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ABSTRACT

Understanding the response of piles subjected to cyclic loads is critical for piles subjected to
extreme loading conditions, particularly in the offshore environment in which platforms and wind
farms operate. Not only there is no specific understanding of quantitative aspects of the impact of
cyclic loading on pile resistance, but also the mechanisms governing the cyclic and post-cyclic
response of piles in silica sands are not well understood. The mechanisms governing pile resistance
mobilization under monotonic (tensile and compressive) or cyclic axial loading were investigated
by performing instrumented model piles tests in a novel half-cylindrical calibration chamber with
three viewing windows that allow the capturing of digital images of the sand domain and the
instrumented model pile during installation and testing.

A set of tensile-compressive and compressive-tensile load tests were performed to study the
effect of loading direction on the shaft resistance of model displacement and non-displacement
piles. Measurements of displacements and deformations in the sand domain were obtained through
the digital image correlation (DIC) technique. The tensile-to-compressive shaft resistance ratios
were found to be a function of the loading history (installation method), loading sequence, and pile
surface roughness. The results show that the tensile-to-compressive shaft resistance ratios are
always less than one for jacked piles and nearly one for fresh preinstalled piles. The results from
DIC analyses revealed that, when the loading direction is reversed, the soil elements near the pile
shaft contract, and the direction of the principal strains rotate by about 90 degrees.

A series of model pile experiments that included installation, monotonic and cyclic load tests
were performed to study the effect of cyclic loading on the limit unit shaft resistance and limit and
ultimate unit base resistance of displacement piles. The impact of (1) cyclic displacement half
amplitude, (2) number of displacement cycles, (3) relative density, and (4) initial stress state on
the pile resistance was assessed based on the pile load measurements obtained before and after
cycling and on the displacement and strain fields from the DIC analysis. A minimal effect on the
limit unit shaft resistance was observed after cycling in tests performed with small cyclic
displacement half amplitudes (= 0.25 mm), regardless of the number of cycles (up to 2,000 cycles).
For 100 cycles or more applied with cyclic displacement half amplitudes greater 0.7 mm, the limit
unit shaft resistance after cyclic loading was found to be always smaller than the limit unit shaft

resistance before cyclic loading. It was observed that the degradation of the limit unit shaft
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resistance after cycling increases with increasing initial vertical stress and with decreasing relative
density. From the DIC analysis, it was found that the decrease in the limit unit shaft resistance
after cyclic loading is linked to the radial contraction and the development of cyclic and permanent
shear strains in soil elements near the pile shaft during cyclic loading. Finally, the results show
that the ultimate unit base resistance can drop significantly after cycling. The magnitude of the
drop in the ultimate unit base resistance depends on both the magnitude of the cyclic displacement
and the number of cycles. This experimental program's results provide a framework to improve

the prediction of the capacity of piles subjected to cyclic loading.

18



1. INTRODUCTION

Over the last decade, the offshore wind sector has played an important role in the future of
renewable energy systems. The global offshore wind market grew nearly 30% per year between
2010 and 2018, and it is projected to expand significantly over the next decades (IEA 2019). This
accelerated growth has benefited the offshore foundation engineering industry as pile foundations
are frequently used to support these offshore structures. One of the major requirements for the
offshore foundation engineering practice is designing cost-efficient pile foundations that can safely
handle the cyclic loads imposed by wave and wind action. Nevertheless, estimation of the axial
capacity of piles subjected to cyclic loads remains a challenge in geotechnical engineering.

It is generally accepted in research and practice that the mechanical response of a pile to
axial loading depends to a great extent on the pile installation method. Pile foundations can be
categorized based on their installation method into three main groups: displacement piles (e.g.,
closed-ended driven piles or precast reinforced concrete driven piles), non-displacement piles (e.g.,
bored piles or drilled shafts) and partial-displacement piles (e.g., auger cast-in-place or open-ended
pipe piles, in some soils). Displacement piles are prefabricated pile foundations installed by driving
or jacking them into the ground. The installation process of a displacement pile causes significant
changes in the void ratio and stress state of the in situ soil surrounding the pile (Basu et al. 2010).
Non-displacement piles are constructed by backfilling with concrete a cylindrical void in the
ground created by drilling. For an ideal non-displacement pile, the volume of the soil extracted
matches the pile's volume and shape; therefore, the density and stress state of the in situ soil
surrounding a non-displacement pile are minimally affected by the installation process (Fleming
et al. 2008; Salgado 2008; Viggiani et al. 2014). For partial-displacement piles, the installation
causes smaller changes in density or in situ stress state than that produced by the installation of
displacement piles (Basu et al. 2010).

A pile’s total axial resistance is calculated as the summation of its base (Ov) and shaft (Qs)
resistances when it is loaded in compression and, only as its shaft resistance (Qs), when loaded in
tension. The shaft resistance is mobilized by friction between the pile shaft and the surrounding
soil. The base resistance results from the compressive resistance mobilized in the soil underneath
the base of the pile (Salgado 2008). During a compressive loading test, the pile shaft resistance is

fully mobilized to its limit value (limit shaft resistance QsL) before the base resistance is mobilized.
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After full mobilization of shaft resistance, then any additional compressive axial load that is
applied at the pile head is carried by the soil at the pile base; at the limit load Qv the pile plunges
into the ground. At plunging, the base and shaft resistances have reached their limiting values (ObL
and Qs.). During a tensile loading test, pullout of the pile occurs once the limit shaft resistance in
tension is fully mobilized.

In the offshore environment, the forces imposed by wind or wave action are frequently
transferred to a pile as tensile and/or compressive axial loads. Many studies have indicated that the
shaft capacity of displacement piles in sand is lower for tensile loading than for compressive
loading (Beringen et al. 1979; Chow 1997; Lehane 1992; De Nicola and Randolph 1993; Randolph
2003). In contrast, for fresh non-displacement piles in sand, the shaft capacity for tensile and
compressive loading is similar (Chen and Kulhawy 2002; Le Kouby et al. 2013; Kulhawy 2004).
Some of the available design methods used to estimate the axial static capacity of piles in sand
consider the effect of loading direction on the shaft capacity (tension versus compression shaft
capacity). For example, the ICP-05 (Jardine et al. 2005), NGI-05 (Clausen et al. 2005), FUGRO-
05 (Kolk et al. 2005) and UWA-05 method (Lehane et al. 2005b) incorporate factors to account
for the effect of loading direction on the shaft capacity of displacement piles in sand. Despite the
experimental evidence of comparable non-displacement pile response under tensile and
compressive loading, the Load and Resistance Factor Design (LRFD) approach recommends
applying lower resistance factors to the computed nominal shaft resistances for tensile loading than
for compressive loading (Brown et al. 2010). Different hypotheses have been proposed to explain
the differences in tensile and compressive shaft resistance of piles in sand (Fioravante et al. 2010a;
Lehane et al. 1993; De Nicola and Randolph 1993); however, no direct observations have revealed
the differences in the mechanisms of resistance mobilization in tensile and compressive loading.
Other aspects, such as the effect of the loading history (De Nicola and Randolph 1999) and pile
shaft surface roughness (Tehrani et al. 2016; Tovar-Valencia et al. 2018), known to affect the pile
response to loading are not yet considered in the current available designed methods.

To date, there have been few field studies to investigate cyclic loading effects on the
capacity of full-scale piles in sand. Among these studies are the set of axial cyclic and static tensile
load tests performed on six driven piles at Dunkirk, France, by Jardine and Standing (2012, 2000)
and the set of cyclic and static compressive load tests conducted on five bored piles at Loon-Plage,

France, by Puech et al. (2013). Jardine and Standing (2012, 2000) showed that the tensile shaft

20



pile capacity of driven piles in sand could either increase after low-level cyclic loading or decrease
significantly after high-level cyclic loading. Puech et al. (2013) showed that the total compressive
pile capacity of bored piles could also increase after cyclic loading and suggested that the increase
of the total pile capacity is a consequence of a substantial increase in pile base capacity. However,
limited experimental data are available on the effects of axial cyclic loading on the base resistance
of piles in sand; fully instrumented test piles are required to obtain both the pile base resistance
and the shaft resistance. Despite the lack of data on cyclic testing on full-scale piles in sand, various
laboratory experiments have been undertaken using model piles. These include model piles
experiments in pressurized calibration chambers (Foray et al. 2010; Le Kouby et al. 2004; Poulos
1989a; Rimoy et al. 2012; Tsuha et al. 2015) and centrifuges (Bekki et al. 2013, 2020; Blanc et al.
2015; Li et al. 2012). Results from model pile experiments in calibration chambers have shown
that the pile shaft capacity degradation is primarily controlled by the cyclic displacement amplitude
and number of cycles (Le Kouby et al. 2004; Poulos 1989a). Of note is the Imperial College mini-
pile which has been used to measure the local stresses developed during cyclic loading at the pile
shaft (Foray et al. 2010; Tsuha et al. 2015). The results from these studies have highlighted the
complexity of the soil stress history at the pile-soil interface.

Recently, various geotechnical laboratories have been able to implement in experiments
image capturing and analysis, such as the digital image correlation (DIC) technique (Arshad et al.
2014; DeJong et al. 2003; Doreau-Malioche et al. 2018; Paniagua et al. 2013; Tehrani et al. 2016;
Tovar-Valencia et al. 2018; White et al. 2003), to visualize and quantify the deformation and strain
fields within a soil domain. The main goal of this thesis is to show how the use of the DIC technique
in combination with model pile experiments in a novel calibration chamber enables the
identification and visualization of key mechanisms governing the mobilization of unit shaft and
unit base resistance under monotonic or cyclic loading. The results from this work are a valuable
data set against which theoretical or numerical approaches can be tested.

This article-based thesis is organized into six chapters. The first chapter gives an
introduction to the dissertation topics and a description of the main objectives of this research.
Chapter 2 analyzes the effect of loading direction on the shaft resistance of jacked piles in dense
sand. Values of the tensile-to-compressive shaft resistance ratios of jacked piles are provided to
estimate the tensile limit unit shaft resistance. A mechanism explaining the lower shaft resistance

measured in tensile loading is proposed based on the DIC analysis results and the microscopic
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observation of the soil near the pile shaft-sand interface. Chapter 3 evaluates the effect of loading
direction, loading sequence, pile base geometry, and relative density on the mobilization of shaft
resistance in compressive and tensile loading of non-displacement piles in sand. The main
mechanisms contributing to the pile response are discussed. Chapter 4 studies the effect of cyclic
loading conditions on the shaft resistance of jacked piles in sand and discusses the main
mechanisms controlling the cyclic and post-cyclic static loading response of jacked piles. An
expression that allows estimation of shaft resistance degradation due to cyclic loading is proposed
for jacked piles in dense sand. Chapter 5 evaluates the influence of number of displacement cycles
and cyclic displacement amplitude on the ultimate and limit unit base resistance. The chapter also
presents the displacements and strains in the sand domain near the conical base of the model pile.
Finally, Chapter 6 summarizes the results, key observations and the major contribution from this

research.
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2. EFFECT OF LOADING DIRECTION ON THE SHAFT RESISTANCE
OF JACKED PILES IN DENSE SAND

This chapter is reproduced from the paper by Ayda Catalina Galvis-Castro, Ruben Dario Tovar-
Valencia, Rodrigo Salgado, Monica Prezzi (2019): “Effect of loading direction on the shaft
resistance of jacked piles in dense sand” published in Géotechnique 69 (1).

2.1 Abstract

The design of piles subjected to tensile loading is usually done by applying a correction
factor on the shaft resistance calculated for compressive loading, but experimental data on what
this correction factor should be are limited. This chapter presents the results of a series of tensile-
compressive (TC) and compressive-tensile (CT) static loading tests performed on instrumented
model piles (with three different values of surface roughness) jacked into dense sand samples
prepared in a half-cylindrical calibration chamber with digital image correlation (DIC) capability.
Digital images of the model pile and sand were taken during loading of the pile in each test and
processed using the DIC technique to obtain the soil displacement and strain fields. Results from
local sensors showed that the ratio of the tensile-to-compressive shaft resistance of jacked piles is
always less than one and depends on both the sequence of loading (CT or TC) and the pile surface
roughness. The lower shaft resistance measured in tensile loading is due to the rotation of principal
strains that occurs upon reversal of loading direction. Localization of shear strains occurred within

a thin band of sand around the pile shaft.

2.2 Introduction

Many studies have indicated that the shaft capacity of piles in sand is lower under tensile
loading than under compressive loading (Beringen et al. 1979; Chow 1997; Hussein and Sheahan
1993; Le Kouby et al. 2013; Lehane 1992; El Naggar and Wei 2000; De Nicola and Randolph
1999; O’Neill 2001; Randolph 2003; Rao and Venkatesh 1985). Table 2.1 contains values for the
ratio of tensile-to-compressive shaft resistance (SRR) found in the literature. The values vary
within a relatively wide range. Some current design methods for driven piles in sand have adopted
empirical approaches to account for the effect of loading direction on shaft capacity (Jardine et al.

2005; Kolk et al. 2005; Lehane et al. 2005b). In general, most of the design guidelines recommend
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the use of a reduction of 10-30% of the shaft capacity in compression to obtain the tensile capacity
of driven piles in sand.
Different mechanisms have been proposed to explain the drop in shaft resistance in tension
(De Nicola & Randolph, 1993; Lehane et al., 1993; De Nicola & Randolph, 1999; Fioravante et
al, 2010). These can be reduced to essentially four hypotheses:
a) differences in the radial stress field around the pile due to the Poisson effect
(expansion/contraction) in the pile (De Nicola and Randolph 1993);

b) reduction of the radial stresses in the lower part of the pile due to the development of a
“relaxed bulb” (Fioravante et al., 2010);

c) increase in the mean stress level in the soil around the pile when it is loaded in
compression and the opposite when the pile is loaded in tension (De Nicola & Randolph,
1993; Lehane et al., 1993);

d) changes in the mean effective stress along the pile shaft due to rotation of the principal
stress directions depending on the pile loading direction (De Nicola & Randolph, 1993;
Lehane et al., 1993).

Loukidis & Salgado (2008) did not observe the Poisson effect in finite-element analyses of
a wished-in-place pile in sand modelled using a realistic bounding-surface constitutive model
(Loukidis and Salgado 2009), suggesting that the difference in stiffness between the pile material
and soil was too large for a build-up in normal stress at the interface to result from any radial pile
expansion due to the Poisson effect.

