jacking until an initial embedment depth (between 45 and 70
mm). The tip position at the end of the installation is considered as the reference position (tip
position equal to zero) during the cycles.

2. The pile is loaded further until the tip position reaches +0.5 mm

3. The pile is unloaded until the tip position reaches -0.5 mm

4. The pile is reloaded until its reference position when the tip is at zero.

Figure 5.8a shows the evolution of the total load applied to the pile vs. tip position as measured
in test P-GLAG-02. It is observed that the first cycle differs significantly from the subsequent ones.
This is likely due to a granular rearrangement around the pile as discussed in Section 6.3. After the
first two cycles or so, three different phases are observed. At the very beginning of each cycle (phase
I), the measured response is very stiff, which is expected because of load direction reversal. A sudden
change in slope is then observed (phase II), which becomes more important after 50 cycles. The load
increases slightly with a smaller tangential stiffness and less rapidly till a tip position of around -0.1
mm, where-after it starts increasing again (phase III).

From 50g centrifuge tests, Li et al. (2012) observed relatively similar response, with three different
phases, in the case of pre-jacked piles. According to Li et al. (2012), the pre-jacked piles installed by
monotonic jacking at 1g lead to very small locked-in stresses that are similar to the construction of
a bored pile in the field. The Authors attributed the softening behavior observed during the second
phase to a high densification of the sand at the pile base. In the present study, tomographic images
taken at different stages of the loading reveal that in fact a gap forms between the pile tip and the
grains, due to a high densification of the sand ahead of the pile tip (see section).

In Figure 5.8b, the evolution of the tip load indicates that during phase I and phase II, no load is
actually applied to the tip of the pile, after the ten first cycles. The tip is mobilized only during the
third phase of the loading. This phenomenon indicates that during phase I, the head load is only due
to the friction on the shaft, while the tip is completely unloaded. Once the friction is mobilized, the
head load does not vary significantly (phase II) until the tip comes again in contact with the grains
(phase III). It can also be observed that the maximum tip load measured when the tip position reaches
+0.5 mm decreases, at a smaller rate with increasing number of cycles.

Figure 5.9 shows the evolution of shaft resistance during the cycles. Two different phases can be
identified. For the first fifty to hundred cycles, shaft resistance slightly decreases (of about 15N). For
the subsequent loading cycles, shaft resistance increasing continuously from about 20 N to 40 N, at
the reference position of the tip. When the tip reaches ±0.5 mm, the curves show a peak, which be-
comes increasingly marked with increasing number of cycles. In this work this peak is also referred
as "maximum friction" for both tension and compression phases of the loading.
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Figure 5.8: Evolution of a) head and b) tip load during displacement-controlled loading
cycles for test P-GLAG-02 (amplitude of ±0.5 mm). Arrows indicate the loading path

within a single cycle
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Figure 5.9: Evolution of shaft resistance during displacement-controlled loading cycles
for test P-GLAG-02 (amplitude of ±0.5 mm)



70 Chapter 5. Macroscopic response of sand-pile interface

Figure 5.10 presents the force induced by friction measured at the peak for three tests performed
with identical testing parameters. The three tests exhibit similar evolutions showing the reproducibil-
ity of the results. The shaft resistance at the end of the cycles is twice as big as the value measured
during the first cycle. The transition between the two phases occurs between 50 and 100 cycles
(shaded region in the figure). Even though similar trends are observed for the three selected tests,
a difference in shaft resistance intensity is visible. The highest values are measured during test P-
GLAG-04, for which the initial relative density was higher (130 % against 85 % for the two other
tests). As for pile installation, the shaft surface roughness may vary slightly after being submitted to
several cyclic tests. Thus, it may also affect the shaft resistance intensity between two tests.
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Figure 5.10: Evolution of the maximum friction measured with increasing number of
cycles for tests P-GLAG-02, P-GLAG-03, P-GLAG-04

5.2.2 Problems encountered with the instrumentation of the model pile.

The analysis of the test P-GLAG-05, performed outside the tomograph, revealed a deviation in the
measurements given by the instrumented pile as illustrated by Figure 5.11a. A clear shift in shaft
resistance values is observed with increasing number of cycles, leading to inconsistent negative load
measurements, even during the compressive phase of the loading. In fact, both the initial offset and
the slope of the gages had changed during the test. In such a case, it was not possible to correct the
measured values. A first assumption considered was that the strain gages accumulated a deforma-
tion with repeated tests or were damaged. The gages were therefor carefully tested and the model
pile was re-calibrated.

The following test, P-GLAG-06 was conducted within the x-ray tomograph. Despite the new
calibration, the tip load measured thanks to the gages showed a significant deviation in time. This
deviation presented in Figure 5.11b was continuous, even when the loading was interrupted for im-
age acquisition. The deviation increases almost linearly over time until 35 N, which is far above
the measurement tolerance of the strain gages. A second assumption considered was the effect of
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temperature on the strain gages response. Indeed, the temperature within the tomograph can vary
of few degrees during a test. The strain gages have been tested under cyclic temperature variations
with an amplitude of ± 35◦C over one day (see Fig. 5.12, data provided by the manufacturer). Ando
(2012) measured temperature variations within the tomograph over 5 days. The temperature change
was of about +3◦C maximum. For such a limited variation, Figure 5.12 shows that the strain gages
measurements varies of ±5 N. This result indicates that although temperature can potentially influ-
ence the measurements, it should have a limited effect in the present testing conditions.

The last option considered to ensure the quality of the measurements was to completely isolate
the model pile from any other metallic parts of the setup, avoiding possible electrical interference.
To this end, several parts of the setup were re-processed using insulating materials. This adaptations
associated with a careful re-calibration of the model pile fixed the measurements deviations.
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Figure 5.11: Deviation of the measurements given by the instrumented model pile: a)
inconsistent shaft resistance values during test P-GLAG-05, b) tip load deviation during

test P-GLAG-06 and its linear fit (inside the tomograph)

5.3 Influence of the amplitude of displacement applied during loading
cycles

5.3.1 Influence of the amplitude on the two phases in shaft resistance evolution

Several cyclic tests were performed applying different values of amplitude of displacement during
the cycles. Two kinds of test were carried out: the pile was submitted to a series of loading cycles using
only one amplitude or the pile was submitted to two subsequent series of cycles using two distinct ampli-
tudes of displacement. The objective of the first kind of test was to study the influence of the amplitude
of displacement on the different regimes of shaft resistance described in section 5.2.1. The second
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Figure 5.12: Evolution of the force measured using the strain gauges with temperature.

kind of test focused on the maximum shaft resistance measured at the loading reversal.

Figure 5.13 shows the evolution of shaft resistance during displacement-controlled loading cycles
with an amplitude of ±1.0 mm. The evolution of shaft resistance within a single cycle is similar to
the one observed for a smaller amplitude of ±0.5 mm. Two regimes are also observed. During the
first tens of cycles the shaft resistance decreases of about 10 N, whereas it increases again for the
subsequent cycles. The main difference between the two displacement amplitudes is the number of
cycles required to reach the transition between the two phases. Indeed, with the highest amplitude,
the increase in shaft resistance is triggered earlier, around the twentieth cycle.

The influence of the amplitude of displacement have already been reported by a number of au-
thors: e.g., Lee and Poulos (1990), Le Kouby (2003), Foray et al. (2010), Tali (2011). Le Kouby (2003)
carried out a series of displacement-controlled cyclic tests on closed-ended pile, in silica sand, within
the calibration chamber of CERMES. The piles were installed either by monotonic jacking or buried.
Their results showed that an increase in the amplitude of cycle results in a more severe degradation
at the interface in both cases. The degradation was higher for buried piles. Le Kouby (2003) also
noted that, in the case of pile installed by monotonic jacking, low displacement amplitudes (inferior
to 0.3 mm) lead to an increase in shaft friction whereas higher amplitudes had a negative effect on the
shaft friction. From the same experimental campaign Le Kouby (2003) highlighted the importance of
loading history by comparing the response of the pile after one series of cycles or after cumulated se-
ries of cycles with different amplitudes applied to the same sand-pile interface. The results for jacked
piles (see Fig. 5.14) indicate that a cumulation of loading cycles applied to the same sand-pile inter-
face leads to smaller benefits in shaft resistance for low amplitudes of displacement and to higher
degradation for large amplitudes.

From displacement-controlled calibration chamber model pile tests, Tali (2011) and Silva Illanes
(2014) also showed that a test conducted with a larger amplitude of displacement requires shows
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benefit for the shaft resistance after fewer loading cycles. However, the transition between the two
phases reported by these authors was found around 3000 cycles and 300 cycles respectively for an
amplitude of cycle of ±0.5 mm. The difference with the present work in the required number of
cycles to gain shaft resistance is likely due to size effects as discussed in Section 4.5.
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Figure 5.13: Evolution of shaft resistance during loading cycles for test P-GLAG-11 (am-
plitude of ±1.0 mm)

Figure 5.14: Evolution of the degradation of shaft resistance with the amplitude of load-
ing cycles, from Le Kouby (2003). The degradation factor Dτ was defined as the ratio

between the limit shaft resistance after and prior to cyclic loading
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5.3.2 Variation of the amplitude within a single test

Figure 5.15 shows the evolution of shaft resistance after a given number of cycles, for two differ-
ent amplitudes of displacement applied successively to the model pile. During test P-GLAG-14, 125
loading cycles of ±0.5 mm were applied first. Figure 5.17a shows that after 125 cycles, the shaft re-
sistance has increased and the peak at loading reversal is clearly marked. This result means that the
second phase (of cyclic hardening) has been reached, consistently with the tests analyzed in Section
5.2.1. Without interruption, a second amplitude of ±1.0 mm was applied to the model pile. The first
cycle using this larger amplitude is the cycle n◦126 in Figure 5.15. At the beginning of the loading,
the shaft resistance follows the same path as during the previous cycle (n◦125) until the tip position
reaches +0.5 mm. As the loading continues until +1.0 mm, the shaft resistance continue increasing,
but at a smaller rate. After the loading direction is reversed, the shaft resistance follows the same path
as the previous cycle, but exhibits higher values (about +20 N). When the tip position reaches -0.5
mm, a peak is observed but it is less defined and followed by a drop in shaft resistance until -1.0 mm.
This observation suggests that the soil "remembers" the previous loading story it experienced. The
following cycles n◦127 and 131, plotted in Figure 5.17b, show that about five cycles are needed for the
peak resistance measured at±0.5 mm to decrease. The last cycle n◦175, plotted in Figure 5.17c, shows
a smoother loading path within the cycle with two new sharp peaks resistance measured at±1.0 mm.