Fioravante et al. (2010) performed tensile and compressive loading tests on non-
displacement model piles embedded in sand in a centrifuge and observed that the shaft resistance
values near the base of the model piles were different depending on the loading direction, whereas,
at other locations along the model piles, the shaft resistance values were approximately the same.
These results led Fioravante et al. (2010) to suggest that the formation of a “relaxed bulb” of soil
around the pile base during pullout is one of the reasons why the tensile-to-compressive shaft

capacity ratio is less than one.
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Table 2.1. Reported values of the tensile-to-compressive shaft resistance ratio SRR.

References Method Pile type Installation Soil SRR
procedure
Beringen et Sta}tic load tests Opgn_lend(eid Driven O‘;?Crl't ‘ Open-ended pile: 0.63 ®
al. (1979) in the field zﬁdecdfﬁe; dgggzi Lfaszn y Closed-ended pile: 0.80 ¥
Lehane Static load tests  Closed-ended Tacked Fine-medium 0.83 0
(1992) in the field piles acke uniform sand :
at Lebenne
Hussein & Static load tests Pre-stressed Deposit of
Sheahan i the field square Driven clayey sand 0.76 ®-®
(1993) i the fie concrete piles and sandy clay
at Myers
Closed-ended Dense Marine Closegl-ended jacked piles:
(Chow Static load tests and open- Jacked and cand at 0.75,0.82 -0.86 ®, and
1997) inthe field  ended tubular  driven Durkick 0.86
piles urKie Open-ended driven piles:
0.76 ¥
Rao & Static load tests Closed-ended Uniform .
Venkatesh in calibration . Jacked coarse and Smooth piles: 0.5 - 0.9
(1985) chamber pries uniform Rough piles:0.8
medium sand
Amira et al. SFatlc 1.0 ad FeStS Closed-ended . Dry and dense ®
(1995) in calibration piles Preinstalled Inagi sand 0.48
chamber
El Naggar . Tapered and T d piles: 0.33 - 0.68
: Static load tests . . Loose and apered pules: 0.55 - U.
& Wei, S straight-side . . 0
(2000) and in calibration wall tubular Preinstalled medium-dense : :
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) SRR from tensile-to-compressive loading sequence; ¥ SRR from compressive-to-tensile loading sequence; SRR from
first-time tensile and first-time compressive loadings; ¥ compressive shaft capacity based on field dynamic tests.
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Lehane et al. (1993) used results of Ko-consolidated triaxial (compression and extension)
tests performed in Labenne sand, which is a sub-rounded to sub-angular sand (Belheine et al., 2009;
Diaz & Rodriguez-Roa, 2010), to help explain the effect of loading direction on the shaft capacity
of displacement piles. Lehane et al. (1993) found that a 90° rotation of the principal stresses (with
respect to the principal stress direction after Ko consolidation), as in triaxial extension (TXE) tests,
leads to a reduction in the deviatoric stress and a contractive soil response accompanied by strain
softening. In contrast, samples loaded in the same direction as the consolidation stress, as in triaxial
compression (TXC) tests, exhibit a dilative response, with strain hardening. Lehane et al. (1993)
suggested that the shaft capacity of displacement piles in sand is greater in compressive loading
because, during pile loading, the soil is loaded in the same direction as it was loaded during pile
installation. Contrastingly, in tension, the loading direction is opposite to that during pile
installation, leading to a reduction in radial effective stresses.

Fabric anisotropy can be expected even if particles are well rounded and approximately
equidimensional. Wong & Arthur (1985) used an extensive series of drained tests performed in a
directional shear cell (Arthur et al,. 1977, 1981) to study induced anisotropy on samples of
Leighton Buzzard sand, whose particles are rounded (Arthur & Menzies, 1972; Konagai et al.,
1992; Altuhafi, et al, 2013; Senetakis et al, 2013;). Wong & Arthur (1985) concluded that any
plastic deformation in sandy soils induces anisotropy, even in soils with rounded particles and an
initially isotropic fabric. Similar observations were made by Oda & Konishi (1974) and Subhash
et al. (1991).

In this chapter, the tensile and compressive resistances of jacked piles in sands are studied
through calibration chamber testing. These piles may be installed monotonically or through
multiple jacking strokes (Basu et al. 2011; Gavin and O’Kelly 2007; Jardine et al. 2013; White
and Lehane 2004; Yang et al. 2014). The chapter reports the results of a series of experiments
carried out on model piles monotonically jacked into dense sand samples. The digital image
correlation (DIC) technique was used to obtain the displacement and strain fields generated during
loading of model piles tested in tension and compression, which provide insights into the
mobilization of shaft resistance in tensile and compressive loading and help elucidate the
underlying mechanisms causing the differences in pile response to loading. The experiments and

their results are discussed next.
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2.3 Materials and methods

2.3.1 Experimental set-up

Model pile experiments were performed in a half-cylindrical steel chamber (diameter =
1.68 m and height = 1.25 m), a jacking system with 50 kN capacity and an imaging system. The
front wall of the chamber contains a 76-mm-thick polymethyl methacrylate (PMMA) window
supported by a steel frame. To prevent scratching of the PMMA, a clear, annealed glass sheet is
attached to the PMMA wall on the sample side before each test. A vertical stress can be applied
using an air-pressurised rubber bladder and a reaction steel lid bolted to the chamber. Arshad et al.
(2014) provides a more detailed description of the test set-up.

The closed-ended model pile consists of a 31.75 mm-diameter half-circular rod made of
brass and a 60° half-conical tip that houses a miniature compression load cell with capacity of 10
kN. The pile is assembled with a 20 kN (tension/compression) load cell at the head. The model
pile has a smooth surface, but its surface roughness can be changed by attaching sandpaper to its

shaft.

2.3.2 Test sand

The test sand is a silica sand (SiO2 = 99.7%) known as Ohio Gold Frac sand, which has
sub-angular to sub-rounded particles with high sphericity and is classified as a poorly graded sand.
The sand properties are summarized in Table 2.2. Table 2.3 provides the values of the interface
critical-state friction angle o of the sand when sheared against brass, sand, and sandpaper, as well

as for the pile shaft-glass interface obtained from interface direct shear tests.

Table 2.2. Index and mechanical properties of Ohio Gold Frac sand.

b c c G ¢CSDS ¢CSRS ¢CS TXC
s (mm) ! ‘ emax emin ’ (degrees) (degrees) (degrees)
0.62 1.44 094 0.81 0.59 2.65 32.0 31.3 32.6

Note: Dsp = mean particle size, C, = coefficient of uniformity, C. = coefficient of curvature, e,, = maximum void
ratio, e,;; = minimum void ratio, G, =specific gravity, ¢.° = critical-state friction angle obtained from direct shear
tests; @,/ € = critical-state friction angle obtained from triaxial compression (TXC) tests; ¢.*° = critical-state friction
angle obtained from ring shear tests.
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Based on the particle size distribution curves obtained from specimens of crushed sand
particles carefully recovered from a 5 mm-thick annular zone around the shaft of the jacked model
pile after a test performed under a surcharge of 70kPa (Tovar-Valencia et al. 2018), the authors
calculated the values of the breakage parameter B, as defined by Einav (2007), to be 41.6 % near
the pile base (h/rp = 3.5) and 26.4 % at 0.29 m (corresponding to /#/rp = 18.5) above the pile base.

Table 2.3. Interface friction angles from direct shear tests.

Interface Interface friction angle J (degrees)
Sand-glass 9.0
Brass-glass (greased brass surface) 93
Brass-sand 19.7
Sandpaper grit#320 -sand 25.0
Sandpaper grit#120 -sand 28.4

Note: all interface friction angles involving sand are at critical state.

2.3.3 Normalised shaft roughness

Three different values of pile surface roughness were considered based on roughness
measurements performed on three industrial steel piles (Tovar-Valencia et al. 2018) and the grit
of available sandpaper. Table 2.4 summarizes the values of the surface roughness parameters Ra,
Rt, Rmax and Rn and indicates that the surface roughness values used in the model pile tests is
comparable to those of industrial steel piles. A detailed discussion on scale effects related to
surface roughness and model pile diameter can be found in Tovar-Valencia et al. (2018). The
essential scale effects refer to the thickness of the shear band, which is a function of the particle
size and pile surface roughness, and the pile diameter. Pile unit shaft resistance is a function of the
ratio of pile diameter to shear band thickness (Loukidis and Salgado 2008) because a shear band
of the same size produces more significant dilatancy-related changes in soil state next to the pile

for smaller values of that ratio.

2.3.4 Boundary and scale effects

The configuration of the half-cylindrical calibration chamber imposes a BC3 (passive
radial rigid wall) condition on the soil samples (Ghionna & Jamiolkowski, 1991; Salgado et al.,

1998). The chamber-to-pile diameter ratio D/B is 52 and, thus, small to negligible chamber
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boundary effects on the test results are expected (Salgado 2013). Base boundary effects were
minimized in the tests by maintaining the distance between the base of the chamber and the pile
tip greater than 18B. The ratio of the model pile diameter B to the Dso of the test sand was 51.2,
which is sufficient to avoid scale effects at the pile base (Gui & Bolton, 1998; Salgado, 2013).

Table 2.4. Roughness parameters of surfaces used before testing (modified after Tovar-Valencia
et al. (2018)).

R. ™ R ® Rimax © @)
Surface (um) (um) (um) Rn
Most rusted pipe pile 19.63 159.2 65.99 0.106
Least rusted pipe pile 3.43 49.08 18.57 0.030
Internal pipe pile surface 19.46 172.18 66.46 0.107
Sandpaper grit # 120 2431 173.85 81.14 0.131
Sandpaper grit # 320 7.63 55.77 39.70 0.064
Brass 0.22 2.25 1.27 0.002

(M R, = centreline average roughness over a travel length L = 25 mm.

@ R, = distance normal to the surface from the highest peak to the deepest valley measured over a traveling length L =
25 mm.

® Ruax = 11 /n, where n = int (L/Ly,), r,is the distance normal to the surface between the highest peak and the deepest
valley within a single sampling length L,~=Ds and measured sequentially along a traveling length L = 25 mm.

@ Ry = Rimnax / Ds5o(Uesugi and Kishida 1986a; b).

2.3.5 Image analysis

The analysis of the images obtained from the three complementary metal-oxide
semiconductor (CMOS) cameras was performed using the DIC technique. The software VIC-2D
(Correlated Solutions 2009) was used to process the images. A subset size of 25 by 25 pixels,
which gives a resolution higher than 27 microns owing to a subpixel interpolation scheme
implemented in VIC-2D (Sutton et al., 2009), was used to process the images. Further details on
camera calibration, speckle pattern, precision and accuracy can be found in Arshad et al. (2014),

Tehrani et al. (2016) and Tovar-Valencia et al. (2018).

2.3.6 Test procedure and test program

Sand samples with height equal to 1050 mm were prepared in the calibration chamber using
the air pluviation technique (Arshad et al. 2014). The sand samples had an average relative density,
DR, of 89%. After preparation of each sample, the jacking system was set in place and a surcharge

of 70 kPa was applied at the top of the sample. The model pile was positioned in nearly perfect
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alignment with the flat chamber wall so as to prevent sand intrusion between the pile and
the glass during installation. For all tests, the samples were aged for 1 day. The model pile was
then monotonically jacked into the sand sample at a constant rate of 0.8 mm/sec until the desired
pile base depth was reached. The pile head load was then reduced to zero, simulating the end of
pile installation. A sequence of tension-compression (TC) or compression-tension (CT) static load
tests immediately followed. The quasi-static tests were displacement-controlled with a rate of 0.12
mm/s. The minimum displacement achieved during static loading of the model pile was
approximately 1.08 (30 mm). The model pile base load Qv and the head load Ot were recorded
throughout the tests at a frequency of 2 readings per second. Each of the three digital CMOS
cameras were set to take images at a rate of two frames per second (fps) from one observation
window.

Six model pile tests were performed in the half-cylindrical calibration chamber in dense

sand samples. The test designation is given in Table 2.5.

Table 2.5. Test program.

Test® Relative density Dr (%) Shaft surface Installation depth (mm)
D-R-TC 90 SP grit #120 400
D-R-CT 89 SP grit #120 370
D-MR-TC 88 SP grit #320 400
D-MR-CT 90 SP grit #320 370
D-S-TC 90 Brass 400
D-S-CT 88 Brass 370

Note: D = dense sand sample, R = rough shaft, MR = medium rough shaft, S = smooth shaft, TC = tensile followed

by compressive loading, and CT = compressive followed by tensile loading, SP, sandpaper.

(1 All tests performed on monotonically installed jacked model piles with 70 kPa surcharge on the calibration
chamber sand samples.

2.4 Results and discussion

2.4.1 Sensor-based results

Figure 2.1 shows the unit base resistance g» and unit shaft resistance gs.avg developed during
installation of rough, medium-rough and smooth model piles (Test D-R-TC, D-MR-TC and D-S-

TC). The flat side of the half-circular model pile was always in contact with the glass, so measured
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shaft resistance is slightly greater than the actual shaft resistance that would develop by pile-sand

friction only. The values reported are corrected for this.

Unit base resistance ¢, (MPa) Average limit unit shaft resistance g, ,,, (kPa)
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Figure 2.1. Resistances measured during installation of the model piles in dense sand for tests D-
R-TC, D-MR-TC and D-S-TC: (a) unit base resistance, gv; (b) average limit unit shaft resistance,

{sL.,avg.

Figure 2.1 shows that, at z/r, = 25, the unit shaft resistance is fully mobilized and increases
significantly with increasing surface roughness (i.e., gsL.avg for the rough pile is 220% greater than
for the smooth pile). The unit base resistance g» varies between 14.5 and 16 MPa at the end of pile
installation (at z/rp = 25). Particle crushing below the pile base can be easily detected from the
images (crushed particles are lightly coloured); particle crushing occurs when gv exceeds

approximately 5 MPa.