These possible explanations were examined through additional experimental tests: direct-shear
tests on Glageon sand and shear tests performed on Schneebeli rods in the 1γ2ε device of 3SR.

This phenomenon could come from different possible sources:

• boundary or scale effects

• the geometry of the interface

• the type of sand (grains can break and produce fine particles)

• a specific granular arrangement created by the mechanical loading
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Figure 5.15: Evolution of shaft resistance when changing the amplitude of cycles from
±0.5mm to±1.0mm: a) maximum peak shaft resistance "kept in memory" at±0.5mm, b)
smoothing of the first maximum peak shaft resistance and c) new maximum peak shaft

resistance reached at ±1.0mm - test P-GLAG-14
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Direct-shear tests

A series of direct-shear tests was conducted on the direct shear box of Laboratoire 3SR, modified
for different boundary conditions, i.e., constant normal stress, constant volume and constant normal
stiffness (see Fig. 5.16). A sample of Glageon sand was prepared at a relative density of 85 % and
sheared against a smooth aluminum plate, using a constant normal stress of 100 kPa in order to keep
similar testing conditions as in the mini-calibration chamber. The speed of the box was kept constant
at 1.0 mm/s throughout the tests. The interface was subjected to shear until a maximum tangential
relative displacement ([w]) of +0.5 mm, then until -0.5 mm in the opposite direction, passing through
the initial position 0 mm. Finally, the shear direction was reversed to go back to the initial position
0 mm. This loading sequence is a complete cycle and was repeated a certain number of times before
increasing the maximum tangential displacement to ±1.0 mm, and then to ±2.0 mm. In this direct
shear test, the number of cycles applied with each amplitude was respectively 15, 25 and 25.

Figure 5.16: Schematic showing the modified direct shear device of Laboratoire 3SR

Figure 5.17 shows the evolution of the shear stress (τ) after a given number of cycles, for three
different amplitudes of tangential displacement applied successively to the interface. For each am-
plitude, the curve plotted for the first and the last cycle show that the shear stress increases with
increasing number of cycles. Contrary to model pile tests, no degradation was observed for the first
cycles. The volumetric response revealed that the sample contracts continuously at a decreasing rate
with increasing number of cycles (see Fig. 5.18). The objective of the test was to focus on the max-
imum peak shear stress measured when the shearing direction is reversed. Figure 5.17a shows that
after 15 cycles, a sharp maximum peak shear stress is visible when w reaches ±0.5 mm, whereas
it is not observed for the first cycle. Figure 5.17b shows that, when the tangential displacement is
increased to ±1.0 mm, the maximum peak shear stress at ±0.5 mm is "kept in memory" similar to
the model pile test. However, the direct shear test exhibit a decrease in shear stress when [w] goes
from 0.5 to 1.0 mm (or -0.5 to -1.0 mm). After 25 cycles at ±1.0 mm, the maximum peak shear stress
observed when [w] reaches± 0.5mm is smoothed and a second peak is visible when [w] reaches±1.0
mm. The same phenomenon was observed for a tangential displacement of ±2.0 mm, as illustrated
in Figure 5.17c. Further analysis of these results can be found in (Baydoun, 2017; Mohamed, 2017).
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Figure 5.17: Evolution of the shear stress when changing the amplitude of cycles from
±0.5mm to ±1.0mm and to ±2.0mm: a) maximum peak shear stress visible at ±0.5mm,
b) smoothing of the first maximum peak shear stress and new maximum peak shear
stress visible at ±1.0mm, c) smoothing of the second maximum peak shear stress and
new maximum peak shear stress visible at±2.0mm. Please, note that the key is common

to the three plots
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1γ2ε shear test

A strain-controlled cyclic shear test was performed using 1γ2ε apparatus, at Laboratoire 3SR,
which is essentially a plane stress version of the directional shear cell developed for testing soils (see
Calvetti et al., 1997 for technical details). The sample is a 2D assembly of 6 cm long wooden rods as
illustrated in Figure 5.19. In this case, the granular material is rigid and cannot crush or deform. The
2D assembly was submitted to a series of about 200 cycles by varying the shear angle γ from +2 to
-2◦. Without loading interruption, it was then submitted to 40 additional cycles using a shear angle
of ±7◦. The shear stress (τ) was measured all along the cyclic shear test.

Figure 5.20 shows the evolution of the shear stress when changing the magnitude of the shear
angle from ±2◦ to ±7◦. For a shear angle of ±2◦, Figure 5.20a shows the shear stress measured dur-
ing the first and the last loading cycle (i.e., 200th cycle). Unlike the model pile tests and the direct
shear-tests, only the peak shear stress increases. It can also be noticed that the peak shear stress is
increasingly marked with loading cycles. Figure 5.20a shows that, when the shear angle is increased
to ±7◦, the maximum peak shear stress at ±2◦ is "kept in memory" similar to the model pile test and
the direct shear test. When the shear angle increases from ±2◦ to ±7◦ the shear stress remains con-
stant, whereas for the direct shear test a loss of shear stress was observed at this stage of the loading.
Figure 5.20b indicates that after the peak shear stress measured at ±2◦ is already smoothed. Finally,
after 40 cycles with a shear angle of ±7◦ the shape of the shear stress path is modified: there is no
plateau for γ ranging between 2◦ and 7◦ and the peak shear stress starts increasing when γ reached
±7◦.
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γ

σn

Figure 5.19: Image of an isotropically compressed sample in the 1γ2ε device, with zoom
on a small amount of grains to show the speckle pattern on their visible face, after
Tolomeo et al. (2017) (the frame is 599.4 mm x 444.7 mm). σn and γ are the vertical stress

and the shear angle imposed, respectively

Conclusions about the evolution of the peak shear stress

The three types of tests conducted differ for many reasons: 3D versus 2D configuration, the shape
of the grains, the grain size distribution, the material strength (crushable versus non-crushable), the
type of mechanical loading, the presence of fines or not, etc. However, a similar phenomena was
observed when changing the amplitude of the loading cycles during a single test. The peak shear
stress measured at the loading reversal is increasing with loading cycles. This peak shear stress is
"kept in memory" for several cycles (this number differs from one test to another) when the amplitude
is increased. These common results refute most of the assumptions made previously to explain this
phenomenon. The most likely reason remaining is that a specific granular arrangement is created
by the mechanical loading and strengthens with increasing number of cycles. When the amplitude
of loading is increased, this granular arrangement is "kept in memory" for few more cycles until its
"collapse". Such a conclusion could be supported, hopefully, by a discrete element model allowing
the analysis of the granular structure and of the contact forces network. From an experimental point
of view, it would be interesting to see the influence of the order in which the different amplitudes are
applied.
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Figure 5.20: Evolution of the shear stress when changing the magnitude of the shear
angle from ±2◦ to ±7◦: a) maximum peak shear stress at ±2◦, b) smoothing of the first
maximum peak shear stress, and c) new peak shear stress at ±7◦. Please, note that the

key is common to the three plots
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5.4 Effect of boundary conditions

The test P-GLAG-06 was conducted under constant volume keeping similar testing conditions as the
tests conducted under constant radial stress for comparison. It should be noted that the pile was
installed under constant stress. The boundary conditions were changed prior to the cyclic phase of
the test in order to isolate the effect of such boundary conditions on the cyclic response of the pile
only. The model pile was then submitted to 2000 displacement-controlled cycles, using an amplitude
of displacement of ±0.5 mm. Figure 5.21a presents the evolution of the pile head load during test P-
GLAG-06. Unlike the tests performed under constant stress, the pile head load reduces continuously
and significantly during cycles. The load mobilized is also much lower than under constant stress.
The decreased of pile head load can be explained by an important degradation of both tip and shaft
resistance.

After 50 cycles, the maximum tip resistance measured when the tip position is at +0.5 mm is al-
ready divided by four (see Fig. 5.21b). It is also observed that, after 1000 cycles, the tip is completely
unloaded within the whole cycle (zero load recorded at the tip). X-ray images recorded during test
P-GLAG-06 show that, in fact, the pile tip is still in contact with sand grains after 1000 cycles. How-
ever, as the experimental set-up is upside down, the constant volume boundary condition leads to
an important stress relaxation around the pile, which results in a collapse of the soil located ahead of
the tip after 1000 cycles.

Figure 5.9 shows the evolution of the shaft resistance during test P-GLAG-06. For the first 50
cycles, test P-GLAG-06 exhibits similar response as test P-GLAG-02 conducted under constant stress.
The shaft resistance decreases at a similar rate, of about 15 N. For the subsequent cycles, during P-
GLAG-06, the shaft resistance decreases until 100 cycles and then stabilizes whereas test P-GLAG-02
lead to an increase in shaft resistance after 50 cycles. At the end of test P-GLAG-06, the measured
shaft resistance is minute, of about 5 N.