31



= T T T T T T T T T T T T
% 300 _ D_R_TC. ' (+) Compression
s | (Tensile - compressive loading)
el R=2431 um
200 | D= 90 % 7
o,= 70 kPa

end
begin push- in
pull-out

s,

o

]
T

(-) Tension
1 1 1 1 1 L 1 L 1

390 400 410 420 430 440

Average unit shaft resistance ¢
o

)
S
S

(9%}
N
o
(o8}
-~
o
(98]
oo
o

Depth (mm)
(a)

;ct? T T T T T T T T
2, 300 | () Compression D'R?CT e

s ompressive-tensile

: loading) ]
o200 | 4
£ R=2431 um
g 100 k D=89 % .
& o="T0kPa
5
< 0 i ]
; "% begin |
5 [ push - in T
g-100 { . -
g L end pull- out (-) Tension 1
E 2200 1 . I . I : I . ]

370 380 390 400 410 420
Depth (mm)

(b)

Figure 2.2. Average unit shaft resistance gs.avg plotted against depth for tension—compression and
compression—tension loading tests performed in dense sand using a model pile with a rough shaft
(Rn=0-131): (a) test D-R-TC; (b) test D-R-CT.
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Figure 2.2(a) shows the average unit shaft resistance gsavg plotted against depth recorded
during the loading sequence of test D-R-TC. The model pile was first pulled out from an initial

base depth of = 400 mm to a base depth of ~ 370 mm (corresponding to a pile head displacement
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w =~ —30 mm ~ —1B). During this tensile loading stage, the absolute maximum value of gsavg Was
136.0 kPa at w =~ —3.7 mm. The model pile was then pushed down from =~ 370 mm to =~ 430 mm
(corresponding to w ~ 60 mm = 2B). During this compressive loading stage, gsavg started to
increase significantly only after the base crossed a depth of 390mm (at which w = 0.7B). This can
be attributed to the collapse of the cavity formed below the base of the pile during the previous
tensile loading stage, which created a very loose sand zone near the base, as also pointed out by
Fioravante et al. (2010). After a depth of ~ 390 mm, gsave increases continuously reaching a
maximum value of 170 kPa after 60 mm of pile head displacement (at a depth of 430 mm). Similar
trends were observed in tests D-MR-TC and D-S-TC tests.

Figure 2.2(b) shows the average unit shaft resistance gsavg plotted against depth recorded
during the loading sequence of test D-R-CT. In this test, the model pile is first pushed down to a
depth of 400 mm (corresponding to w = 30 mm ~ 1B). Then, it is pulled out for w ~ =30 mm =
—1B to a pile base depth equal to 370 mm. The absolute maximum value of gsavg during
compressive and tensile loading was 250 kPa at w ~ 3.1 mm and 131.5 kPa at w = —=5.1 mm,
respectively. Lower magnitudes of gsavg in tensile, rather than compressive, loading were also
observed in tests D-MR-TC and D-S-TC.

By comparing the tensile loading of test D-R-TC (Figure 2.2 (a)) and test D-R-CT (Figure
2.2(b)), it can be seen that the loading direction sequence (TC or CT) has little influence on the
absolute maximum value of gs.avg (131.5 kPa for D-R-CT and 136.0 kPa for D-R-TC) measured in
tension; this is because the compressive loading has an effect on the unit shaft resistance in the
subsequent tensile loading that is similar to that of installation. In contrast, the maximum value of
gsavg in compression is significantly affected by the loading direction sequence. The maximum
value of gsavg during compressive loading for test D-R-TC (gs,avg = 170 kPa at w = 60 mm) was
32% less than that in test D-R-CT (gs.avg = 250 kPa at w = 3.1 mm). It should be noted, after tensile
loading, the maximum gs.avg in compression does not reach the value measured in the test in which
the pile is first tested in compression, even after a pile head displacement w of 2B. These results
suggest that the tensile loading induces substantial changes in the stress states of the sand elements
next to model pile. This may be related, in part, to what happens below the base of the pile;
however, because the compressive loading was extended until the pile base was a full diameter
beyond its position before the tensile loading was applied, this alone would not explain the

difference. Peaks in shaft resistance were not observed in the load-settlement curves during
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compressive loading, which suggests that most of the dilatancy was already mobilised during the
installation process. For both compressive and tensile loading, gsLavg is defined as the maximum
absolute value of gs,ave.

The average unit shaft resistance gsavg for the first-time loading (FTL) performed
subsequently to pile installation is plotted against the pile head displacement w in Figure 2.3 for
all the tests. Positive values of pile head displacement indicate compressive loading, while negative
values indicate tensile loading. Figure 2.3 shows that, in the FTL, the magnitude of gsL.avg is greater
when the pile is first loaded in compression than when it is loaded first in tension. It is also

observed that there is an increase in gsi,avg When the surface roughness increases.
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Figure 2.3. Average unit shaft resistance gsavg plotted against pile head displacement w for FTL
of rough (Rn=0-131), medium-rough (Rn= 0-064) and smooth (Rn= 0-002) model piles.

Two different tension-to-compression shaft resistance ratios were calculated: (a) the ratio
SRR for gsLavg measured in tension and compression for the same sample (same test) and (b) the
ratio SRRr1L for gsi.avg measured from the FTLs. The results provided in Table 2.6 — in terms of
gsL.avg measured during each loading stage, SRR and SRRrrL — show that: (a) SRR and SRRrrL are
less than one; (b) SRR is always greater when the model pile is first loaded in tension (owing to
the lower shaft capacity that results in the subsequent compressive loading); and (¢) SRRrrL tends

to decrease as the pile surface roughness increases.
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Table 2.6. Ratios SRR and SRRrrL from tests performed on jacked model piles.
{sL, avg (kPa)

Test ) ) ) ) SRR SRRrrL?
Tensile loading stage =~ Compressive loading stage

D-S-CT -58.0 89.0 0.65 0.67
D-S-TC -60.0 68.0 0.88 '
D-MR-CT -117.0 210.0 0.56 0.59

D-MR-TC -123.0 147.0 0.84 '
D-R-CT -131.5 250.0 0.53 0.54
D-R-TC -136.0 170.0 0.80 '

SRR is the ratio of the |gsL, ave| in tension divided by gsL, ave in compression for the same test.
2 SRRy is the ratio of |gsL, ave| in tension divided by gs1. ave in compression, both measured from FTL, for the
same shaft surface roughness and relative density.

2.4.2 Image-based results

The DIC results reported here follow the same coordinate reference system used by Arshad
et al. (2014). The horizontal distance from the centreline of the model pile to any soil element is
denoted by r. The vertical distance from the sample surface to a soil element at any given depth is
z. The penetration depth /* is measured from the surface of the sample to the pile base. The vertical
distance of a soil element with respect to the pile base is represented by / (2 = 0 at the pile base,
positive above it, and negative below it). These variables can be normalised with respect to the
model pile radius, 7p.

Figure 2.4 through Figure 2.13 correspond to tensile and compressive loading from FTLs
performed on a jacked model pile with rough shaft for a magnitude |w| of pile head displacement
equal to 15 mm, unless otherwise mentioned. A value of |w| = 15 mm was sufficient for full shaft

resistance mobilization.

2.4.2.1 Crushed particle zone and shear band

The average thickness #b of the crushed particle band, before and after pile loading, was
estimated for all the tests by measuring the radial distances from the pile shaft to the boundary
where the changes in colour of the sand particles were visually noticeable. The values of z before
pile loading (i.e., after pile installation) are summarized in Table 2.7, indicating that #» values do

not depend significantly on the pile surface roughness (fcb.avg = 2.3 mm + 0.2 mm). The crushed
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particle band was measured again after the last static load tests; no change in particle band
thickness was observed after the loading tests. This demonstrates that most, if not all, of the particle
crushing occurred at the base of the pile during jacking. The particle size distribution curves
obtained from specimens of crushed sand particles recovered along the pile shaft indicate that the
roughness of the shaft has a negligible effect on the final gradation of the crushed sand. Both Yang
et al. (2010) and Tovar-Valencia et al. (2018) concluded that crushing occurs below the base of
the pile and that, for silica sand, crushing depends on the sand relative density and the vertical

stress magnitude.

Table 2.7. Thickness of the crushed zone developed during pile installation and thickness of the
shear band developed after 15 mm of pile head displacement for the first-time loading stages of
monotonically jacked model piles.

Test Rn fcb (Mm) ts (mm) ts / Dso
D-R-TC 0.131 2.4 2.00 3.23
D-MR-TC 0.064 2.4 1.70 2.74
D-S-TC 0.002 22 - -
D-R-CT 0.131 2.4 1.80 2.9
D-MR- CT 0.064 2.3 1.30 2.1
D-S-CT 0.002 2.2 - -

Note: Dso (= 0.62 mm) is the mean particle size of the sand before installation and testing (before any crushing),
R, is the normalized roughness, 7 is the thickness of the crushed particles band, ¢ is the thickness of the shear
band.

Videos recorded with a microscope during the static load tests show the formation of a
shear band along the pile shaft of rough and medium-rough model piles, but not for smooth model
piles. Visual tracking of particles was used to estimate the #s values (Tovar-Valencia et al. 2018).
The values of # for all the first static load tests are reported in Table 2.7. It is observed that for
piles with medium-rough or rough surfaces, the shear band develops within the zone of crushed
particles (¢ < 2.0 mm = 3.2Ds0). During compressive loading, shearing happens in a more localised
zone next to the pile shaft, as the estimated #s values are smaller in compressive than in tensile

loading. Additionally, the values of # increase with increasing surface roughness.

2.4.2.2 Displacement vectors during loading

Figure 2.4 shows the magnitude and direction of the displacement vectors in the tensile

loading stage of test D-R-TC and the compressive loading stage of test D-R-CT. Maximum
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displacements measured with DIC are concentrated in a narrow band next to the crushed particle
zone. The magnitude of the displacement decreases (at a higher rate in compression than in tension)
with increasing normalised radial position, 7/7p. This observation also indicates that the shearing
is more localised and affects a smaller volume of soil outside the shear band for compressive than
for tensile loading. For both tensile and compressive loading, the piles with a smooth shaft mobilise
displacements to smaller distances from the pile surface than the piles with a rough shaft.

The pattern of the displacement vectors around the pile tip in compressive loading shown
in Figure 2.4(b) is consistent with that proposed by Salgado & Prezzi (2007) and observed by
Arshad et al. (2014). Vectors immediately below the model pile tip are sub-vertical, pointing down,
while the radial component of the displacement dominates further away from the tip and to the
side. Between these two zones, there is a transition region where the displacement vectors rotate
from a vertical to a radial direction. The same is observed for tensile loading in Figure 2.4(a), but
with the vector directions approximately reversed. The directions of the displacement vectors
suggest that, near the pile base, the stress level decreases during tensile loading because of cavity
collapse, whereas it increases in compressive loading due to cavity expansion. The change in stress
level below the pile base is considered to have little influence in reducing the shaft resistance in
tension; however, this reduction in stress level at the base affects the development of the shaft
resistance of the subsequent compressive loading, as shown in Figure 2.2(a).

The authors calculated the average orientation of the displacement vectors within a zone
limited by 1.15< #/rp <2 (18.25 mm < r < 31.75 mm) and 8.5 < z/rp <20.5 (103.19 mm < z <
325.43 mm) using their magnitude as a weighing factor (Arshad et al., 2014). Figure 2.5 shows
the displacement vectors of the zone defined above for tensile and compressive FTLs for the rough
pile. Results indicate that, next to the model pile: (a) the average orientation of the displacement
vectors in tensile loading (105°, measured counter-clockwise from the /7 axis on the right side
and clockwise on the left side of the pile) is nearly opposite to that in compressive loading (= —82°);
(b) soil elements move further during tensile than compressive loading; and (c) the main

displacement component is the vertical displacement for both loading directions.
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Figure 2.4. Soil displacement vectors for an absolute value of pile head displacement |w| of 15

mm (pile tip at 2* =26-5rp): (a) tensile loading stage of test D-R-TC; (b) compressive loading
stage of test D-R-CT.
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Figure 2.5. Average direction of displacement vectors along the shaft when the model pile tip is
at h*=26-5rp and |w|= 15 mm: (a) tensile loading stage of test D-R-TC; (b) compressive loading
stage of test D-R-CT.

2.4.2.3 Vertical and radial displacements along the shaft during loading

Figure 2.6 shows the cumulative vertical displacement v (positive when soil elements move
upward and negative when they move downward) and cumulative radial displacement u (positive
when soil elements move away from the pile shaft and negative when they move towards it) plotted
against the radial position » - rp relative to the pile shaft for soil elements located at z/rp = 11 for
the FTL of tests D-R-TC and D-R-CT. For a given r - rp position, the vertical displacement
magnitude |v| is greater for tensile than for compressive loading. For compressive loading, the
profiles of v along the pile shaft were very comparable, suggesting that the shear band forms along
the entire shaft with approximately the same thickness. However, for tensile loading, the top
boundary influenced the v profiles down to z = 6.5rp. During loading, the magnitude of v of sand
next to the pile shaft decreases as the roughness of the shaft decreases. Soil elements near the pile
shaft tend to move radially towards the pile shaft in tensile loading and radially away from the pile
shaft in compressive loading. However, the magnitudes are significantly smaller than those
observed during installation of jacked piles and during loading of non-displacement piles (Tehrani

et al. 2016). The maximum cumulative radial displacement u at z/r, = 9.5 is equal to 0.05 mm for
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both tensile and compressive loading (but with opposite directions) and occurs close to the shaft,
at » - rp = 7.8 mm for tensile loading and at » - r, = 3.0 mm for compressive loading. This
observation suggests that the mode of installation has a major influence on the magnitudes of u of
the soil elements close to the pile shaft and that, in the case of jacked piles, the bulk of the radial

displacements happen during pile installation.
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Figure 2.6. Vertical and radial displacement profiles at z/rp= 11 and [w|= 15 mm for the tensile
loading stage of test D-R-TC and the compressive loading stage of test D-R-CT.

2.4.2.4 Cumulative and incremental radial and shear strains during loading

The Green-St. Venant strain tensor is obtained using the continuum mechanics formulation
implemented in the post-processing tool of VIC-2D software (Sutton et al., 2009). The solid
mechanics sign convention is followed, so that positive radial strains Err represent stretching of the
soil element radial dimension, whereas negative radial strains FEr indicate the opposite,

compression.
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Figure 2.7 shows the cumulative radial strain £ and shear strain Ei; of soil elements
located at a depth z/r, = 11 plotted against the radial position 7 - 7p relative to the pile shaft for the
FTL of tests D-R-TC and D-R-CT. In both cases of loading, the radial strains E:r of the leftmost
soil elements captured by the DIC analysis, which are immediately next to the crushed band (at
- rp = 2.4 mm), are negative, indicating radial contraction. In tensile loading, elements located in
the 12.9 mm < r - rp <45.0 mm interval stretch (radial strains Eir take positive values). The values
of Exr become negligible (|Ew| < 0.05%) for » - rp > 45.0 mm in tensile loading and 7 - rp, > 25.0
mm in compressive loading. The magnitude of Er- at a given r - rp position is greater in tensile than

in compressive loading and increases as the roughness of the shaft increases.
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Figure 2.7. Radial and shear strain profiles at z/7, = 11 and |w| = 15 mm for the tensile loading
stage of test D-R-TC and the compressive loading stage of test D-R-CT.