Similar results were reported by Silva Illanes (2014). The tests performed in the large calibration
chamber of Laboratoire 3SR involved an installation by jacking under constant pressure, an ageing
period of 15 days under constant volume and a series of displacement-controlled cyclic loading under
constant volume. The results also showed a strong reduction in shaft resistance in the first 3000
cycles followed by a stabilization. The measurement of radial stresses indicated that the effective
stress path at the interface moves at a early stage into the unstable zone (as defined by Tsuha et
al., 2012) with a significant reduction in radial stresses. A decrease of the pressure applied to the
circumferential membranes was attributed to a contraction of the sand mass surrounding the pile.
During test P-GLAG-06, an important decrease of the confining pressure, from 100 kPa after the initial
pile embedment until 17 kPa after 2000 cycles, indicates a volume reduction of the sand sample (see
Fig.5.21d). The contraction of the sand mass around the model pile is clearly visible from the analysis
of x-ray images presented in Chapter 6.
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Figure 5.21: Test under constant volume boundary conditions (test P-GLAG-06): a)head
load, b) tip resistance, c) shaft resistance and d) confining pressure evolution
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5.5 Cyclic response of a molded pile

An additional test was conducted on a molded pile to emphasize the importance of the installation
method as reported in the literature (e.g., Deeks et al., 2005; El Haffar et al., 2018). In test P-GLAG-15,
the pile was pre-installed in the mini-calibration chamber to an equivalent embedment depth of 45
mm. The sand was then deposited by layering directly around the model pile and confined at 100
kPa. Even though the stress conditions are not representative of free-field tests, test P-GLAG-15 was
performed to mimic the case of a bored pile. After sample preparation, the first loading applied to the
pile was a series of 1000 displacement-controlled cycles, under constant stress, using an amplitude
of displacement of ±0.5 mm.

Figure 5.22 shows the evolution of shaft resistance during test P-GLAG-15. In contrast with the
tests performed on a monotonically jacked pile, during test P-GLAG-15 the loading cycles show no
positive effect on shaft resistance. There is a significant degradation of the load measured on the shaft
followed by a stabilization around a value of 10 N. It is also clear that the first cycle already leads to
a large decrease in shaft resistance, in contrast with the jacked tests. From similar results, Le Kouby
et al. (2004) showed that the negative effect of cyclic loading on pile capacity was amplified in the
case of a bored pile. Le Kouby et al. (2004) estimated a loss of about 91 % in shaft friction and 46 % in
tip resistance after a series of 50 displacement-controlled loading cycles.
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Figure 5.22: Evolution of shaft resistance during loading cycles for test P-GLAG-15 (pre-
installed model pile)

5.6 Conclusions

The mini-calibration chamber and the experimental methodology used in this study were shown
to be effective tools to investigate the behavior of sand-pile interface under axial loading. A com-
prehensive program of model pile tests was conducted to study the effect of axial cyclic loading on
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sand-pile interface. The influence of the amplitude of loading cycles, of boundary conditions and of
the method of installation was also investigated. Although testing conditions are not representative
of real field piles, the trends measured macroscopically for the evolution of the loads on the pile are
qualitatively similar to those obtained in previous studies performed with large-scale devices.

∗ The cyclic tests revealed two distinct regimes in the evolution of shaft resistance. In the first regime,
the shaft resistance decreases, whereas in the second regime it increases again significantly. This re-
sult is consistent with the potential gains in shaft capacity reported in the literature in the case of low
level loading cycles.

∗ Cyclic tests conducted with different values of amplitudes of loading cycles showed that, in the
case of a lower amplitude, fewer cycles are needed to trigger the transition between the two regimes.
The results also revealed that the peak shear stress measured when the loading direction is reversed
increases with cyclic loading. When the amplitude of loading is increased within a single test, the
peak shear stress associated with the first amplitude of loading is "kept in memory" for several cycles.
Then, a new peak shear stress is observed at the loading reversal corresponding to the new (higher)
amplitude of loading. From additional shear tests performed on a direct shear device and on 1γ2ε
device, it was concluded that a specific granular arrangement is created by the loading and collapses
when the amplitude of loading is increased.

∗ It was observed that, with constant volume boundary conditions, the loading cycles have a nega-
tive effect on shaft resistance. The load applied on the shaft decreases until it stabilizes after about
100 cycles. Similar results were obtained in the case of molded pile.

∗ Finally, model pile tests repeated under identical conditions exhibited similar responses during
both pile installation and axial cyclic loading, showing the reproducibility of the results.
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Chapter 6

Image-based analysis of sand-pile
interface

This chapter presents the results of the model pile tests performed in the mini-calibration cham-
ber, using x-ray tomography. The chapter highlights the quantitative measurements made possible
thanks to the different image analysis tools described in Chapter 3, including at the scale of the sand
grains. The results mainly focus on grain kinematics, porosity changes, and on grain crushing. The
objective of this chapter is to analyze and gather grain-scale information that can be used to charac-
terize the micro-mechanisms controlling the macroscopic response of sand-pile interface during pile
installation and subsequent loading cycles.

Layout of the chapter
This chapter starts by a brief presentation of the methodology adopted to report the data obtained by
image analysis (Section 6.1). All the analyses performed in this work are in 3D, which makes them
difficult to be presented in 2D print. This is why the results are generally shown in vertical slices
taken through a 3D field (of scalars or vectors). The slices are always taken in a vertical plane passing
through the pile axis, assuming the axisymmetry of the results.
Section 6.2 examines the deformation mechanisms occurring during the installation of the pile. The
soil displacement pattern is characterized by means of both continuum and discrete DIC, showing
the possibilities offered by each approach (Section 6.2.1). Section 6.2.2 shows how individual grains
rotate and are reoriented during the initial embedment of the model pile. Mesoscopic measurements
of porosity and shear strains are then presented in Section 6.2.3. The analysis of pile installation ends
with a first insight into grain crushing at the sand-pile interface.
Section 6.3 provides a detailed analysis of the mechanisms associated with the loading cycles. The
analysis focuses on the evolution of grain kinematics during the two different phases identified for
the evolution of shaft resistance (Section 6.3.1). Local density changes and the evolution of fines
produced by grain crushing are also investigated during cyclic loading (see Sections 6.3.2 and 6.3.2,
respectively).
Finally, a link between the microscopic and the macroscopic behavior of sand-pile interface submitted
to axial loading is discussed.

6.1 Image analysis data reporting

In this work, a number of analyses are based on the assumption that the response of the sand-pile
interface is axisymmetric. It is therefore crucial to justify this assumption. Continuum DIC results
show that, in fact, the 3D-displacement field is axisymmetric. Figure 6.1 shows vertical slices taken
at different angles through the 3D field of vertical displacements obtained for the increment 2-3 mm
of test P-GLAG-00. Horizontal slices taken from the 3D field of horizontal displacements (in x and y
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directions) are also presented in Figure 6.2. As a reminder, in test P-GLAG-00, the pile was first in-
stalled until an embedment depth of 35 mm and then submitted to 14 additional increments of 1 mm.
It means that the incremental displacements showed in the two figures where obtained between an
image pair recorded when the pile tip moved from 37 mm up to 38 mm. The different slices selected
within the vertical displacement field exhibit a similar pattern: the regions where displacements con-
centrate have the same extent around the pile and similar magnitudes. This result is also true for the
horizontal displacement field.

Slice 0° Slice 45° Slice 90° Slice 135°

≥ 200μm≤ 0μm

Slice 90°

Slice 135°

Slice 45° Slice 0°

Figure 6.1: Vertical slices taken at different angular position within the 3D field of verti-
cal displacements. These results were obtained with continuum DIC, for the increment

2-3 mm of test P-GLAG-00

x displacement field y displacement field

≥ 40μm≤ - 40μm

Figure 6.2: Horizontal slices taken within the 3D field of horizontal displacements in
both x and y directions. These results were obtained with continuum DIC, for the incre-

ment 2-3 mm of test P-GLAG-00

Since the full-fields measured (porosity, kinematics, . . . ) are symmetric about the pile axis, in
the following sections, the results are generally displayed as a single 2D slice taken through the 3D
field. This 2D slice is considered to be representative of the 3D behavior of the soil mass. Figure 6.3a
gives the coordinate system employed in this work for reporting the results of image analysis. In
some cases, the results are averaged on the circumference of the sample within a toroidal subdomain
obtained by revolution of a rectangular cross-section showed in Figure 6.3b around the pile axis.
Such section has a width l and a length L, both expressed in function of the mean particle diameter.
The position of the section is defined by the coordinates of its top corner (Tc in Fig. 6.3b): radial
coordinate r and elevation h.
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Figure 6.3: a) Coordinate reference system for image analysis data reporting. b)
Schematic showing how a subdomain is defined for averaging micro-scale measure-

ments on the circumference of the sample

6.2 Mechanical processes during pile installation

6.2.1 Soil displacement pattern during pile installation

Global behavior of the soil: continuum DIC

Continuum DIC was performed on consecutive scans during pile installation according to the method
detailed in Section 3.4.2. As mentioned in Section 5.1.3, the scans were recorded every millimeter after
an initial embedment depth of 35 mm, during test P-GLAG-00. Figures 6.4 and 6.5 show respectively
vertical and horizontal displacements from continuum DIC calculations at different stages of the pile
penetration. Although the results are obtained in 3D, only a vertical slice passing though the pile axis
is presented for each increment to facilitate the interpretation of the displacement fields. The contin-
uum DIC results were used to characterize qualitatively the displacements of the soil in the vicinity
of the pile during installation. Figure 6.4 shows that vertical displacements concentrate in a zone
with the shape of a bulb ahead of the pile tip. This region has a width of about one pile diameter. The
rest of the soil mass has displacements close to zero. It can be noticed that the displacement patterns
remain the same for all the increments. However, the pile engages more soil as the embedment depth
increases. Figure 6.5 shows the displacements of the sand mass in the horizontal direction. The sand
located ahead of the pile tip is pushed away from the face of the cone tip. On the contrary, the sand
located behind the pile tip, around the pile shaft, tends to move in the opposite direction, i.e., towards
the pile. The horizontal displacements are measured in a wider area from the pile axis and at a lower
depth than the vertical displacements.
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Figure 6.4: Vertical slices taken through the 3D field of vertical displacements obtained
with continuum DIC (node spacing: 20 pixels, correlation window size: 40 voxels) for
an incremental displacement of the pile tip of 1 mm until a maximum displacement of