Figure 2.8 shows the shear strain increment AEr- of elements located at a radial distance
-rp=4.5,9.2 and 16.6 mm calculated as the difference between consecutive cumulative shear

strains Er, corresponding to pile head displacements differing by 1.6 mm (= 0.17p) plotted against
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the current pile head displacement for tensile (test D-R-TC) and compressive (test D-R-CT)
loading. The results indicate that the shear strain increment AE:, decreases with increasing |w|. For
soil elements located at 7 - 7p < 9.2 mm, the magnitude of AE: is always greater for tensile than

for compressive loading.
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Figure 2.8. Shear strain increment AE:, plotted against the absolute value of pile head
displacement |w| of soil elements located at z/r, = 11 and radial distances of - rp=4-5, 9-6 and
16-6 mm for tensile (test D-R-TC) and compressive (test D-R-CT) loading of rough model pile

(AErz 1s calculated at every |[Aw| =1-6 mm = 0-1rp).

Figure 2.9 shows the radial strain increment AE:xr of elements located at a radial distance
-rp=4.5 and 16.6 mm, calculated as the difference between consecutive cumulative radial strains
E:xr corresponding to pile head displacements differing by 1.6 mm (= 0.17p) plotted against the
current pile head displacement for tensile (test D-R-TC) and compressive (test D-R-CT) loading.
For tensile loading, the soil element near the pile shaft (» - 7, = 4.5 mm) contracts radially (AEw <

0) during most of the loading process, but at a rate that decreases with increasing magnitude |w| of
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the pile head displacement. The radial contraction observed near the pile shaft during tensile
loading is consistent with the observed decrease in the normal radial stress and unit shaft resistance
upon tensile loading. In contrast, for compressive loading, the soil element near the pile shaft (at »
- rp=4.5) experiences first radial extension for [w| < 3.2 mm, then, for higher values of |w|, the soil
contracts slightly. At a radial distance » - rp, = 16.6 mm, the soil elements experience small radial

deformation for |w| < 3.2, then stop deforming.
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Figure 2.9. Radial strain increment AE: plotted against the absolute value of pile head
displacement |w| of soil elements located at z/7y= 11 and radial distances of » —rp =4-5 and 16-6
mm for tensile (test D-R-TC) and compressive (test D-R-CT) loading of rough model pile (AE:

is calculated every |Aw|=1-6 mm = 0-1rp).

2.4.2.5 Volumetric strains during loading

The Lagrangian volumetric strain Evol can be calculated from the deformation gradient F

using Evol = detF - 1, where F is the deformation

43



1+@ 0 u
or 0z
F=I+Vu=| 0 1+% 0 (2.1)
r
o 0 1+@
or 0z |

where 1 is the identity matrix, Vu is the displacement gradient tensor, u# and v are the radial and
vertical displacement at the centre of a soil element;  is the radial distance from the centre of the
soil element to the centreline of the model pile; and z is the vertical distance from the sample
surface to a soil element. Figure 2.10 shows the cumulative Lagrangian volumetric strain Evol
(positive when soil element dilates and negative when soil element contracts) at different radial

distances 7 - rp from the pile shaft in tensile (test D-R-TC) and compressive (test D-R-CT) loading.
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Figure 2.10. Volumetric strain Evol profiles at z/rp = 11 and magnitude |w| of pile head
displacement equal to 15 mm for the tensile loading stage of test D-R-TC and the compressive
loading stage of test D-R-CT.

In tensile loading, the soil elements contract near the pile shaft (Evol = — 45%) but dilate
slightly (Evol = 4%) between 6.8 mm < 7 - r, <40.0 mm. This process is consistent with a reduction
in lateral stress against the pile and with a unit shaft resistance lower than that observed for
compressive loading, for which the soil elements outside the crushed particle band exhibit
negligible volumetric strains. DIC information is not available inside the shear band (» - rp < 3.0

mm).

2.4.2.6 Principal strains during loading

Figure 2.11 shows the direction of the minor principal component > (i.e., the largest
compressive principal strain) of the Green-St. Venant strain tensor in the -z plane for FTLs of the
rough model pile. During compressive loading (Figure 2.11(b)), the load is transferred obliquely

with an inclination of — 45° immediately outside the crushed band and tends to bend towards the
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vertical direction further away from the pile shaft (nearly —60° at z/rp = 3). This mechanism is
consistent with the arching effect on soils in compressive pile loading (i.e., oblique conical transfer
of stress) as observed by Loukidis & Salgado (2008) and Touma & Reese (1974). Contrastingly,
in tensile loading (Figure 2.11(a)), the direction of E» is approximately reversed (with inclination
approximately equal to +45° close to the pile, increasing to nearly +60° further away from it).

Figure 2.12 shows how the principal strain magnitudes change with increasing » - rp for
soil elements located at a normalized depth z/r, = 11 along 7 - rp in the FTL of tests D-R-TC and
D-R-CT. The orientation of E> of the soil elements at » - r, = 2.7, 6.5, 15.8 and 28.8 mm are also
shown in Figure 2.12. For both loading cases, principal strains £1 and E> greater than 0.1% are
limited to a band of about 15 mm thick (measured from the pile shaft). The magnitudes of the
principal strains are greater in tensile than in compressive loading. For a given 7 - rp location, the
absolute magnitudes of £1 and E2 in tensile loading are approximately the same. The approximate
equality of principal strain magnitudes characterises a process of shearing in the vertical direction,
along the pile shatft.

The average orientation of £> within the zone limited by 1.15< r/rp <2 (18.25 mm < r <
31.75 mm) and 8.5 <z/rp <20.5 (103.19 mm <z < 325.43 mm) was calculated, using its magnitude
as a weighing factor. The results indicate that the average direction of £ for compressive loading
is equal to —39.2° and, for tensile loading, it is equal to + 41.8°, approximately perpendicular to

each other.
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to the pile centreline
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Figure 2.11. Direction of the minor principal strain £> (largest compressive strain) developed at

Normalised radial position r/rp relative
|w| = 15 mm (h* = 26-51rp) for the: (a) tensile loading stage of test D-R-TC; (b) compressive
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Figure 2.12. Magnitude of E1 and £ of soil elements located at z/rp = 11 plotted against radial
position r - rp relative to the pile shaft at [w|= 15 mm for the tensile loading of test D-R-TC and
the compressive loading of test D-R-CT (the direction of £ is indicated for some data points).

2.4.2.7 Effect of installation on principal strain direction

Figure 2.13 shows the direction and magnitude of the principal strains at the end of model
pile installation of test D-R-CT. The average inclination of the maximum compressive strain E2 is
—40.0° measured from the horizontal axis. Keeping in mind that sample deposition and subsequent
one-dimensional consolidation yields a vertical (—90°) compressive strain, there is a principal

strain rotation of 50° caused by pile installation.

2.4.2.8 Fabric and its effect on the mechanical response of sand

Oda (1972b) and Subhash et al. (1991) observed that, in shearing of photo-elastic granular
materials, the contact normals align with the maximum principal compressive stress direction. In
more recent studies, Fonseca (2011) and Fonseca et al. (2012) investigated, using microcomputed

tomography, the three-dimensional fabric evolution of Reigate sand after shearing in triaxial tests.
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Confirming previous work by Subhash et al. (1991) and Oda (1972a). Fonseca (2011) observed
that, in the post-peak regime, outside the shear band, the contact normals tend to align with the
most compressive principal stress direction (vertical direction in TXC).

During monotonic jacking of the model pile, the sand near the shaft is pre-sheared. This
process induces a rotation of the principal strains, as shown in Figure 2.13, and thus a change in
the directions of the contact normals. For compressive loading, the load transfer mechanism is like
that during pile installation (i.e. similar directions of the most compressive strain £2 were observed
for pile installation and compressive loading), which means that the shearing during compressive
loading does not induce meaningful changes in the soil fabric. In contrast, at the end of tensile
loading, the direction of E2 rotates from —40° before to +42° after tensile loading. During this
process, the fabric rotates so that contact normals realign with the direction of the principal strains
to accommodate the new loading direction. Consequently, in tensile loading, the soil elements
outside the shear band would be expected to become less stiff. The fact that the initial fabric is
stiffer in compression than in tension is seen by observing strains in soil elements near the pile
shaft during loading; they all undergo less deformation in compressive loading; they do not exhibit
the significant contraction observed in tensile loading.

In the case of driven or cyclically jacked piles, the difference between the shaft resistance
in tension and compression is expected to be less than for monotonically jacked piles because of
the partial load reversal during installation. Tension-to-compression shaft resistance ratios are still
anticipated to be less than one because of the net downward movement of the pile during
installation, which still produces an anisotropic fabric, notwithstanding the rebounds at the end of

individual blows or cycles.
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Figure 2.13. Magnitude and direction of £1 and E2 at the end of installation of monotonically
jacked model pile (test D-R-TC).

2.5 Summary and conclusions

This chapter has presented the results of a series of loads tests performed on instrumented
jacked model piles starting with tensile, then followed by compressive loads (TC sequence) or

with the reverse sequence, compression-tension (CT). Three different model pile surface
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roughness values, corresponding to relative roughness Rn = 0.002, 0.064, 0.131, were studies in
the experiments. The tests were performed in dense sand samples prepared in a half-cylindrical
chamber. Digital images of the pile and the surrounding sand were captured during pile testing and
then analysed using the DIC technique.

The loading sequence, tension followed by compression (TC) or compression followed by
tension (CT), affects the ratio SRR of tensile-to-compressive shaft resistance. The SRR ratios are
always greater when the model pile is loaded first in tension (TC sequence) owing to the lower
shaft capacity that results in the subsequent compression loading. In general, the SRR values
calculated from CT tests are comparable to the SRR values calculated from FTL tensile and
compressive resistances, referred to as SRRrrL. The values of SRRrrL range from 0.67 for the
smooth pile to 0.54 for the roughest pile. Both SRR and SRRrrL are always less than one and
decrease with increasing pile surface roughness.

The average direction of the displacement vectors for compressive loading is nearly the
opposite of that observed for tensile loading. Outside the crushed particle band, the vertical
displacements are more localised and have smaller magnitudes for compressive than for tensile
loading. The magnitude of shear strains at a given radial location is greater in tensile than in
compressive loading. The soil elements near the pile shaft contract more during tensile than
compressive loading.

In compressive loading, the induced principal strains have approximately the same
direction as just after monotonic jacking installation. In contrast, the reversal of loading direction
that occurs in tensile loading leads to a strain state with principal strains rotated by 90° with respect
to their directions at the end of pile installation. The fabric in that case has to evolve during tensile
loading until it realigns in a way consistent with the new direction of the most compressive strain
E», resulting in lower shaft resistance.

Digital images taken at the end of pile installation using a microscope show the presence
of a zone of crushed particles along the pile shaft. The value of the thickness fcs of this zone is
unaffected by the pile surface roughness and does not vary during static loading. The shear band
thickness #, estimated visually by tracking of particles across images, is smaller in compressive
than in tensile loading, increases with increasing surface roughness and has a thickness that is less

than fcs. No shear band is observed for smooth piles.
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3. COMPRESSIVE AND TENSILE SHAFT RESISTANCE OF
NONDISPLACEMENT PILES IN SAND

This chapter is reproduced from the paper by Ayda Catalina Galvis-Castro, Ruben Dario Tovar-
Valencia, Rodrigo Salgado, Monica Prezzi (2019): “Compressive and tensile shaft resistance of

non-displacement piles in sand” published in Journal of Geotechnical and Geoenvironmental
Engineering, 2019, Vol.145(9).

3.1 Abstract

This chapter presents the results of a series of tensile-compressive (TC) and compressive-
tensile (CT) static load tests performed on instrumented model piles preinstalled in silica sand
samples prepared in a half-cylindrical calibration chamber with viewing windows along its
symmetry plane. Images of the model pile and the surrounding soil were captured during axial
loading through the observation windows using digital cameras and were subsequently analyzed
using the digital image correlation (DIC) technique to generate the displacement and strain fields
in the sand domain. The shaft resistances mobilized during the experiments were obtained using
load cells placed at the head and the base of the model piles. The results obtained from the load
tests revealed that reversal of loading direction substantially reduces the unit shaft resistance. This
response was attributed to a drop in the radial strain exhibited by the soil elements surrounding the
model pile shaft, which could be explained by a misalignment of the principal axes of the stress
and fabric tensors resulting from load reversal. The results also indicated that the tensile-to-

compressive shaft resistance ratio of fresh preinstalled piles is always nearly one.

3.2 Introduction

Certain structures supported by nondisplacement piles — also known as bored piles or
drilled shafts (Fleming et al. 2008; Salgado 2008; Viggiani et al. 2014) — are sufficiently light, in
comparison with moments applied by wind forces or other lateral forces, that individual piles in a
group may be loaded in tension (uplift). In design, it has been proposed that the shaft capacity of
bored piles in sand under tensile loading be reduced from the value calculated for compressive

loading by a factor ranging from 0.74 to 0.88 (O’Neill and Reese 1999) or that a lower resistance
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factor (10% lower) be used when computing the nominal shaft resistances in a load and resistance
factor design (LRFD) approach (Brown et al. 2010).

Results from physical modeling (De Nicola and Randolph 1999; O’Neill 2001;
Vipulanandan ez al. 1989) and field tests on driven and jacked piles in sand (Beringen et al. 1979;
Chow 1997; Hussein and Sheahan 1993; Jardine et al. 2006; Lehane et al. 1993) indicate that the
shaft capacity of piles in sand is lower under tensile loading than under compressive loading. De
Nicola and Randolph (1993) suggested that the primary cause for this lower tensile capacity is the
expansion and contraction of the pile due to Poisson’s ratio and proposed a theoretical expression
to quantify the tensile-to-compressive shaft capacity ratio of displacement piles. Results from
finite-element analysis on nondisplacement piles (Loukidis and Salgado 2008) indicate that, in a
compressive loading of a concrete pile, the increase in pile diameter due to Poisson’s effect is
small, and that the radial stresses developed on the pile shaft are comparable to those on a perfectly
rigid pile. This suggests that Poisson's ratio has a negligible effect on the shaft resistance of piles.
Changes in mean effective stress along the pile shaft due to rotation of principal stress and strain
directions (Galvis-Castro et al. 2019b; Jardine et al. 2005, 1993; De Nicola and Randolph 1993)
and reduction in the stress below the pile base due to development of a relaxed bulb (Fioravante
et al. 2010b; De Nicola and Randolph 1999) have been shown to have greater influence on the
reduction in shaft resistance observed in driven and jacked piles tested under tension.

Based on a substantially large load test database of 100 field load tests (54 tests in tension
and 46 test in compression) performed on drilled shafts installed mainly in medium-dense soils
varying from gravelly sand to silty sand, Chen and Kulhawy (2002) evaluated the shaft resistance
of piles and indicated that the shaft resistance in compressive and tensile loading differed by less
than 4%. This result was confirmed by Kulhawy (2004), Ismael (2001), Kulhawy and Hirany
(1989), and Stas and Kulhawy (1984).