14 mm (test P-GLAG-00)

Characterization of different zones of displacements around the pile: discrete DIC

Figures 6.6a, b show individual grain displacements from discrete DIC, plotted in a vertical plane
passing through the pile axis, when the pile tip moved up from h = 37mm to h = 38mm (increment
2-3 mm). Four regions where displacements concentrate can be identified (regions I, II, III and IV
sketched in Fig. 6.6b). In region I, which extends down to two pile radii ahead of the pile tip, vertical
displacements dominate. The maximum incremental displacements are measured for the grains di-
rectly in contact with the cone tip. Region II corresponds to a transition zone where the orientation of
the incremental displacement rotates from a mainly vertical direction to an horizontal one. In region
III, beneath the pile tip, grains move away from the pile as the pile advances, with a relatively large
radial component. The incremental displacements in this region is similar to the one that would re-
sult from a cylindrical cavity expansion. In region IV, the incremental displacement is purely radial
but with an opposite direction, i.e., towards the pile shaft. These zones are similar to those observed
thanks to continuum DIC. However, discrete DIC allows the observation of local discontinuities be-
tween grains that are not visible with continuum DIC.
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Figure 6.5: Vertical slices taken through the 3D field of horizontal displacements ob-
tained with continuum DIC (node spacing: 20 pixels, correlation window size: 40 vox-
els) for an incremental displacement of the pile tip of 1 mm until a maximum displace-

ment of 14 mm (test P-GLAG-00)
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Figure 6.6: Typical individual grain displacements from discrete DIC, plotted in a ver-
tical plane passing through the pile axis, when the pile tip moved up from h = 37mm to
h = 38mm (increment 2-3 mm): a) vertical displacements; b) horizontal displacements;
c) individual displacement vectors for the same loading increment. These results are

from test P-GLAG-00. Dashed lines delimit the different zones of displacement
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It can also be noticed that few grains alongside the shaft experience a vertical displacement. The
limited amount of grains engaged by the pile shaft is due to the low roughness of the pile shaft sur-
face. As stated in Section 4.3.2, Hebeler et al. (2015) showed that shearing against smooth CPT sleeves
is not influenced by sand grains angularity and results in sliding at the soil-continuum interface with
negligible soil shearing (see results presented in Section 6.2.3). In the present study, sand grains ob-
viously tend to slide alongside the shaft; however, relative displacements between grains, i.e., grain
rearrangement occurs – and is measured – around the pile during its embedment.

The individual displacement vectors of each grain (vertical and horizontal components of Figs.
6.6a, b) are plotted in Figure 6.6c. These vectors highlight the change in the direction of the displace-
ments of the grains located ahead of the pile tip (pushed towards the chamber boundaries) and the
grains beneath the pile tip (pushed towards the pile shaft). This result is consistent with the "recir-
culation" of the sand grains observed in the vicinity of the pile by White and Bolton (2004) and Silva
et al. (2013).

The locations where the pile tip is not in contact with any grain are believed to regions where
severe grain crushing occurs. Grains that could not be tracked with discrete DIC are not displayed in
the figure. It can be assumed that the sand grains undergo a rigid body motion (translation and/or
rotation) or do break. Discrete DIC proved to be able to capture a rigid body motion. Thus, any
failure to track a grain can be attributed to breakage. Grain wear or breakage modifies the shape of
the grain, resulting in a poor correlation. Following breakage thanks to discrete DIC has been suc-
cessfully employed previously by Karatza (2017) and Guida et al. (2018).

Figure 6.7 shows the grains that are experiencing a rotation for the same loading increment as in
Figure 6.6, during test P-GLAG-00. The rotations are concentrated in a limited region around the pile
tip. Except for a few grains directly in contact with the pile tip, the intensity of rotation is relatively
small (about 3◦). These rotations were measured for an incremental displacement of the pile of 1.0
mm. Grains are expected to undergo larger rotations during the complete installation process. The
region where rotations occur is the region where most of the granular rearrangement takes place as
noted in Figure 6.6. Alongside the pile shaft, grains do not rotate. This observation supports the fact
that the kinematics of the grains in contact with the pile shaft are dominated by a sliding mechanism.

6.2.2 Grains orientations

In this section, the orientations of individual sand grains are compared before and after pile installa-
tion. Figure 6.8 shows the normalized distribution of grains orientations measured within a subdo-
main obtained by revolution of the rectangular cross-section shown in Figure 6.3a, with l = 5 · D50,
L = 9 · D50, r = 2.15 · rp and h = hs − 4 · D50, for test P-GLAG-03. The results show that Leg-
endre polynomial expansion truncated at order 4 (Eq. 3.9) provides a good fit of the PDF of |x|
(P(|x|) = 2p(x)) distribution prior to (Fig. 6.3a) and after pile installation (Fig. 6.3b). There is also
a clear evolution of the distribution between the two loading stages. The sample is initially rather
anisotropic. The fit gives a value of 0.088 for ã (defined as the level of anisotropy in Section 6.2.2),
which means that the second moment is relatively far from its isotropic value ( 1

3 ). From this measure-
ment, it can be concluded that grains are preferably oriented in the horizontal direction (cosθ close
to 0), due to the sand deposition procedure. After pile installation, the number of grains with cosθ
close to zero (horizontally oriented grains) decreases whereas that closer to one increases (vertically
oriented grains). This leads to a less anisotropic distribution of grain orientations, with ã = 0.045.
This result shows that the installation of the pile into the sand mass involves a reorientation of the
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Figure 6.7: Individual grain rotations plotted in a vertical plane passing through the
pile axis, when the pile tip moved up from h = 37mm to h = 38mm (increment 2-3 mm)

during test P-GLAG-00. The color scale represents the rotation intensity in degrees

grains.

In the present study, it was assumed that the sample was homogeneous at the initial state and that
ã was similar over the whole sample. Table 6.1 gives values of ã measured over a same subdomain,
but at different arbitrary locations within the 3D image. The results show that, locally, ã is ranging be-
tween 0.085 and 0.103. A deeper statistical analysis could have been conducted. However, since the
values of ã obtained after pile installation are much lower than the one obtained at the initial state,
the value of ã measured globally, on the whole image was kept as a reference value to characterize the
initial state: ã = ãinital = 0.095.

Contrary to the initial state, spatial variations of ã are expected after pile installation, as grains
do not have a preferred orientation anymore. In order to analyze the spatial evolution of the level
of anisotropy, ã was also measured over smaller subdomains defined with l = 1 · D50, L = 21 · D50,
r ∈ [1.0, 3.9] · rp and h = hs, after pile installation, for test P-GLAG-03. The ratio between ã and
ãintial is plotted against the distance to the pile axis in Figure 6.9a. The figure shows that the highest
difference between the two loading states (ã/ãinitial about 35 %) is reached at a distance of 2.5 pile
radii from the pile axis. Closer to the pile axis, the ratio is lower, ã/ãinitial about 60 %. At a distance
r greater than 2.5·rp, the ratio increases continuously and significantly until a value close to 100 % at
r = 3.5 · rp. These results can be interpreted as follows:

– Close to the pile surface, grains are reoriented and tend to align along a preferred direction. In
x-ray images, the majority of the grains is visibly aligned vertically alongside the pile shaft (see
region 3 in Fig. 6.9b).

– At a distance r greater than 3 · rp, the orientations of the grains are similar to the one measured
at the initial state, which means in the horizontal direction (see the region 5 in Fig. 6.9b).
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Figure 6.8: Distribution of grains orientations and its representation using Legendre
polynomials expansion truncated at the 4th order (P(|x|) = 2p(x)) a) prior to and b)

after pile installation

Table 6.1: Coefficient ã measured locally at different locations in the 3D image recorded
at the initial state.

r
rp

h ã

0.00 hs + 4 · D50 0.098
0.00 hs 0.103
0.00 hs − 4 · D50 0.085
1.00 hs + 4 · D50 0.098
1.00 hs 0.098
1.00 hs − 4 · D50 0.096
2.00 hs + 4 · D50 0.092
2.00 hs 0.097
2.00 hs − 4 · D50 0.086
3.00 hs + 4 · D50 0.099
3.00 hs 0.095
3.00 hs − 4 · D50 0.093

– The region where the highest value of ã/ãinitial is measured appears like a transition zone where
grains orientations change from the horizontal to the vertical direction as illustrated in the
region 4 of Figure 6.9b.

The level of anisotropy was also estimated around the pile tip, after pile installation. In this case,
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ã was determined over two subdomains associated with the regions 1 and 2 in Figure 6.9b. Region
1 was defined with l = 10 · D50, L = 4.5 · D50, r = 0 and h = hs + 9 · D50. Region 2 was defined
with l = 14 · D50, L = 4.5 · D50, r = 0 and h = hs + 4.5 · D50. The distribution of the orientations of
these two subdomains are plotted in Figures 6.10a and b respectively. In the subdomain closer to the
pile tip extremity (region 1), the level of anisotropy is lower than the initial state: ã/ãinitial = 64%.
From the images, it is observed that intact grains tend to align alongside the cone surface and are
surrounded by a large amount of broken grains, the orientation of which is difficult to estimate. In
the subdomain closer to the shaft (region 2), the preferred orientation of the grains alongside the cone
is better defined with fewer broken grains. This is confirmed by the value of ã/ãinitial that reaches 53
%.
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Figure 6.9: a) Radial evolution of the ratio between ã and ãinitial showing the change in
anisotropy prior to and after pile installation. b) Schematic illustrating the fabric formed
following pile penetration at different locations around the pile tip and the pile shaft. In
this figure, ãinitial was obtained over all grains at the initial state and its value is 0.095

These results suggest that the (re)orientation of the grains is linked to the kinematics of the grains
measured during pile installation by 3D DIC. The aforementioned grain-scale observations can be
interpreted as follows. The relatively large displacements and rotations measured in a relatively
small region around the tip indicate that the movement of the pile tip causes the grains to rearrange
and to rotate. As the pile advances, grains located in front of the cone tip are pushed away from the
pile path, mainly in the horizontal direction. Grains located immediately near the cone face are given
a preferred orientation almost parallel to the cone surface, which induces a relatively high level of
anisotropy. As the cone shoulder reaches their elevation, these sand grains are pushed in the opposite
direction, i.e., towards the pile shaft, by the surrounding grains (sand flow measured in the vicinity
of the pile). When these grains come in contact with the pile shaft, their major axes tend to align
alongside the pile shaft surface. At this stage of the installation, these grains slide vertically due to
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Figure 6.10: Distribution of grains orientations and its representation using Legendre
polynomials expansion truncated at the 4th order after pile installation. The level of
anisotropy was estimated by determining ã over two subdomains located around the

pile tip corresponding to the regions 1 and 2 in Figure 6.9b

the low roughness of the model pile. The angularity and the shape of Glageon grains facilitate their
(re)orientation during pile penetration.

6.2.3 Volumetric and shear behaviors

Figure 6.11 shows vertical slices taken through the 3D field of porosity before and after pile installa-
tion during test P-GLAG-16. In this test, 3D images were recorded in global tomography allowing
the global characterization of the sand sample. The measurements of porosity were obtained follow-
ing the mesoscopic approach described in Section 3.3 with a REV measuring 50 pixel3. After pile
installation (Fig. 6.11b), a zone ahead of the pile tip exhibits porosity values of about 53 %, which is
8% higher than the one measured for the initial state (Fig. 6.11a). This result indicates a loosening of
the soil around the pile tip, as reported by Chong (1988) and Nes (2004). Similar results are observed
around the pile shaft, within a region that extends until one pile diameter away from the shaft sur-
face. The region were dilation of the soil occurs is delimited by the dotted line in Figure 6.11a. Figure
6.11c shows that the sample, initially cylindrical, deformed. Its volume obviously increased around
the pile.

A thin layer of lower porosity (less than 33 %) is visible near the pile tip and the pile shaft. The
lower porosity of this layer is attributed to the presence of fines produced by grain crushing during
the installation as illustrated in Section 6.2.4. As observed in the images, fines are filling the pores at
the interface, leading to a local densification. A quantitative study of local density changes around
the pile will be presented in Section 6.3.2 for cyclic loading.
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a) b)

 ≤ 33%

≥ 53%
c)

Figure 6.11: Vertical slices selected through the measured 3D field of porosity a) before
and b) after pile installation, for test P-GLAG-16. c) Same vertical slice through the
3D reconstructed volume showing the global volume change of the sample after pile

installation

When comparing the measurement of porosity and the orientations of the sand grains, it can be
noted that in the region where the soil contracts, grains are preferably aligned, parallel to the shaft
or to the cone surface. Dilative regions are associated with the grains that undergo large displace-
ments and have relatively random orientations. Paniagua et al. (2018) observed similar results for
the penetration of a cone in a silty soil. The Authors showed that the compressive and dilative zones
observed around the cone in Paniagua et al. (2013) correlate well with the statistical orientation of
the grains traduced by a level of anisotropy. In particular, the Authors identified to types of soil fab-
ric (due to the presence of flaky grains): (1) an "open-fabric" where the grains reorient with random
orientations creating large voids between them and (2) a "closed-fabric" where the grains align along
a well-defined orientation forming a more compacted structure with small voids within.

Figure 6.12 shows vertical slices through the incremental 3D field of maximum shear strain dur-
ing pile installation, for test P-GLAG-00. It can be observed that the shear strain concentrates in a
relatively small region around the pile tip. This region correlates well with the one where grain dis-
placements and rotations occur (Figs. 6.6 and 6.7). The maximum value, about 10%, is measured
ahead of the pile tip. In the rest of the sand mass and around the pile shaft no shear strain is mea-
sured. These results support the fact that pure sliding dominates alongside the pile shaft, due to
its low roughness. It is also noteworthy that the output from Tomowarp2 appears to be more noisy
for the strain field than for the displacement field. This is likely due to the fact that the sub-pixel
search of the DIC algorithm has some preferential values (at 0.5 pixels displacement in the case of
Tomowarp2), which add noise to the calculation of the gradient of the displacements, i.e., strain.
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Figure 6.12: Vertical slices through the 3D deviatoric strain field (i.e., maximum shear
strain) calculated from continuum DIC kinematics for test P-GLAG-00

6.2.4 Grain crushing

At the end of the tests, the set up was dismantled and the sand above the pile tip was carefully re-
moved from the sample in order to let the interface visible. Post-mortem photographs of the interface
show a thin layer of the powder produced by grain crushing around the pile tip and pile shaft. There
was no visible abrasion of the shaft surface contrary to what is generally observed (e.g., Yang et al.,
2010; Arshad et al., 2014).

pile

Figure 6.13: Photograph of the sample when the setup was disassembled after pile in-
stallation. A light-gray powder can be seen around the pile, which is delimited by the
dashed line. A zoom into the material sampling at the interface shows the powder pro-

duced by grain crushing

Thanks to x-ray imaging, a further analysis of the thin layer of fines produced by grain crush-
ing at the interface was conducted. Figure 6.14 shows a vertical slice from test P-GLAG-09, after
the installation of the pile until an embedment depth equals to 70 mm. A thin layer where fines are
interlocked between the bigger grains (or fragments of grains) can be seen around the pile tip and
pile shaft. The thickness of this layer was directly measured at different elevations alongside the pile
shaft, every 50 pixels (i.e., 2·D50), with a standard deviation of≈1·D50. Around the pile tip, the thick-
ness of the layer was measured perpendicularly to the tip surface. The results obtained on 2D slices
are plotted in Figure 6.14. The larger thickness, about 6·D50 is measured around the pile tip. This
results suggests that most of grain crushing occurs ahead of the pile tip as the pile advances. Along
the pile shaft, the measurements are relatively scattered. However, there is a clear trend showing that
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the thickness decreases when increasing the distance from the pile tip: it goes from 3.5·D50 to 1.5·D50.

From a series of CPTS tests conducted on three types of silica sand with different crushability,
Arshad et al. (2014) observed a very thin crushed particle band of thickness ranging between 1.5
and 4·D50 for the most crushable sand. This thin particle band was surrounded by a 4·D50-thick
band consisting of moderately crushed sand particles. Similar results were reported by Yang et al.
(2010) for large calibration chamber pile tests. The Authors suggested that the crushed material is
displaced radially, developing concentric zones around the pile shaft involving different degrees of
particle crushing. The thickness of the band near the pile tip found by the Authors was about 2.4·D50,
similarly to White and Bolton (2004). In this study, only one band of crushed grains was observed.
This major difference with previous studies is due to the relatively small amount of shearing at the
interface. The fines are not migrating radially away from the pile shaft surface. Moreover, the upside-
down configuration of the setup may induce a vertical migration of the fines due to their own weight.
As a consequence, the fines produced ahead of the pile tip are displaced as the pile tip advances but
remain roughly in the same position around the pile shaft for the rest of pile installation.
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Figure 6.14: Evolution of the thickness of the layer of soil alongside the pile where grain
crushing occurs and vertical slice showing this layer after pile installation during test

P-GLAG-09
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6.3 Mechanical processes during cyclic loading

6.3.1 3D displacement fields

Typical results from 3D discrete DIC are presented in Figure 6.15. Two pairs of 3D images were
analyzed, one from 10 to 50 cycles (Figs. 6.15a, b) and one from 500 to 1000 cycles (Figs. 6.15c, d).
These two increments respectively fall in the first and second phase of behavior of the shaft resistance
defined in Section 5.2.1. Cyclic loading induces significant displacements, mainly in the horizontal
direction. Grains globally move towards the shaft for both loading steps leading to a radial contrac-
tion of the soil mass (Figs. 6.15b, d). Vertical displacements are relatively small – less than 20µm in
the second increment (Fig. 6.15c). In Figure 6.15a, two distinct zones can be observed in the verti-
cal displacement field. Grains located ahead of the pile tip move upwards, which indicates a local
densification ahead of the pile of the soil, whereas grains located alongside the pile shaft move in the
opposite direction.
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Figure 6.15: Typical individual grain displacements from discrete DIC, plotted in a ver-
tical plane passing through the pile axis and showing the evolution of displacement
intensity (DI) during loading cycles: a) vertical displacements, b) horizontal displace-
ments between cycles 10 and 50; c) vertical displacements, d) horizontal displacements
between cycles 500 and 1000. These results are from test P-GLAG-03 (amplitude ±0.5

mm)

Individual displacement vectors for the same two loading increments are shown in Figure 6.16.
Ahead of the pile tip, the displacement vectors are nearly vertical and relatively minute, while around
the shaft the displacement vectors have a much larger radial component. The displacement fields also
reveal, in both increments, a thin layer around the shaft where the grains are highly affected by the
loading and difficult to track from one image to another. In the first of the two increments shown,
(Fig. 6.16a), grains are clearly moving downwards. This is likely due to a reduction of the hoop
stresses created during pile installation. This effect is erased in the later increment.