Bored piles or drilled shafts are constructed by backfilling a cylindrical void, created by
drilling, with concrete (Salgado et al. 2017); thus, the density and stress state of the soil
surrounding a nondisplacement pile are minimally affected by installation. In laboratory conditions,
nondisplacement piles have been studied using preinstalled or wished-in-place model piles in
calibration chamber (Le Kouby et al. 2013; Tehrani et al. 2016). Experiments performed in

calibration chambers using instrumented model piles allow the separation of the shaft and base
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resistances (Arshad et al. 2014; Jardine et al. 2009; Lee and Poulos 1991) in a controlled
environment, which is not feasible in the field unless fully instrumented piles are used.

Le Kouby et al. (2013) studied the influence of loading direction on the shaft resistance of
rough model piles (Rn = Rmax/Ds0 = 1.0) embedded in medium-dense Fontainebleau sand samples
(Dso = 0.2 mm). The model pile tests were performed in a calibration chamber that had a diameter
of 254 mm and a height of 700 mm using a pile with a diameter of 20 mm and a length of 735 mm.
The instrumented model pile was positioned inside the calibration chamber before the pluviation
of the sand. The results showed similar magnitudes of the peak shaft resistance measured from
first-time tensile and first-time compressive load tests and nearly symmetrical shaft resistance
versus pile head displacement curves resulting from compressive and tensile loading of non-
displacement model piles. This response was attributed to the pile preinstallation, which did not
preload the soil in any way (Le Kouby et al. 2013).

De Nicola and Randolph (1999) performed centrifuge tests with an acceleration equal to
100 g to study the response of open-ended and closed-ended driven piles in dense silica sand under
tensile and compressive loading. The prototype embedment length varied from 5 to 19 m; its
diameter was 1.6 m, and its wall thickness was 0.055 m. The piles were subjected to a minimum
of two static loadings, which included sequences of static compressive followed by static tensile
loading (CT) using the open-ended and closed-ended piles, and static tensile loading followed by
a static compressive load (TC) using the open-ended piles. The piles were loaded statically to at
least a pile head displacement of 10% of the pile diameter, but the average shaft resistance was
calculated at a pile head displacement of 5% of the pile diameter for each loading stage. The
tensile-to-compressive shaft resistance ratio (shaft resistance was estimated as the difference in
load between the top and bottom strain gauges) for the CT sequence was reported to vary from
0.46 to 0.59 for closed-ended piles and from 0.47 to 0.61 for open-ended piles. The ratio for the
TC sequence ranged from 0.63 to 0.83 for open-ended piles. Similar ratios (0.53 in the CT loading
sequence and 0.80 in the TC loading sequence for a model pile with a rough shaft surface) were
found by (Galvis-Castro et al. 2019b) based on loading tests performed on model jacked piles.
These results highlight the importance of loading history and loading sequence on the response of
displacement piles.

The digital image correlation (DIC) technique (Sutton et al. 2009; Take 2015; White et al.

2003) can be used to study soil undergoing deformation, because it allows determination of
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displacement and strain fields from analyses of images. The DIC technique has been used in
connection with calibration chamber testing to study fundamental geomechanics boundary value
problems, such as cone penetration and pile loading (Arshad et al. 2014; Tehrani et al. 2016;
Tovar-Valencia et al. 2018; White and Bolton 2004)

This chapter presents the results of a series of tension-compression (TC) and compression-
tension (CT) loading tests performed on nondisplacement model piles pre-installed (wished in
place) in silica sand. The effect of loading direction on the shaft capacity of virgin piles and pre-
tested piles for two relative densities is discussed. The DIC technique was used to obtain the
displacements, strain fields, and direction of principal strains during loading of the model piles.
The experimental results enable greater understanding of the effect of loading direction on
mobilized shaft resistance during static loading; this understanding can be used to refine pile

design methods.

3.3 Materials and methods

3.3.1 Half-cylindrical calibration chamber

The tests were performed in a half-cylindrical calibration chamber with DIC capabilities
(Figure 3.1). This chamber has been used in the past to study the cone penetration process and the
effect of pile surface roughness on the shaft resistance of displacement and nondisplacement piles
in sand (Arshad et al. 2014; Tehrani et al. 2016; Tovar-Valencia et al. 2018). The chamber, which
imposes a BC3 (passive radial rigid wall) boundary condition on the soil samples (Ghionna and
Jamiolkowski 1991; Salgado et al. 1998), has a height / of 1.25 m and a diameter D. of 1.68 m.
The flat side of the chamber has a poly(methyl methacrylate) (PMMA) panel reinforced by a steel
frame that provides three transparent observation windows, enabling the capture of digital images
of the soil and the model pile during testing. Vertical stress (surcharge) was applied at the top of
the sample using an air-pressurized rubber bladder and a reaction steel lid bolted to the chamber.
To minimize the effect of slight surcharge differences detected by Jardine et al. (2013), the
membrane was placed above a rigid plate that had a rectangular space of 4.3 cm by 2.2 cm in which
the pile was located. A removable loading system of 50-kN capacity was used to perform tensile

and compressive loading under displacement-controlled conditions.
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Figure 3.1. Schematic of the DIC calibration chamber at Purdue University.

3.3.2 Model piles

Two half-circular model piles were used in the testing. Both were rods made of brass; they
had the same diameter B =31.75 mm and length L= 915 mm but had two different base geometries:
one had a flat base and one had a half-conical base with a 60° apex angle (Figure 3.2). Each model
pile was instrumented with a miniature load cell and a top load cell to measure the resistances at
the base and head, respectively. The surface roughness of the half-circular model piles was
modified by attaching sandpaper (grit #120) to the pile shaft, increasing the original pile diameter
B =31.75 mm by less than 0.05 mm. To ensure perfect attachment of the sandpaper to the piles
shaft, we used an ethyl cyanoacrylate base glue [Super Glue Professional from Loctite (Rocky Hill,
Connecticut)], which had a high strength (tensile strength of 17 MPa), a low viscosity, and a short
curing time. The shaft surface roughness of the pile was defined in terms of the maximum
roughness Rmax (Tovar-Valencia ef al. 2018; Uesugi and Kishida 1986) and the normalized
roughness R,=Rmax/Ds0. For both model piles, Rmax Was equal to 81.14 um and R, was equal to

0.131.
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Figure 3.2. Model piles. (Adapted from Tovar-Valencia et al. (2018), © ASCE)

3.3.3 Testsand

The test sand was a silica sand (SiO2 = 99.7%) known as Ohio Gold Frac sand that has
subangular to subrounded particles with high sphericity and is classified as poorly-graded (SP).
Table 3.1 shows the sand properties and the interface friction angle of the sand when sheared

against sandpaper.

Table 3.1. Index and mechanical properties of Ohio Gold Frac sand (Adapted from Tovar-
Valencia et al. (2018), © ASCE)

Dso ¢csRS ¢cs xc O o€

. DS o
(mm) Cu Ce E€max €min Gs ¢cs ( ) (O ) (O ) (o) (o)

0.62 144 094 081 059 265 32.0 31.3 32.6 28.4 9.3

Note: emax and epin, are the maximum and minimum densities of the sand, respectively, determined based on ASTM
D4253-16 (ASTM D4253-16, 2016) and ASTM D4254-16 (ASTM D4254-16, 2016); ¢.>S = critical-state friction angle
obtained from direct shear tests; ¢.,"*C = critical-state friction angle obtained from triaxial compression (TXC) tests;
@™ = critical-state friction angle obtained from ring shear tests; 6.7 = interface critical-state friction angles of the sand
-sandpaper grit#120 from direct shear tests; 6”7 = interface friction angle of the brass-glass from direct shear tests.

The chamber-to-pile diameter ratio D./B was 52; consequently, minimal chamber boundary

effects on the test results were expected (Salgado 2013). Base boundary effects were minimized
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in the tests by maintaining a distance higher than 18B between the base of the chamber and the
pile tip. In addition, during load testing, the stresses at the base of the chamber were monitored by

a load cell located at the bottom of the chamber.

3.3.4 Image acquisition system and image analysis

The image acquisition system used to record the images consisted of three complementary
metal-oxide semiconductor (CMOS) cameras with five-megapixel resolution equipped with low
distortion lenses with fixed focal length of 12.5 mm and a computer equipped with camera control
and acquisition software (XCAP version 2.3). The three CMOS cameras were positioned in front
of the three observation windows of the chamber (one per window) to take synchronized digital
images of [the soil domain at a rate of two frames per second. The field of view of each camera
covered the area of one of the three observation windows. The three observation windows were
illuminated by a set of fluorescent and LED lamps. Displacement and strain fields in the soil
domain were obtained using the digital image correlation technique. This technique uses a
correlation algorithm to locate the same pattern of grey level intensity from the undeformed image
to a distorted image (Sutton et al. 2009). The image analysis was performed using the commercial
DIC software VIC-2D version 2009. A 25 x 25-pixel (7.4Ds0 % 7.4Ds0) subset size (defined as the
size of the set of pixels to be tracked across the images) and a subpixel interpolation scheme
implemented in VIC-2D led to a resolution in displacement measurements higher than 27 um.
Further details on camera calibration, speckle pattern, precision, and accuracy can be found in

Arshad (2014).

3.3.5 Test protocol and program

Nineteen model pile tests were performed in the DIC calibration chamber in dense and
medium-dense sand samples (Table 3.2). The model piles were preinstalled in the calibration
chamber before sample preparation following the procedure described by Tehrani et al. (2016).
Sample preparation was done by air pluviation using a large pluviator positioned at the top of the
calibration chamber (Arshad et al. 2014; Lee et al. 2011). The target sample densities were
achieved by changing the flow rate through addition or removal of diffuser sieves. The relative

density was on average equal to 89.6% with a standard deviation of 1.8% for the dense sand
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samples and equal to 65.9% with a standard deviation of 2.8% for the medium-dense samples.
Prior to testing, all the samples were aged for one day with a surcharge of 70 kPa applied on the
top of the sample. A sequence of tension-compression or compression-tension static load tests
immediately followed. All static load tests were carried out at a rate of 0.1 mm/s. The total and
base resistances were recorded throughout the tests; at the same time, digital images were captured
from each observation window of the DIC calibration chamber. Table 3.2 provides the details of
the pile load tests. The tests are identified by a code that specifies the sand density (D = dense sand;
MD = medium-dense sand), the type of pile base (co = conical base; f = flat base), the loading
sequence (TC = tensile loading followed by compressive loading; CT = compressive loading
followed by tensile loading), and a number for each test of each type (preceded by “#”). The
absolute value of the pile head displacement |w at the end of each loading stage is also included

in Table 3.2.

3.4 Results and discussion

3.4.1 Sensor-based results

Figure 3.3(a) shows the average unit shaft resistance ¢s.avg versus penetration depth for the
CT loading tests performed on dense sand [D-CT(f)#1] and medium-dense sand [MD-CT(f)#2].
During first-time loading (FTL), the model pile was pushed down from an initial base depth of
370 mm to a base depth of 400 mm, corresponding to a pile head displacement w = 30 mm
(approximately 1B). The magnitude of gsavg in compression increases with increasing penetration
depth until it reached a peak value [peak unit shaft resistance gsp= 89.3 and 37.8 kPa for FTL in
tests D-CT(f)#1 and MD-CT(f)#2, respectively]. After the peak, the magnitude of ¢save decreased
and tended to stabilize at the limit unit shaft resistance gsz [gs2 = 67.0 and 32.2 kPa for FTL in tests
D-CT(H)#1 and MD-CT(f))#2, respectively]. In the subsequent loading, the second-time loading
(STL), the model pile was then pulled up from a base depth of 400 mm for at least |Aw| = 30 mm
(approximately 158) to 370 mm in test D-CT(f)#1. During this tensile loading, ¢sa¢ decreased and
reached a minimum value after a pile head displacement Aw of approximately -5 mm (gs,avg = -
27.0 kPa and -12.7 kPa at a base depth of 395 mm in tests D-CT(f)#1 and MD-CT(f)#2,
respectively). As the base depth continued to decrease during STL, the magnitude of ¢s,avg tended
to drop at a low rate [=0.6 kPa/mm in test D-CT(f)#1 and 0.09 kPa/mm in test MD-CT(f))#2].
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Figure 3.3(a) also shows that, during CT loading sequences, |gsavg| Was always greater in first-time

loading (FTL).

Table 3.2. Test program.

Relative density Base Initial embedment  |w:| for FTL  |ws| for STL

Test code Dr (%) geometry  depth L. (mm) (mm) (mm)
D-CT(H#1 93 30.0 33.0
D-CT(H)#2 89 370 30.0 31.0
D-TC(H)#1 88 200 16.0 354
D-TC(f)#2 90 17.0 37.0
MD-CT(f)#1 64 30.0 60.0
MD-CT(f)#2 68 flat 370 30.0 50.0
MD-C(H)#3 65 30.0 0
MD-TC(f)#1 66 31.0 51.0
MD-TC(f)#2 72 400 22.6 42.6
MD-T(f)#3 69 30.0 0
D-CT(co)#l1 88 30.0 34.0
D-CT(co)#2 88 370 60.0 60.0
D-TC(co)#l1 90 16.0 35.0
400
D-TC(co)#2 91 32.0 54.0
MD-CT(co)#1 62 conical 30.0 32.0
MD-CT(co)#2 64 370 30.0 51.0
MD-CT(co)#3 65 60.0 60.0
MD-TC(co)#1 66 60.0 90.0
MD-T(co)#2 65 400 30.0 0

Note: TC = tensile followed by compressive loading; CT = compressive followed by tensile loading; D = dense sand;
MD = medium-dense sand; co = conical base; f = flat base; #n = number of tests with similar loading sequence, base
geometry, and relative density; |w,| = absolute value of the pile head displacement at the end of loading; FTL= first-time
loading; STL = second-time loading.

All tests were performed with a surcharge of 70 kPa at the top of the sample, all model piles were "wished in place,"
and all had the same surface roughness (R,= 0.131).
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Figure 3.3. Average unit shaft resistance gsav versus penetration depth for the nondisplacement
model piles with a flat base in dense and medium-dense sand for (a) compressive-tensile; and (b)
tensile-compressive loading sequences.

Figure 3.3(b) shows the average unit shaft resistance gsavg versus penetration depth during
the TC loading sequence in dense sand [D-TC(f)#2] and medium-dense sand [MD-TC(f)#1]. In
FTL, the model pile was first pulled up from an initial base depth of 400 mm to a base depth of
370 mm (corresponding to w=-30 mm). The peak in shaft resistance was observed in FTLs at a
base depth of about 397.3 mm for dense [gsp = -90.4 kPa for the FTL in test D-TC(f)#2] and 398.2
mm for medium-dense sand [gsp=-42.0 kPa for the FTL in test MD-TC(f)#1]. After the peak, |gs avg|
decreased continuously as the penetration depth decreased. The reduction of |gs.avg] occurred at a
lower rate in medium-dense [=1.4 kPa/mm in the FTL in test MD-TC(f)#1] than in dense sand
[=2.3 kPa/mm for the FTL in test D-TC(f)#2]. During STL, the model pile was pushed down to a
base depth of 420 mm. This meant that the pile penetrated almost a pile diameter beyond its
position at the beginning of FTL (= 400 mm). Despite the large pile displacement involved in the
compressive loading, the mobilized |gs,avg| in the STL was always lower than the |gsp| in the FTL,
for tests D-TC(f)#2 and MD-TC(f)#1. For example, in the STL of the dense sand sample, |¢s,avg| at
a depth of 420 mm was 3.6 times smaller than |gsp| in the FTL. This indicates that, with a TC
loading sequence, the reversal of loading direction induces a substantial degradation in the

available shaft resistance for the STL.
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Figure 3.4. Average unit shaft resistance gsa¢ versus pile head displacement w from FTL in
dense and medium-dense sand samples performed with (a) flat-base; and (b) conical-base model
piles.

Figure 3.4(a and b) show the average unit shaft resistance gsavg versus pile head
displacement w of four representative first-time loading tests using model piles with flat and
conical bases, respectively. Positive values of pile head displacement w indicate compressive
loading, while negative values indicate tensile loading. In dense sand samples, |gsp| measured for
the compressive loading stage in test D-CT(f)#2 (gsp = 89.3kPa) was comparable to the |gsp| for
the tensile loading in test D-TC(f)#1 (gsp =-90.5 kPa), indicating a negligible effect of the loading
direction on the peak shaft resistance measured in FTL. Similar values of |gsp| were measured in
the compressive and tensile FTL in tests performed in medium-dense sand [tensile loading in tests
MD-TC(H)y#2 and MD-TC(co)#1 and compressive loading in tests MD-CT(f)#1 and MD-
CT(co)#1].

In general, the value of |gsp| tended to develop at a magnitude |w| of the pile head
displacement that was slightly smaller in tensile loading than in compressive loading [e.g., in the
compressive loading in test D-CT(f)#2, wp = 3.8 mm = 0.12B, and in the tensile loading in test D-
TC(H)#1, wp=-2.6 mm = - 0.08B]. Figure 3.4 also indicates that the effect of the pile base geometry
on the peak and limit unit shaft resistance was negligible. We also observed that the value of |gsr|
mobilized in dense sand [e.g., gs» = 89.3 kPa for FTL in test D-CT(f)#2] was 2.5 times greater than
the value developed in medium-dense sand [e.g., gsp = 35.8kPa for the FTL in test MD-CT(f)#2].

Table 3.3 shows the peak values of the unit shaft resistance measured in first-time loading

(gsp.FrL), the limit unit shaft resistances from first-time loading (gsz rrz) and from the subsequent
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reverse loading (gsz sz ), and the pile head displacement (wp) at which the peak in shaft resistance
was observed for FTL. For both compressive and tensile loading, gsz,rrz was defined as the value
of gs.avg measured at an absolute value of the pile head displacement |w| of 15 mm (approximately
0.5B), corresponding to a base depth of 385 mm. For the tensile phase of a CT loading test, gsz 57z
was defined as the minimum value of ¢s v recorded during tensile loading. For the compressive
phase of TC loading sequence, gsz.s7z was the value of ¢gs..ve measured at a pile base depth that was
15 mm (approximately 0.5B) beyond the pile base position before the start of the tensile loading
phase.

Table 3.3. Peak and limit unit shaft resistances from FTL and STL, and pile head displacement
required to mobilize the peak shaft resistance on FTL.

Test code q(ig’;T)L (ﬁ;;g (I;V;) ((JIS(LPZ)L D=|qsLs1e|/|gst Frz]
D-CT(H#1 89.3 67.0 3.8 -26.7 0.40
D-CT(H)#2 89.3 68.4 3.8 -26.8 0.39
D-TC(H)#1 -90.5 -65.9 -2.6 28.0 0.42
D-TC(H#2 -90.4 -65.1 -2.6 28.0 0.43

MD-CT(f)#1 35.8 25.7 3.5 -9.8 0.38
MD-CT(f)#2 37.8 322 3.5 -12.4 0.39
MD-TC(H)#1 -42.0 -27.0 -1.8 15.4 0.57
MD-TC(H)#2 -45.3 -25.9 -1.8 13.6 0.53
D-CT(co)#1 82.0 65.0 3.4 -28.4 0.44
D-CT(co)#2 83.0 66.0 3.4 -30.0 0.45
D-TC(co)#1 -92.0 -63.0 2.4 32.4 0.52
D-TC(co)#2 -91.0 -63.0 2.4 33.0 0.52
MD-CT(co)#1 38.0 25.2 3.2 -12.0 0.48
MD-CT(co)#2 36.6 28.0 2.8 -11.5 0.41
MD-CT(co)#3 39.0 23.9 33 -10.5 0.44
MD-TC(co)#1 -40.6 -28.6 2.3 11.2 0.39

Note: gsp,Fr. =peak unit shaft resistance from a first-time loading (FTL); g, Frz is the limit unit shaft resistance
from a first-time loading (FTL); gz srz is the limit unit shaft resistance from a second-time loading (STL); gz, rrz
is obtained as the value of ¢, measured at [w| = 15 mm (= 0.5B) (at a penetration depth = 385 mm); gy, sz from
a TC loading sequence is obtained as the value of g, measured at a base depth 0.5B beyond the initial position
of the FTL; ¢, sz from a CT loading sequence is obtained as the minimum value of g4, during the tensile
loading;

wp is the pile head displacement required to mobilize the peak unit shaft resistance; and D is the shaft resistance
degradation factor calculated as |gsz s7z| / |gserre] Unit shaft resistances have been corrected to account for the
friction developed during loading between the flat surface of the model pile and the glass attached to the
poly(methyl methacrylate) (PMMA) window.
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3.4.2 Degradation of shaft resistance due to CT and TC loading sequences

A degradation factor D, defined as the ratio of |gs..s7z| to |gsz.FrL| measured in the same test,
was used to quantify the reduction in shaft resistance due to the reversal of the loading direction
during CT and TC loading sequences. The values of D calculated for each test are reported in Table
3.3. The results show that (1) the degradation factor D was always less than 0.6; (2) the pile base
geometry had a negligible effect on the values of D (e.g., in TC loading in dense sand, D = 0.39
for the model piles with both flat and conical bases); (3) the differences between the average
degradation factors D for dense and medium-dense sand were negligible; and (4) the value of D
tended to be slightly less in CT than in TC loading, except when the magnitude of the pile head
displacement during first-time tensile loading exceeds 1B [as in test MD-TC(co)#1, for which D
= 0.39] because of the cavity of soil that was left behind by the retracting pile, which was filled
with soil moving in from the regions around the pile. What is clear from these results is that, once
the pile settlement is large enough to fully mobilize shaft resistance in one direction, the limit shaft

resistance upon load reversal will be substantially less.

3.4.3 Tensile-to-compressive shaft resistance ratio from first-time loading (FTL)

Table 3.4 shows the arithmetic mean values of the limit and peak unit shaft resistances for
dense and medium-dense sand measured from first-time tensile and first-time compressive
loadings. Based on the magnitudes reported in Table 3.4, two tension-to-compression shaft
resistance ratios were calculated: (1) the ratio SRRp 11 of the average peak unit shaft resistance

q,prr, from the tensile loading to the average peak unit shaft resistance ¢, ., from the

compressive loading for tests with similar relative densities; and (2) the ratio SRR.rrz of the

average limit unit shaft resistance g, .,, from the tensile loading to the average limit unit shaft
resistance g, ., fromthe compressive loading for tests with similar relative densities. The results,

summarized in Table 3.4, show that SRRp rr. varies from 1.06 to 1.09, and SRR, rrL varies from
0.96 to 1.02. These results demonstrate that, for virgin non-displacement piles, the effect of loading
direction on the shaft resistance, at least for |[w| < 15 mm (approximately 0.5B), is negligible. These

results confirm the observations of Le Kouby et al. (2013).
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Table 3.4.

Tensile-to-compressive shaft resistance ratios SRRprrz and SRRy 1 for pre-installed

model piles

. q. sP,FTL (kPa) qu,FTL (kPa) q. SL.FTL (kPa) Lot.rre
Ijielat}ve ) ) SRRp F1L ) (kPa) SRR FTL
ensity | Compressive Tensile Compressive Tensile
loading loading loading loading
MD 37.9 -41.2 1.09 26.8 -27.4 0.96
D 85.9 -91.0 1.06 66.6 -64.3 1.02

Note: qu .= arithmetic average of peak unit shaft resistances measured for first-time loading tests with similar relative

densities and loading directions; qu .= arithmetic average of limit unit shaft resistances measured for first-time loading of

tests with similar relative densities and loading directions; SRRp rr = tension-to-compression peak shaft resistance ratio

calculated as qu . Tor tensile loading divided by ZZSP . for compressive loading; SRRy 1 = tension-to-compression limit

shaft resistance ratio calculated as ﬁmfor tensile loading divided by (‘]SL FIL for compressive loading.

3.4.4 Image-based results

3.4.4.1 Soil displacements from first-time loading tests

Figure 3.5 shows the displacement vector fields, linearly scaled by the magnitude of the
displacement, after an absolute value of the pile head displacement |w| of 3 mm was reached for
first-time tensile and compressive loading tests on medium-dense and dense sand samples for piles
with flat and conical bases. A value of |[w| = 3 mm was selected because it approaches the
displacement required to reach the peak of the average shaft resistance. The displacement vectors
shown in Figure 3.5 are plotted in the z/r, versus r/r, space, where z is the vertical distance from
the sample surface to a soil element, » is the radial distance of a soil element relative to the pile
axis, and rp 1s the radius of the model pile. Only displacement vectors with magnitudes greater
than 0.1 mm and less than 3.0 mm are displayed in Figure 3.5. The pattern of the displacement
vectors around the pile shaft shows that the magnitude of the displacement decreases with
increasing 7/rp. Near the pile shaft, the orientation of the displacement vectors was subvertical,
pointing in the same direction as that of loading. In general, the piles mobilize displacements to
smaller distances from the pile shaft in medium-dense than in dense sand samples. There was also
minimal effect of the base geometry on the pattern of the displacement vectors around the pile

shaft.

66



L9

MD-TC(co)#1 - Tensile loading

MD-CT(co)#2 - Compressive loading

w= - 3.0 mm w = 3.0 mm

FrTTTTTTI TTITTTT ™ FrTrrrrrTT TTTTTITT

1= . - 1= =

s E I I :

sE 3 s 3

C ] C . ]

7" E Y E

C ] C 7 ]

oF 3 o /? =

S E 3 &uf E

D ER I T E

= 13f . < 13f ]
% Cross bar % Cross bar

o 15k - < 15% N =

g C 3] o] C 3]

N 17F 4 R 7E A\ DR

< F ] s F by e ]

é 19 - E 19 //// \:‘\\ =

s k 1 8. F SR

Z 21F = Z 21 '7 A\ =

: ; oy SOE

23 3 23 / \ -

E ] C 77, \}\\\\" ]

255_ _E 255_ .,,/,z,/// \w\\u _E

27;— —; 27+ 7 TR DRSS

29 | Reference Vectors (mm) _E 29; Reference Vectors (mm) | —f

C < - = . r — = |

E 0.1 05 1 3] o 0.<1 0.5 1 ]

Eololo bbb bbbty 1 Eolo b b b b b b 1 1

654321012345
Normalized radial position

relative to the pile centerline

(@)

[*)}

6543210123456
r/r, ~ Normalized radial position r/r,
relative to the pile centerline

(b)

Normalized depth z/7r,

Normalized radial position 7/r,
relative to the pile centerline

D-TC(co)#2 - Tensile loading

w=-3.0 mm

IE (I
3:— ..\\\\\\‘:\ —:
Sf_ IR\ _f
I ;
95 ..“\\\\\ E
E ..\\\\\\\ E
11F :
E .\\\\\\\ E
13f . .
Cross bar
151 =
175 -
19F -
21F =
23 =
25k =
27 =
F [Reference Vi 3
29 E e<ererzc_e— ‘ectors (mm)
F 01 05 1
SN I A P N I N P P P

o

654321012

(©)

|
3

|
4

[V ) -

Normalized depth z/r,

Normalized radial position 7/r,
relative to the pile centerline

25
27
29

Cross bar
C \\ B
E o N 3
E_v ,,/// \\\\\\.._E
é' //// \\\\\\‘. g
E_, 27 \\\\\.. _E
230 ,,,,/// E\\\“‘ -
f._,,,,//’/// \\\\i\\\\\hé
E_,,,/,/ \ \\\“._E
- "”’/IH{H\\\‘“-'E
:_ Reference Vectors(mm) —:
- < — hov oo ]
o 0.1 05 1 .

D-CT(co)#1 -Compressive loading
w= 3.0 mm
r T | T I T | T I’ T \l | | T I T I T | T ]

\M

3

// \\\"
3 ry W\
7 vy N
9 &

N
N
£/

6543210123456

(d)
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Figure 3.6 shows the inclination 6 of the displacement vectors versus the normalized radial
position 7/, relative to the pile centerline at [w| = 3 mm for first-time compressive and tensile
loading tests. The profiles are shown for elements located initially at a normalized depth z/r, =
11.5, sufficiently far from the influence of the top and base boundaries of the chamber. The
inclination 6 is shown only for displacement vectors with magnitude greater than 0.1 mm. The
angle that the displacement vectors made with the horizontal (measured counterclockwise on the
right side of the pile and clockwise on the left side of the pile) was highest close to the pile shaft.
At r/rp = 1.19 (r-rp = 3.0 mm), the average value of 4 is 69.3° for tensile loading and —72.1° for
compressive loading, indicating that, after |w| = 3 mm, the displacement vectors for both loading
directions (tension and compression) made angles with the horizontal of approximately the same
magnitude. Between 2 < 7/r, < 3 , the magnitudes of 6 exhibit the largest drop, with a higher rate
of reduction in tensile loading than in compressive loading. For tensile loading, the magnitude of
0 at r/rp = 3 was 50% of that measured at 7/rp, = 1.19; for compressive loading, the value of |0| at
r/rp = 3 was almost 80% of that measured at 7/r, = 1.19. Away from the pile shaft, the vertical
component of the soil displacement tended to dominate for compressive loading but was more or
less in balance with the horizontal component for tensile loading [e.g., in dense sand at 7/r, = 3.2
[r-rp = 34.9 mm], 8 = 47.1° for tensile loading and -60.9° for compressive loading]. The profiles
of 6 in medium-dense sand followed trends similar to those observed for dense sand, except when
the model pile was loaded in tension, when lower values of § were measured in medium-dense
sand. For example, in medium-dense sand at 7/7, = 3.2, 6 was 10° less than the value measured in

dense sand, but the difference in 8 was only 4° close to the pile shaft.