The radial displacements were then calculated from vertical and horizontal displacements using
the axis of the pile as the axis of symmetry. Radial displacements were averaged (arithmetic mean)
within a toroidal subdomain of soil obtained by revolution of the rectangular cross-section shown in
Figure 6.15a, defined by its distance from the shaft (d), normalized by D50. Three such sub-domains
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Figure 6.16: Individual displacement vectors obtained for the same loading increments
as Figure 6.15, plotted in a vertical plane passing through the pile axis: a) between cycles
10 and 50 and b) between cycles 500 and 1000. Note that the scale is different in figures

a and b

were studied, at three different elevations alongside the pile shaft (H1, H2 and H3 in Fig. 6.15). Fi-
nally, the analysis was also applied to the entire length of the pile shaft (Htot in Fig. 6.15).

In Figure 6.17, average radial displacements are plotted against the normalized distance from the
shaft surface for test P-GLAG-03 (amplitude ±0.5 mm). At a distance between 3 and 6·D50, the high-
est radial displacements take place. As one goes closer to the shaft, grains displacements decrease
significantly. This region corresponds to a layer of soil with a high percentage of fines interlocked be-
tween grains where high porosity changes take place (see Section 6.3.2). Although grains are mainly
sliding alongside the pile shaft during cyclic loading, non-zero displacements are measured on the
shaft surface (d/D50 = 0). This is likely due to the reorientation of some of the grains due to the
global radial contraction of the soil mass. At a distance greater than 6·D50, sand grains are moving
homogeneously towards the shaft. It is also noteworthy that the closer the grains are to the tip (ele-
vation H1), the more they are affected by the loading.
By comparing radial displacements after 50 cycles (Fig. 6.17b) and 1000 cycles (Fig. 6.17d), two dif-
ferent trends can be identified. The first tens of cycles cause higher grain movements (100 to 300
µm). After 50 cycles, displacement intensity is almost divided by 6 and it is essentially the same at all
elevations. This result shows that, in the second regime, when the shaft resistance increases, grains
hardly move and granular rearrangement is almost inhibited after 50 cycles.
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Figure 6.17: Mean radial displacements obtained from discrete DIC for different loading
stages: a) cycles 1-10, b) cycles 10-50, c) cycles 50-100 and d) cycles 500-1000. Radial
displacements are averaged within a toroidal subdomain of soil obtained by revolution
of the rectangular cross-section shown in 6.15a. These results are from test P-GLAG-03

(amplitude ±0.5 mm)

Figure 6.18 shows the averaged radial displacements obtained for test P-GLAG-09 (amplitude
±1.0 mm). With a higher amplitude of cycles, the same trends as for the lower amplitude can be
observed. The majority of the radial displacements occurs for the first tenth of cycles, which means
in the first regime, when the shaft resistance decreases. Later on, the measured radial displacements
are relatively small, about 30 µm. This magnitude of displacement is close to the resolution of the
discrete DIC when using a subpixel search. This means that, as for a lower amplitude of cycles, kine-
matics are minute in the second regime, when the shaft resistance increases again.
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Figure 6.18: Mean radial displacements obtained from discrete DIC for different load-
ing stages: a) cycles 1-5, b) cycles 10-20, c) cycles 70-100 and d) cycles 100-150. Radial
displacements are averaged within a toroidal subdomain of soil obtained by revolution
of the rectangular cross-section shown in 6.15a. These results are from test P-GLAG-09

(amplitude ±1.0 mm)

Figure 6.19a, b show respectively the standard deviation of the radial displacements of test P-
GLAG-03 and test P-GLAG-09. The standard deviation is 20 and 10 times higher for the grains close
to the pile (d ≤ 3 ·D50) in each test. This relatively large variability can be explained by the heteroge-
neous behavior of the grains at the interface but also, and above all, by the difficulty to follow grains
that are in contact with the pile. However, at a distance greater than 3 · D50 the standard deviation is
relatively low and the same for all elevations, supporting the assumption of an axisymmetric field of
displacements.
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Figure 6.19: Evolution of the standard deviation of the radial displacements for the
elevation H1 during cycles: a) test P-GLAG-03 of Fig. 6.17, b) test P-GLAG-09 of Fig.

6.18

6.3.2 Porosity changes

The evolution of porosity during test P-GLAG-03 is plotted in Figure 6.20. This test was conducted on
a sample with an initial relative density of 84% and an amplitude of displacement of±0.5 mm for the
loading cycles. The estimation of the volume of each phase (expressed in percentage of voxels) was
done thanks to the method presented in Section 3.3. It is important to note that the measurements for
the first two points of each curve are highly affected by the binary mask on the pile that can increase
the percentage of pores. In the figure, the terms "grain phase" refers to the solid phase without fines,
i.e., non-broken grains or relatively large pieces of broken grains. The results show an increase of the
percentage of voxels associated to grains with increasing number of cycles in the vicinity of the pile.
Close to the interface, the quantity of grains is 20% higher after 1000 cycles, which indicates a local
densification. It can also be observed that the thickness of the region affected by such densification is
about 2·D50 for cycle 1 and 4·D50 for cycle 1000. In the rest of the sand mass, the proportion of grains
and pores remains constant throughout the test.

Figure 6.21 shows the same results obtained during test P-GLAG-09, which was conducted on a
sample with a similar initial relative density (85%) but with an amplitude of displacement of ±1.0
mm. The results exhibit a similar trend as the one obtained for test P-GLAG-03. The percentage of
the grain phase is 20% higher after 150 cycles. It is interesting to note that the results give similar per-
centages of grains (about 50%) and pores (about 37%) in the region that is not affected by the loading
cycles (at least in terms of density changes) for both tests.

These results indicate that the thickness of the band adjacent to the shaft is related to the dis-
placements that the grains undergo and to the local shearing loading history. Yang et al. (2010) also
reported a shear zone 2.4·D50 - 8.6·D50 wide, after cyclic jacking installation, in their large calibration
chamber tests on NE34 Fontainebleau sand (D50 = 0.21mm). Similar to Silva et al. (2013), in their
post-mortem analysis, Yang et al. (2010) suggested that the shear zone thickness grows with the ver-
tical distance from the pile tip, especially when the installation is not monotonic, and is augmented
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Figure 6.20: Radial evolution of grain (without fines) and pore phases volume during
loading cycles for test P-GLAG-03 (amplitude of displacement ±0.5 mm, initial relative
density of 84 %). The x-axis scale is such that a radial distance of 7 is equal to one pile
radius. For a given curve, each symbol represents one measurement obtained by thresh-
olding the gray-scale image at a distance r from the shaft (over a cylindrical subdomain

as defined in Section 3.3)

by later static or cyclic loading.

Figures 6.22aa and b give the evolution of the percentage of the grain and pore phases at differ-
ent distances from the pile surface, with increasing number of cycles, for test P-GLAG-03 and test
P-GLAG-09. The results indicate that although the percentage of grains keeps increasing with in-
creasing number of cycles, the rate of densification decreases for these two tests. It is also observed
that the closer to the pile surface, the higher the densification. Finally, it is noteworthy that the results
for both tests almost overlap. However, for test P-GLAG-09 (amplitude of ±1.0 mm), the increase in
grain percentage is about 12 % after only 150 cycles, while the same increase is reached after about
500 cycles in the case of test P-GLAG-03 (amplitude of ±0.5 mm).

Figure 6.23 shows the radial evolution of the percentage of grains and pores after 150 cycles,
during test P-GLAG-09. The data were obtained from two different x-ray scans recorded when 150
cycles were reached (referred as 150 and 150 bis). This figure aims at showing the reproducibility of
the methodology. Indeed, the results for the two scans perfectly overlap despite the time difference
between the two acquisitions (3 hours for each scan).



104 Chapter 6. Image-based analysis of sand-pile interface

 0

 10

 20

 30

 40

 50

 60

 70

 0  2  4  6  8  10  12

Grain phase

Pore phase

Density increases with cycles

P
e

rc
e
n

ta
g

e
 o

f 
e

a
c

h
 p

h
a
s

e
 (

%
 o

f 
v

o
x

e
ls

)

Distance to the pile shaft surface (r/D50)

Cycle 1
Cycle 5

Cycle 20
Cycle 70

Cycle 100
Cycle 150

Figure 6.21: Radial evolution of grain (without fines) and pore phases volume during
loading cycles for test P-GLAG-09 (amplitude of displacement ±1.0 mm, initial relative
density of 85 %). The x-axis scale is such that a radial distance of 7 is equal to one pile
radius. For a given curve, each symbol represents one measurement obtained by thresh-
olding the gray-scale image at a distance r from the shaft (over a cylindrical subdomain

as defined in Section 3.3)
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Figure 6.22: a) Density evolution at different distances "r" from the pile surface when
increasing the number of loading cycles and b) zoom into the first 150 cycles. The results
obtained for test P-GLAG-03 are plotted with filled symbols and the one obtained for
test P-GLAG-09 are plotted with empty symbols. To meaningfully compare the two
tests, the initial percentage measured for the first cycle was subtracted from all values
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Figure 6.23: Radial evolution of grain (without fines) and pore phases volume for two
different x-ray scans recorded after 150 cycles during test P-GLAG-09. The measure-
ments done on two scans show the reproducibility of the methodology described in

Section 3.3

6.3.3 Grain crushing

Figure 6.24 shows the radial evolution of the quantity of fines (volume) with increasing number of
cycles during test P-GLAG-03. The quantity of fines increases of about 2% between the first and the
tenth cycle. It is believed that this increase is linked to the upside down configuration of the test.
Due to their own weight, fines located ahead of the pile tip rearrange around the shaft during the
first loading and unloading steps, which may explain this apparent increase. For a larger amount
of cycles, the percentage of fines remains stable, indicating that most of particle crushing occurred
during pile installation. The region where fines are produced has a thickness of 4 · D50. At a greater
radial distance, the percentage of fines is of about 11 % whereas it should be close to zero. The quan-
tity of fines measured far from the pile surface is likely due to the partial volume effect mentioned
in Section 3.3. It is not possible to simply subtract this value from all the measurements. Indeed, the
partial volume effect depends on the surface of the grains. At the interface, grains are broken during
pile installation which means that the grain size distribution is changing - and so does the surface of
the grains.