69



TT T T [T T T T[T T T T[T T T T[T TTT T
é(’f)
\%\/A rlr,

0
S
Ll |

—=— MD-TC(f)#1

-
=
q) —
=
b5 5
Q
8 =
&~ [
:—E < 20 __ Dense sand ¢ MD-TC(co)#]
° .  Demse s —A— D-TC(f#1
= § 0 o, B a D-TC(co)#2
S 3 20 - \vzl— 3 mm —0— MD-CT(H)#2
< 2- - z=11.5r, —O—MD-CT(co)#1
g 40 B —/—D-CT(f)#1
. g - — D-CT(co)#1
= N ) )
£ 60 | ,fLﬁ\gﬁ—ﬁ,&V
> ~
=)
L]

PO T T T TN T M A TN T T TN T TN T T N N T A M Y

1 2 3 4 5 6

Normalized radial position 7/r, relative to

the pile centerline

Figure 3.6. Inclination 6 of the displacement vectors versus normalized radial position 7/,
relative to the pile centerline for FTLs after [w|=3 mm.

The average inclination Oavg of the displacement vectors was calculated for compressive
and tensile loading tests at [w| = 3 mm in a zone limited by 1.15 <#/r, <2.0 and 8.5 <z/r, <20.5,
using its magnitude as weighting factor. The results are summarized in Table 3.4. The magnitudes
of Bavg for tensile and compressive loading tests were comparable in dense sand, confirming the
previous observation from Figure 6; near and along the pile shaft, where the displacements were
maximum, the displacement vectors were oriented at an average angle of 65° in tensile loading
and -66° in compressive loading. For medium-dense sand, the value of |fa| tended to differ by
about 10°. No effect of the base geometry on the direction of the displacement vectors of the soil

elements was observed.

70



Table 3.5. Average inclination 6,,, of the displacement vectors for FTLs on dense and medium-
dense sand using model piles with flat and conical bases after [w| = 3.0 mm

Test Qavglg‘i}irom Test Qavglg‘i}irom
D-TC(H)#1 61.1 D-CT(£#2 -65.2
MD-TC(f)#1 56.0 MD-CT(H)#1 -63.6
D-TC(co)#1 63.5 D-CT(co)#1 -65.0
MD-TC(co)#1 54.0 MD-CT(co)#1 -64.7

Note: fuvg = average inclination of the displacement vectors within a zone limited by 1.15 < #/r, <2.0 and 8.5 < z/r, < 20.5.
Positive angles are measured counterclockwise and clockwise from the 7/7, -axis on the right and left side of the pile,
respectively.

Figure 3.7 shows the contours of the cumulative vertical displacements v (positive when
soil elements move up and negative when they move down) developed after an absolute value of
pile head displacement [w| of 15 mm for FTL in tests with the flat-base model pile. The contours
shown in Figure 3.7, Figure 3.9, Figure 3.11, and Figure 3.14 are plotted in the h/7, versus 7/,
space, where / is the vertical distance of a soil element from the pile base (4 = 0 at the pile base,
positive above the pile base, and negative below the pile base). Figure 3.7 shows that the magnitude
of the vertical displacement decreased with increasing distance from the pile shaft. Vertical
displacements tended to be larger in compressive loading than in tensile loading, with the

difference increasing with increasing relative density
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Figure 3.8. Vertical displacement v profiles at 4/r, = 6 and 14 and after |w|=15 mm for FTL tests
performed on: (a) dense; and (b) medium-dense sand samples.

Figure 3.8 shows the vertical displacement v of elements located at 4/r, = 6 and 14 versus
normalized distance r/r, from the pile centerline. Vertical displacements with magnitude greater
than 0.2 mm did not extend beyond » = 3.0r, and 2.0r, for dense and medium-dense sand,
respectively. Figure 3.8(a) shows that, for dense sand, the magnitude of the vertical displacement
at a given r/rp tended to increase with increasing A/rp for tensile loading, while the opposite
happened for compressive loading. In medium-dense sand, the differences between the magnitude
of v at h/rp = 6 and 14 for a given r/r, distance was smaller (JAv| less than 0.02 mm on average)
than the differences measured in dense sand (JAv| up to 0.1 mm).

Figure 3.9 shows the contours of cumulative radial displacement u (positive when soil
elements move away from the pile shaft and negative when they move towards it) after an absolute
value of the pile head displacement |w| equal to 15 mm for the FTL in tests with the flat-base model
pile. The soil elements surrounding the pile shaft move radially away from it in both tensile and
compressive loading and for both dense and medium-dense sand.

Figure 3.10 shows the profiles of radial displacement u of soil elements located at a

normalized distance h/rp = 6 and 14 versus the normalized radial distance 7/7, from the pile
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centerline. The magnitudes of u# were maximum near the pile shaft (approximately 0.32 mm for
both tensile and compressive loading in dense sand) and decreased with increasing 7/rp, at a higher
rate in medium-dense sand than in dense sand. Along the pile shaft (in a zone delimited by 6 < A/rp
< 14), the differences between the radial displacements developed during compressive and tensile

loading are minimal.
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Figure 3.10. Radial displacement u profiles at 4/r, = 6 and 14 and after |[w| =15 mm for FTLs
performed in (a) dense; and (b) medium-dense sand samples.

Table 3.6 and Table 3.7 contain the values of radial and vertical displacements accumulated
after |w| =15 mm for FTL tests at different radial distances 7/, from the pile centerline. The values
of u reported in Table 3.6 were obtained as the average of u on the right and the left side of the
pile shaft, both at the same radial distance 7/rp. A similar approach was followed to obtain the
values of v reported in Table 3.7. For a given r/rp position, the value of radial displacement u is
always higher in dense [ = 0.32 mm at /7, =1.2 for the FTL in test D-CT(f)#2] than in medium-
dense sand [u = 0.24 mm at /7, =1.2 for the FTL in test MD-CT(f)#1]. At similar »/r, positions
and relative densities, the values of u from tensile loading were approximately the same as those

from compressive loading [i.e., for tests D-TC(f)#1 and D-CT(f)#2, u = 0.32 mm at »/r, =1.2].
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Table 3.6. Cumulative vertical displacement v (mm) after [w| = 15 mm at A4/r, = 14 and at
different normalized radial position 7/,

v (mm)
"1 [Test D-TC(D#1 | Test D-CT(D#2 | Test MD-TC(D#1 | Test MD-CT(D#1
12 1.000 -0.945 0.547 -0.996
125 0.825 20.891 0.464 20.859
13 0.638 20.651 0.394 20.744
135 0.625 20.652 0.337 20.646
14 0.549 20.583 0.292 20.567
1.45 0.551 20.573 0.260 20.509
15 0.535 20.550 0.243 20.472
155 0.487 20.524 0.230 20,449
1.6 0.491 20.485 0.218 20.428
1.65 0.439 20.505 0.206 20.407
17 0.437 20.476 0.194 20387
175 0.418 20.468 0.184 20.368
18 0.401 20.452 0.173 20351
185 0.386 20.411 0.164 20.335
1.9 0.376 20.428 0.156 20.320
1.95 0.371 20,387 0.148 20.304
2 0.347 20.385 0.141 20.289
22 0.303 20.340 0.117 20.239
24 0.270 20321 0.101 20.202
2.6 0.235 20.299 0.087 20.175
2.8 0.218 20.228 0.073 20.159
3 0.196 20.237 0.059 20.133
3.2 0.175 20.237 0.050 0111
3.4 0.162 20218 0.040 20.093
3.6 0.143 0217 0.034 20.095
3.8 0.131 20.204 0.026 20.086
4 0.122 20.194 0.021 20.080
42 0.107 20.184 0.020 20.084
44 0.094 20.185 0.018 20.079
4.6 0.091 20.169 0.012 20.073
5 0.079 20.166 0.006 20.065
5.5 0.053 20.161 0.001 20.060
6 0.037 20.149 20,004 20.059
6.5 0.032 20.141 20.008 20.058
7 0.027 20.134 20.014 20.065
8 0.013 20.133 20.020 20.069
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Table 3.7. Cumulative radial displacement u (mm) after [w| = 15 mm at 4/rp, = 14 at different
normalized radial position 7/7p

1 (mm)
"1 [Test D-TC(D#1 | Test D-CT(0)#2 | Test MD-TC(D#1 | Test MD-CT(D#1
12 0.316 0.321 0.238 0.243
125 0.310 0313 0.230 0.244
13 0.304 0.306 0.223 0.244
135 0.298 0.298 0.225 0.242
14 0.293 0.290 0.225 0.240
145 0.287 0.283 0.223 0.236
15 0.282 0.276 0.212 0.232
155 0.276 0.270 0.208 0.227
1.6 0.271 0.263 0.202 0.220
165 0.266 0.257 0.194 0.212
17 0.261 0.251 0.191 0.204
175 0.256 0.245 0.189 0.197
18 0.251 0.239 0.182 0.190
185 0.247 0.233 0.182 0.184
19 0.242 0.228 0.176 0.178
1.95 0.237 0.223 0.171 0.173
2 0.233 0.218 0.166 0.168
22 0.216 0.201 0.149 0.153
24 0.201 0.186 0.133 0.141
2.6 0.187 0.168 0.125 0.130
2.8 0.174 0.153 0.109 0.118
3 0.164 0.142 0.102 0.105
3.2 0.155 0.135 0.093 0.094
3.4 0.147 0.132 0.081 0.085
3.6 0.138 0.127 0.075 0.077
3.8 0.131 0.117 0.065 0.069
4 0.123 0.107 0.057 0.064
42 0.116 0.098 0.052 0.057
44 0.109 0.090 0.051 0.048
4.6 0.103 0.084 0.040 0.044
5 0.092 0.078 0.042 0.036
5.5 0.077 0.069 0.040 0.025
6 0.065 0.058 0.027 0.022
6.5 0.057 0.049 0.021 0.020
7 0.050 0.042 0.017 0.019
8 0.038 0.035 0.009 0.015

A rough estimation of the soil stiffness can be carried out by using an expression deduced
from cavity expansion analysis, which relates the increase in radial stress Ac’s to the radial

expansion u of the soil (Boulon and Foray 1986; Lehane et al. 2005a). Based on the radial
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displacement u exhibited by the closest soil element to the pile shaft (see Table 3.7), we obtained
that the equivalent normal stiffness k» (=Ac’» /u) (Lehane et al. 2005) is 2 times higher in dense

sand than in medium-dense sand.

3.4.4.2 Radial strains from first-time loadings (FTLs)

Figure 3.11 shows the values of the cumulative radial strain £ in the soil around the model
pile with the flat base after a pile head displacement equal to 15 mm (pointing up for tensile and
down for compressive loading) for dense and medium-dense sand. Radial and shear strains were
obtained from the Green-St. Venant strain tensor using the continuum mechanics functions
implemented in the postprocessing tool of VIC2D. Positive values of E»- indicate radial stretching,
whereas negative values of E,+ indicate radial contraction. As shown in Figure 3.11, at |w| = 15
mm, soil elements located along a thin band adjacent to the pile shaft, bounded by #/7,< 1.4 and 4
< h/rp < 20, stretched radially (£ >0) for both the tensile and compressive loading directions. In
compressive loading, the stretching of the soil elements developed evenly along almost the entire
length of the pile shaft, whereas in tensile loading, the thickness of the band was more irregular
along the shaft. Outside this zone (7/7, > 1.4 and 4 < h/r, < 20), the soil elements contracted radially
for both loading directions. Although greater radial stretching of the soil elements within the shear
band were expected (Han et al. 2017; Salgado 2008), the DIC results are not available for r/7, <
1.15 next to the pile shaft.

Figure 3.12 shows the cumulative radial strain £, of soil elements (for which 6 < 4/r,< 16)
versus the normalized radial distance 7/rp from the pile centerline at |[w|= 15 mm for first-time
tensile and compressive loading tests performed in dense and medium-dense sand samples. For
each test shown in Figure 3.12 — D-TC(H))#1, D-CT(H)#1, MD-CT(f)#1 and MD-CT(H))#1 — the
average E» profile (estimated by averaging, for a given r/r, distance, the values of E;- between 6
< h/rp< 16) is also included in Figure 3.12. The results show that the radial strain profiles for
compressive and tensile loading tests were very similar. Soil elements stretched radially near the
shaft at 7/r, < 1.51 (r-rp,= 8.10 mm) in dense sand and at »/r, < 1.38 (7-r,= 6.03 mm) in medium-
dense sand, while soil elements contracted radially within 1.51 <#/r,<6.0 (8.10 mm < r-r,<79.38
mm) in dense sand and within 1.38 < 7/r, < 5.08 (6.03 mm < r-r, < 64.77 mm) in medium-dense

sand samples.
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Figure 3.11. Radial strain E;, field after 15mm of pile head displacement w (negative for tensile loading and positive for compressive
loading) for (a) tensile loading in test D-TC(f)#1; (b) compressive loading in test D-CT(f)#1; (c) tensile loading in test MD-TC(f)#1;
and (d) compressive loading in test MD-CT(f).
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Figure 3.12. Radial strain E,» profile after 15 mm of pile head displacement w (negative for
tensile loading and positive for compressive loading) for (a) tensile loading in test D-TC(f)#1;
(b) compressive loading in test D-CT(f)#1; (c) tensile loading in test MD-TC(f)#1; and (d)
compressive loading in test MD-CT(f)#1.

Figure 3.13 shows the evolution of radial strain E,- for two soil elements, located at 7/rp
=1.25 (r-rp = 3.97 mm) and r/rp =2.5 (r-r, = 23.81 mm) and z/r, = 11.5, with increasing |w| for the
tensile loading phases of tests D-TC(f)#1 and MD-TC(f)#1 and the compressive loading phases of
tests D-CT(f)#1 and MD-CT(f)#1. In samples of similar relative densities, the £, versus |w| curves
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for the two soil elements for first-time tensile loading were comparable to those for first-time
compressive loading. Figure 3.13(a) shows that, close to the pile shaft, at »/r, =1.25, the soil
elements stretched radially as the value of |w| increased during first-time tensile and compressive
loading tests. Farther away radially from the pile shaft, at »/», = 2.5 [Figure 3.13(b)], the soil
elements contracted radially for |w| < 3.5 mm; for |w| > 3.5 mm, the rate of radial deformation

decreased for both tensile and compressive loading and tended to stabilize with increasing [w)|.
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Figure 3.13. Radial strain E; versus absolute value of pile head displacement |w| of soil elements
atz=11.5rp and (a) r/rp=1.25, (b) 1/rp,=2.5.