By comparing the results between test P-GLAG-03 (Fig. 6.24) and test P-GLAG-09 (Fig. 6.25), the
same observation can be made. The quantity of fines does not vary during the cyclic phase of the
test. The results also indicate that for test P-GLAG-09, the maximum percentage of fines measured at
r = 0.5 · D50 is twice the percentage measured for test P-GLAG-03. This difference may be explained
by the fact that the initial embedment depth was 70 mm for test P-GLAG-09 while it was 50 mm for
test P-GLAG-03, which means that grain crushing was more important for test P-GLAG-09. Finally,
as for the grains and pores quantities, Figure 6.26 shows the reproducibility of the measurements for
two scans taken of the same state, i.e., after 150 cycles during test P-GLAG-09.
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Figure 6.24: Radial evolution of the quantity of fines during loading cycles for test P-
GLAG-03 (amplitude of displacement ±0.5 mm, initial relative density of 84 %). The
x-axis scale is such that a radial distance of 7 is equal to one pile radius. For a given
curve, each symbol represents one measurement obtained by thresholding the gray-
scale image at a distance r from the shaft (over a cylindrical subdomain as defined in

Section 3.3
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Figure 6.25: Radial evolution of the quantity of fines during loading cycles for test P-
GLAG-09 (amplitude of displacement ±1.0 mm, initial relative density of 85 %). The
x-axis scale is such that a radial distance of 7 is equal to one pile radius. For a given
curve, each symbol represents one measurement obtained by thresholding the gray-
scale image at a distance r from the shaft (over a cylindrical subdomain as defined in

Section 3.3
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Figure 6.26: Radial evolution of the quantity of fines for two different x-ray scans
recorded after 150 cycles during test P-GLAG-09. The measurements on two scans show

the reproducibility of the methodology described in Section 3.3
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Figure 6.27: Sketch showing the high densification of the sand ahead of the pile tip
during test P-GLAG-11. The numbers placed on the curve showing the typical evolution
of shaft resistance indicate when the loading was interrupted for x-ray scanning. The
two vertical slices (on the right) were taken through the 3D images recorded after the
tenth cycle, when the tip was at 0 mm (scan 1) and at -1.0 mm (scan 4). The zooms into

the slices illustrate the densification at the tip
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6.4 Behavior of sand-pile interface across the scales: discussion

Pile installation

A thin layer of crushed grains forms along the surface of the cone tip and shaft. The sand grains
crushed ahead of the pile tip are displaced radially as the pile advances, and stay roughly at the same
location around the shaft as the pile embedment continue increasing. The maximum thickness of this
layer ranges between 3 and 4·D50.

DIC results showed that grain kinematics are localized near the pile tip. It is believed that a less
crushable sand (e.g., a silica sand) would undergo displacements with a higher magnitude in a re-
gion that extends further radially from the pile tip, as suggested by Arshad et al. (2014). In this study,
these differences between a crushable and a less-crushable sand are expected to be clear as the testing
conditions are closer to the one of a shallow penetration. For deep penetration, at high stress levels,
the differences may be less pronounced. The different zones identified within the 3D displacement
field showed that, immediately ahead of the pile tip, the displacement of the grains is purely vertical,
while close to the pile tip shoulder, the displacements are mainly radial. This observation is consis-
tent with the displacement field that would be created during the expansion of a cylindrical cavity.

The measurement of local porosity shows good agreement with the reorientation of the grains
induced by the installation of the pile. In the region where grains have a preferred orientation, and
are aligned with the pile surface, the field of porosity showed a dense layer of sand. On the contrary,
in the dilative regions significant grain rearrangement occurs (ahead of the tip) and grains do not
have a preferred orientation (further away from the pile shaft). It was also observed that grains
rotate mainly ahead of the pile tip, where the highest values of maximum shear strain are measured.
Axial loading cycles

During axial cyclic loading, the behavior of the sand grains was investigated in the two regimes
observed for the macroscopic evolution of shaft resistance. A different behavior of the sand mass
was observed in each regime.

In the first regime, when the shaft resistance decreases, large individual displacements were mea-
sured. The sand grains undergo radial displacements towards the shaft, with a magnitude similar
to the one measured during the installation of the pile. The individual displacement vectors from
discrete DIC also showed that the grains move vertically, downwards. These results suggest that the
tensile hoop stresses built during pile installation collapsed during the first tenth of loading cycles.
Moreover, the analysis of local density changes showed that the radial contraction of the sand mass
is accompanied by a local densification in a region that is 4·D50 thick. The densification rate is higher
during the first 50 loading cycles. It was also observed that, in the case of a smooth shaft surface,
grain crushing does not occur during cyclic loading, rather it takes place during pile installation.
However, fines are rearranged between grains around the shaft during the first cycle.

In the second regime, when the shaft resistance increases again, relatively small displacements
were measured. DIC results showed no vertical displacements and radial displacements with an
amplitude divided by 6 compared to the one measured in the first phase of cyclic loading. After 50
cycles, density keeps increasing at the interface but at a lower rate. These results suggest that, after a
given number of loading cycles, the sand mass reaches a threshold density for which granular kine-
matics are constrained leading to an increase in shaft resistance. The repeated loading cycles may
also lead to an increase in pile shaft surface roughness as mentioned in Chapter 5. However, it is
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believed that the increase in surface roughness due to the loading cycle is relatively low compared
to one induced by the initial monotonic loading (i.e., pile installation). The total magnitude of dis-
placement imposed within a single cycle is of 1.0 mm (in the case of a cyclic amplitude of ±0.5mm),
which is close to the mean grain size. Moreover, the cumulated displacement that corresponds to
1000 cycles of ±0.5 mm equals to 2.0 cm, while during pile installation the embedment depth ranges
between 5 and 7 cm. Thus, a simple change in surface roughness cannot explain alone the measured
increase of shaft resistance.

During cyclic loading two main mechanisms occur: a reduction of the hoop stresses, i.e., the arch-
ing effect of pile installation is reducing, and a local densification of the sand mass at the interface.
It can be concluded that, the reduction of hoop stresses is the dominant mechanism during the first
regime, which leads to a decrease in radial stresses and in shaft resistance (i.e., interface shear stress
decreases). In the second regime, the densification of the sand mass takes over, leading to an increase
in radial stresses and in shaft resistance.

6.5 Conclusions

The analyses presented in this chapter showed that the image-based methodology employed in this
work allows the characterization of deformation mechanisms taking place at the grain-scale.

Kinematics
3D Digital Image Correlation (DIC) provided full-field kinematics at sand-pile interface during both
pile installation and subsequent loading cycles. Different regions where granular rearrangement con-
centrate were identified and characterized. Individual grain kinematics obtained from discrete DIC
revealed a displacement field consistent with the cavity expansion theory during pile embedment.
On the contrary, following loading cycles induce a significant radial contraction of the sand mass
during the first regime observed for shaft resistance evolution. In the second regime, when the shaft
resistance increases, grain kinematics are almost inhibited. A reorientation of the grains was also
measured during pile installation, showing the ability to access essential information at the grain-
scale that allow the description of soil fabric.

Volumetric and shear behavior
Porosity measurements showed that the installation of the pile leads to a dilative behavior of the
sand around the pile, except in a thin layer in contact with the pile surface, where grain crushing oc-
curs. The shear strain field showed that pile installation induce relatively small shear strains ahead
of the pile tip. Due to the low roughness of the pile, no shear strain was measured alongside the
shaft. This result indicates that the interaction between the grains and the shaft is dominated by a
sliding mechanism. During cyclic loading, 3D image analysis revealed a densification in a region
that is 4D50-thick. The rate of this local densification decreases in the second regime observed for the
evolution of shaft resistance.

Grain crushing
A thin layer of crushed particles was observed in the images, after pile installation. The maximum
thickness of this layer, about 6D50, was measured near the pile tip. It was showed that the fines are
produced by grain crushing ahead of the pile tip and are displacement as the pile advances. During
cyclic loading, the quantity of fines does not evolve, showing that grain crushing takes place only
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during pile installation, due to the low roughness of the interface.

Both qualitative and quantitative results showing the behavior the sand mass located in the vicin-
ity of the pile when it is submitted to axial loading were linked to the macroscopic observations de-
scribed in chapter 5. However, despite the valuable aspect of the data produced, it is imperative to
note the limitations of the experimental setup used to obtain these data. The conclusions derived
throughout this work should therefore be interpreted in realization of these limitations, including:
the low roughness of the pile compared to the mean grain size, the size effects, and the boundary
conditions (constant radial stress). The apparent benefit in shaft resistance caused by axial cyclic
loading and the related deformation mechanisms cannot and should not be directly extrapolated to
real field piles.
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Chapter 7

Summary, conclusions & perspectives

7.1 Summary

This doctoral work deals with an experimental investigation into the mechanisms governing the
macroscopic response of sand-pile interface during monotonic installation and subsequent axial
cyclic loading. An innovative approach combining x-ray tomography and advanced image analy-
sis tools was employed to extract information at different scales, including micro-scale, i.e., the scale
of sand grains. The quantitative analysis of the behavior of individual sand grains in the vicinity of
the pile offers valuable three-dimensional (3D) data set against which theoretical or numerical ap-
proaches could be tested.

Macro-scale experiments
A series of tests was run on an instrumented close-ended conical model pile installed by monotonic
jacking in a dense calcareous sand sample. A total of 17 model pile tests were performed. Following
the installation, the model pile was submitted to a few thousands axial displacement-controlled load-
ing cycles under constant radial stress. The tests were performed in a mini-calibration chamber that
allows the acquisition of high resolution x-ray 3D images at different stages of the loading. Several
testing parameters affecting the macroscopic response of sand-pile interface during cyclic loading
were varied from one test to another: the amplitude of displacement imposed to the pile during
loading cycles, the boundary conditions (constant radial stress, constant volume), and the method of
pile installation (monotonic jacking, sand molding around the pile). The loads applied to the pile,
including both tip and shaft resistances, were measured for every test.

Imaging at the grain-scale
Some of the model pile tests were conducted inside the x-ray scanner of Laboratoire 3SR. 3D scans
were recorded during both pile installation and following loading cycles. The 3D images resulting
from the reconstruction of the x-ray scans were used to follow the behavior of the sand mass at the
interface across different scales (meso and micro). Full-kinematics and shear strain fields were mea-
sured thanks to the 3D DIC code TomoWarp2 developed at 3SR. Various advanced image analysis
techniques were used and adapted to the study of sand-pile interface, showing the ability to explore
local porosity changes, grain crushing and fabric anisotropy (in terms of grains orientations).

7.2 Conclusions

7.2.1 Macro-scale observations

The cyclic tests revealed two distinct phases in the evolution of shaft resistance. In the first phase,
the shaft resistance decreases, whereas in the second phase it increases again significantly. After 1000
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cycles, the load measured on the shaft nearly doubled. This observation was made for both ampli-
tudes of loading cycles, i.e., ±0.5 mm and ± 1.0 mm. However, the results showed that for the larger
amplitude, the transition between the two phases is reached for a smaller number of cycles. In addi-
tion, model pile tests conducted under identical conditions exhibited similar responses during both
pile installation and axial cyclic loading, showing the reproducibility of the results.

An effort was made to explain to what extent the physical model developed in this work can be
compared to field pile testing conditions. It is acknowledged that the scaling and the specific loading
conditions employed are not representative of real engineering applications, where piles that support
bridges, wind-turbines or offshore platforms have to sustain safely severe axial load-controlled cycles
due to their environment. In this study, the apparent benign outcomes of displacement-controlled
loading cycles cannot be extrapolated to field pile design. However, the mini-calibration chamber
proved to be able to reproduce qualitatively trends that are similar to those obtained at the macro-
scale on large-scale experiments and allows the observation of deformation mechanisms taking place
at the micro-scale.

7.2.2 Image-based analysis

Pile installation
X-ray imaging allowed the observation of a thin layer of crushed grains and fines along the surface
of the cone tip and shaft. The maximum thickness of this layer was measured directly in the images
and ranges between 3 and 4·D50. It was also observed that the sand grains crushed ahead of the pile
tip are displaced radially as the pile advances, and stay roughly at the same location around the shaft
as the pile embedment continue increasing.

Different zones where displacements concentrate during pile installation were identified and
thoroughly characterized thanks to 3D Digital Image Correlation (DIC). Discrete DIC proved to be
an efficient tool to access the full-kinematics of individual sand grains, including 3D rotations. Indi-
vidual displacement vectors revealed a recirculation of the grains close to the pile shaft, as the pile
advances. The analysis of grain kinematics was supplemented by the measurement of sand grains
orientations. The novel results showed a reorientation of the grains due to pile installation. The elon-
gated shape of the grains employed in this study facilitated their alignment along the pile tip and the
pile shaft surfaces.

The measurement of local porosity showed a dilative behavior of the sand mass induced by the
installation of the pile. However, a contractive behavior was observed in a limited region around the
pile, where grain crushing occurs. The 3D porosity field showed good agreement with the maximum
shear strain field and with the reorientation of the grains.

Axial loading cycles
During axial cyclic loading, the behavior of the sand grains was investigated in the two phases

observed for the macroscopic evolution of shaft resistance. A different behavior of the sand mass
was observed in each phase.

In the first phase, when the shaft resistance decreases, grain kinematics obtained from 3D DIC
showed a radial contraction of the sample accompanied with a downward movement of the grains.
It is believed that the first tens of cycles induce a collapse of tensile hoop stresses created during the
installation of the pile. A local densification of the sand mass was also measured at the interface. The
analysis of the production of fines by grain crushing showed that, in the present study, the loading
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cycles did not lead to additional grain breakage.

In the second phase, when the shaft resistance increases, it was observed that density keeps in-
creasing at the interface but at a lower rate than in the first phase. DIC results did not show any
granular rearrangement. Only relatively small radial displacements of the grains were measured in
the second phase. These results suggest that, after a given number of loading cycles, the sand mass
reaches a threshold density for which granular kinematics are inhibited.

Two main mechanisms compete during cyclic loading: a reduction of the hoop stresses, i.e., a
loosening of the arching effect built up during pile installation, and a densification of the sand mass
at the interface. During the first phase, the reduction of hoop stresses is the dominant mechanism
leading to a decrease in radial stresses and in shaft resistance. In the second phase, the first mecha-
nism fades out while the densification of the sand mass takes over, leading to an increase in radial
stresses and in shaft resistance.

7.3 Perspectives

Interface roughness
The influence of surface roughness on shear resistance has been established by several researchers.
Therefore, it would be interesting to repeat similar model pile tests with a rough pile shaft surface.
The imaging tools used in this PhD work could reveal the influence of the pile shaft roughness on
the observed grain kinematics, interface shearing, and grain crushing. It would also be possible to
explore and compare the behavior of the interface during both tension and compression phases of a
single cycle. Taken together with the DIC results obtained for a series of tension-compression static
loading tests performed on instrumented model piles by Galvis-Castro et al. (2018), a 3D investiga-
tion by x-ray tomography could provide a better understanding of the interface response when the
loading direction is reversed.
To reach an interface friction angle close to the one measured for field piles, i.e., 30◦, a normalized
roughness of about 0.25 should be applied. Such a normalized roughness can be achieved by sticking
silica sand grains, such as Hostun sand grains, directly on the shaft surface. A preliminary test was
performed inside the x-ray scanner of Laboratoire 3SR.

Boundary conditions
In order to limit size effects caused by the reduced scale of the physical model, active boundary con-
ditions, i.e., constant stiffness, could be applied to the sand sample. To achieve these conditions, the
vertical stress applied at the top of the sample and the horizontal stress applied on the circumference
of the sample should be controlled individually. Thus, two different membranes are required, as
proposed by Eissautier (1986). Figure 7.1 shows the top membrane used to impose σ

′
v and the lateral

membrane used to apply σ
′
h, which varies as a function of the radial volumetric change ∆Vh.

Different material
To evaluate the importance of the crushability of the sand on the interface response, a material which
is less vulnerable to crushing, such as silica sand, could be employed. A valuable comparison with
the results obtained for Glageon sand could be provided about the full-kinematics, the interface layer
thickness, the occurrence or non-occurrence of breakage, the measured shaft resistance.
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Lateral
membrane

Top
membrane

σ'h=f(ΔVh)

σ'v

Figure 7.1: Sketch showing a possible modification of the mini-calibration chamber for
the application of active radial boundary conditions

Grain crushing and contact detection
Further quantification of the extent and nature of grain crushing and the analysis of fabric changes
in terms of inter-granular contacts are two important future steps that remain very challenging as
pointed out by Andò et al. (2013b). To achieve accurate measurements of features that are smaller
than the grain-scale, very high spatial resolution images are required. However, with the objective of
gaining understanding in geomechanics, relatively large sand volume are required. Such large sam-
ples limit the minimum resolution of the 3D images. For this reason, new non-conventional image
analysis tools must be developed. This is one objective of two ongoing PhD projects at Laboratoire
3SR: see for instance Okubadejo et al. (2017) for tracking breakage and Wiebicke et al. (2017) for mea-
suring contact fabric evolution.

Numerical Modeling
A rather straightforward perspective to this PhD work would be to use the set of data obtained thanks
to x-ray imaging in order to validate multi-scale models, in which different scales are explicitly sim-
ulated (e.g., the so-called FEM-DEM approach). These kinds of models require accurate references
of the evolution of the micro-structure of real granular materials as those presented in this research
work.
First, a DEM model able to reproduce the mini-calibration tests performed in this study would al-
ready be of major interest. Indeed, a DEM model could provide essential information that could not
be measured experimentally. In particular, measuring the stresses developing on and around the pile
would allow a direct link between the macroscopic response of the interface and the stress-strain be-
havior of the sand. 3D effects could be investigated by evaluating the contact forces network and the
hoop stresses developed around the pile. These results could be compared with theoretical models,
such as the cavity expansion theory. An additional series of tests conducted on an artificial granular
material, such as glass beads, would provide interesting data to be used as a first calibration for such
DEM model.
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