Figure 3.14 shows the spatial distribution of the shear strain £, accumulated after an
absolute value of pile head displacement |w| equal to 3 mm for first-time tensile and compressive
loading for dense and medium-dense sand. The sign of the shear strain E;-, adopted to describe the
direction in which the soil distorts in compressive or tensile loading, is based on the concept of
increase or reduction of an initially right angle. As shown in (Salgado 2008), a simple way to
identify the right angle that must be used to set the shear strain sign is to first visualize a soil
element in the 7, z- plane on the right side of the model pile. Then, we locate an uppercase Greek
letter I" at one of the corners of the soil element so that the vertical leg of T is parallel to the z-

axis, and the horizontal leg of I' is parallel to the r-axis. The shear strain is positive when the right
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angle of the uppercase Greek letter I' increases and is negative when the right angle decreases.
On the left side of the model pile, the sign of the shear strain is the same as the sign defined for
the 7, z- plane on the right side of the model pile. For dense sand samples, the maximum magnitude
of the shear strain (|E-| > 1.0%) developed within a band around the pile shaft extending to
practically the same radial distance in tensile and compressive loading (7/r, values of
approximately 1.92 and 1.88 mm, respectively).

Figure 3.15 shows the profiles of |E,| for soil elements located at A/r, =14 versus the
normalized radial distance #/r, from the pile centerline accumulated after |[w| = 3.0 mm. Profiles
of |Erz| were used to facilitate the comparison between |E;-| behavior in tensile and compressive
loading tests. The results show that, for similar relative densities, the |E-| profiles for compressive
and tensile loadings were almost identical. The magnitudes of E,- were highest close to the pile
shaft; for »/r, = 1.25, |Exz| = 3.0% on average for dense sand and |E):| = 2.7% on average for
medium-dense sand. As r/rp increased, |Er-| decreased at similar rates for tensile and compressive

loading tests, but at a lower rate in medium-dense than in dense sand samples.
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Figure 3.15. The |E\-| profiles of soil elements at 4/r,=14 after 3 mm of pile head displacement
for FTL tests in (a) dense sand; and (b) medium-dense sand.

Figure 3.16 shows the evolution of the shear strain E:- of soil elements located at a depth
z/rpof 11.5 and at two different radial distances from the pile shaft with increasing |w|. The soil
elements examined come from the tensile loading in tests D-TC(f)#1 and MD-TC(f)#1, and the
compressive loading in tests D-CT(f)#1 and MD-CT(f)#1. As shown in Figure 3.16a), for tensile
and compressive loading, the shear strain magnitude |E)-| of the soil elements at r/rp, =1.25
increased with increasing |w|. At a radial distance »/rp, = 2.5, as shown in Figure 3.16(b), |Ex|
increased with |w| in tensile and compressive loading tests, but at a lower rate than the rate
exhibited by the elements located closer to the pile shaft. The magnitude of E:- stayed relatively
constant for [w|>3.5 mm, occurring at more or less the same value of |w| at which the peak in shaft
resistance was observed. The radial and shear strain magnitudes and their behavior with increasing
|Aw| were comparable for tensile and compressive loading tests performed in samples with the
same relative densities, and thus support the near-to-one values found in the SRRp,rrz and SRR. F1L

ratios.
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Figure 3.16. Shear strain E;- versus absolute value |w| of the pile head displacement for soil
elements at z =11.57 and (a) 7/r,=1.25; and (b) r/r,=2.5.

3.4.4.3 Volumetric strain during first-time loadings (FTLs)

Figure 3.17 shows the cumulative volumetric strain Evo of soil elements located at a
normalized depth z/r, = 11.5 and radial position 7/r, =1.25 and 2.5 versus the absolute value of the

pile head displacement |w| for tensile and compressive loading tests in dense and medium-dense

sand. The volumetric strain Evor is calculated as
3
E,, =detF—1=T]/1-2E, —1 (3.1)
i=1

where F = deformation gradient; and E; (i = 1, 2, and 3) corresponds to the principal strains of the
Green-Saint Venant strain tensor (Lubliner 2008). The principal strain £; and E> are obtained from
the two-dimensional DIC analyses, and the £3 component was estimated as E3= 0.5[1-(1+ u/r)?]
(Tehrani et al. 2017). The sign of the principal strains £, E2, and E3 follow the solid mechanics

sign convention — tensile strain is assumed positive, and compressive strain is assumed negative.
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Figure 3.17. Volumetric strain Evo versus. absolute value |w| of the pile head displacement of
soil elements at z = 11.5r, and (a) »/1,=1.25; and (b) r/r,=2.5.

The volumetric strain results shown in Figure 3.17 confirm that dilation (positive values of
Evor) of the soil elements was highly localized to a thin band that extended radially to a distance 7-
rp of approximately 9.5 mm (7/7p, = 1.6) and r-rp of approximately 23.8 mm (r/r, = 2.5) relative to
the pile shaft in medium-dense and dense sand, respectively. In either compression or tensile
loading, the soil elements at 7/r, = 1.25 dilated with a comparable volumetric strain E\o for a given
value of |w|. During the FTL tests, the magnitude of the volumetric observed in dense sand was
slightly greater than that observed in medium-dense sand, all else being equal.

Figure 3.17(b) shows that, for dense sand, the soil elements at 7/7, = 2.5 first contracted
modestly for |w|< 2.0 mm, and then tended to dilate slightly with the maximum rate of dilation
occurring around |w| of approximately 3.5 mm. By contrast, with medium-dense sand, the soil
elements exhibited only contractile behavior. For |w| > 4.0 mm, the soil elements reached
approximately constant volumetric strain condition. For a given soil-element position next to the
pile shaft, the differences between the volumetric strain behavior for first-time tensile and first-

time compressive loading tests were negligible.
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From the results shown in Figure 3.11 to Figure 3.17, three different regions adjacent to
the model pile shaft can be identified: (1) a region between the pile shaft and the shear band (7/7
< 1.2) in which large vertical displacement occurs; (2) an annulus-shaped region between 1.2 <
r/rp < 1.5 dominated by dilation of the soil elements; and (3) a region further away, radially, in

which the soil elements undergo mainly radial contraction.

3.4.4.4 Inclination a of the principal strain E2 from first-time loading tests (FTLs)

Figure 3.18 shows the inclination a of the minor principal strain E> (i.e., E2 is the largest
compressive principal strain and E; is the largest tensile strain in the r,z-plane) versus the
normalized radial position 7/rp relative to the pile centerline at a normalized depth z/rp, = 11.5 for
first-time tensile and compressive loading tests in dense and medium-dense sand. Experimental
investigation with simple and directional shear apparatus performed using sand and a photoelastic
material (Arthur et al. 1977, 1981; Oda and Konishi 1974; Subhash et al. 1991; Wong and Arthur
1985) and discrete element method (DEM) analyses (Guo and Zhao 2013; Yimsiri and Soga 2010,
2011) have suggested that any plastic deformation in sand induces fabric anisotropy, even in soils
with rounded particles. It is also accepted that the fabric evolves during any condition of loading
and that its evolution depends on the rotation of principal stress direction (Gao and Zhao 2017; L1
et al. 2018; Woo and Salgado 2015; Yang et al. 2016).

In these experiments, as the pile was being loaded for the first time, either by tensile or
compressive loading, the soil elements surrounding the pile shaft started shearing vertically,
resulting in the rotation of the principal strains £; and E>. As shown in Figure 3.18, the minor
principal strain £ of soil elements located close to the pile shaft, at #/r, =1.25 (r-rp, = 3.97 mm),
tilted —45.5° and +46.6° in compressive and tensile loading, respectively, with respect to the
horizontal after |w| = 3 mm, indicating that, independent of the loading direction, the principal
strains in tensile and compressive loading rotate by the same amount but in opposite directions.
For soil elements located farther away from the pile shaft, the rotation of the principal strains was
smaller. At r/r, = 4.5 (r-rp = 55.56 mm), E> rotates by an angle of —=21.5° and +22.6° with respect
to the horizontal in compressive and tensile loading, respectively. The behavior of the principal
strains along the pile shaft in tension and compression loading were in agreement with the results

from the sensors presented previously, which showed negligible differences in peak and limit shaft
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resistance of model pile tested for the first-time loading in tension and compression( for samples

with the same relative densities).
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Figure 3.18. Inclination a of minor principal strain E2 (most compressive strain in 7,z- plan)
versus normalized radial position #/r, relative to the pile centerline of soil elements located at z/7,
= 11.5 and after |w| = 3.0 mm for FTLs.

3.4.4.5 Evolution of the radial and shear strains and the inclination of the most compressive
strain during CT and TC loading sequences

Figure 3.19 shows the cumulative shear strain E;- of two selected soil elements during
tensile-compressive [MD-TC(f)#2] and compressive-tensile [MD-CT(f)#2] loading tests
performed in medium-dense sand samples. Two positions of the soil elements were chosen, one at
r/rp=1.25, z/rp = 11, and the other at 7/r,= 3.0, z/r,= 11, on the right side of the pile. Figure 3.19(a)
shows that, as the magnitude |w| of the pile head displacement increased during the first-time
tensile or compressive loading, the shear strain magnitude |Er-| also increased. As soon as the
loading direction was reversed (the load reversal point LR is shown in Figure 3.19), E- started to
decrease in the tensile loading phase of test MD-CT(f)#2 and increase in the compressive loading
phase of test MD-TC(f)#2;these trends continued until the end of the STL.

Figure 3.19(b) shows the shear strain E;. exhibited by the soil elements located at r/7,= 3.0
and z/r,= 11 during the CT and TC loading sequences. Although the loading direction was reversed
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for the STL, at this location, the sign of - did not change, and the E;- magnitude did not decrease

significantly.
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Figure 3.19. Shear strain E;- evolution during CT and TC loading sequences of soil elements
located at z =117, and: (a) r/r,=1.25; (b) /r,=3.0.

Figure 3.20(a) and (b) show the strain paths in terms of the radial stress £, versus the shear
strain £y for a soil element positioned at 7/rp = 1.25, z/rp, = 11 for CT and TC loading tests MD-
CT(H)#2 and MD-TC(f)#2, respectively. During the FTL, in both compressive and tensile loading,
the radial strain increment AE, was positive, indicating that soil elements dilate with increasing
|Eyrz|. The radial strain E»»was maximum when the shear strain E;- reached its maximum magnitude;
this occurred at the end of the first-time loading. As soon as the loading was reversed (LR), the
magnitude of the radial strain £, started to decrease until it reached a minimum value of Ei of
approximately 1% at E,- = 0 in both the CT and TC loading sequences. The reduction of the radial
strain exhibited by the soil elements in the vicinity of the pile shaft (/7 = 1.25) during the SLT
resulted in a decrease in the radial stress, and, consequently, a reduction in the unit shaft resistance,
as indicated by values of the unit shaft resistance degradation factor D below one. This mechanism

is often referred to as friction degradation (Gavin and O’Kelly 2007; White and Bolton 2002;
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White and Lehane 2004). Figure 3.20(a) and (b) also show that, after the shear E- returned to zero
in the STL (£ reaches its minimum value £, of approximately 1%), the radial strain E increased

again until the end of the STL.
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Figure 3.20. Strain paths for CT and TC loading sequences of soil elements located at r/7,=1.25
and at z =11rp: (a) E»r versus E;- for test MD-CT(H)#2; (b) E»versus E;- for test MD-TC(f)#2; (c)
a versus Ey; for test MD-CT(f)#2; (d) a versus shear strain E;: for test MD-TC(f)#2.

Figure 3.20(c) and (d) show the angle a of the minor principal strain £> with the horizontal
versus the shear strain E;- of the same soil elements analyzed in Figure 3.20(a) and (b), respectively.
During the compressive loading stage in test MD-CT(f)#2, the direction a of the principal strain

E> had a minimum value of — 50.2° at low shear strain of E- = 0.6%, then increased slightly to —
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41.2° at Er- =4.0%, and remained constant until £/ reached its maximum magnitude (E:-= 14.5%).
When the loading was reversed, a remained at a value of — 41.2° until the shear strain returned to
E-=4.0%. As E;: continued to decrease, a gradually rotated 82.6° towards + 40.9° at E,. = —4.7.
The inclination a = +40.9° remained approximately constant until the end of the tensile loading.
A similar rotation of the minor principal strain direction occurred during the TC loading test, with
the difference that o started with an inclination of +46.7° at E- = - 0.6%, decreased to +41.7% at
Er- = - 4.0%, and gradually rotated —-82.1° towards + 40.4° at E,- = 3.4%. The inclination of the
minor principal strain remained at a constant inclination of — 40.4° until the end of the second
loading stage (compressive loading).

The similar values of shaft resistance degradation factor D found for the CT and TC loading
sequences are supported by the fact that the £/ versus £,z and a versus E;: paths in the CT loading
test are nearly the mirror images of the corresponding paths for the TC loading test. This response
can be attributed to the similar initial fabric (i.e., dry pluviation and one-dimensional consolidation)
and the same mode of fabric evolution that soil elements experience during the CT and TC loading

sequences.

3.4.4.6 Shear band

The formation of a shear band along the pile shaft is a key process in the development of
the shaft resistance of axially loaded piles, and thus correct quantification of the thickness of the
shear band is important for accurately capturing the mobilization of the unit shaft resistance
(Fioravante et al. 2010b; Han et al. 2017; Loukidis and Salgado 2008; Tehrani et al. 2016). The
study of the formation and development of shear bands along a structural element-soil interface in
a quantitative manner has recently become possible through the development of image processing
algorithms (such as DIC and discrete particle tracking algorithms). For the present experiments,
the boundary of the shear band was defined using the particle tracking procedure described by
Tovar-Valencia et al. (2018). This procedure consists in tracking at least 25 particles close to the
shaft across digital images taken with a microscope as the pile is loaded. Once the model pile head
has moved an absolute value of 15 mm, which is sufficient for full shaft resistance mobilization,
the shear band thickness # is defined as the radial distance from the pile shaft to the radius at which

particle movement in the direction of shearing drops sharply.
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Table 3.8 shows the shear band thicknesses # measured during FTL and STL as a multiple
of the mean particle size Dso. The values of ¢ range from 3.5Ds0 to 4.2Dso. Tehrani et al. (2016)
reported similar values of shear band thickness (¢ =3.2Ds0 in dense sand and # =3.4Ds0in medium-
dense sand) developed during compressive loading of a nondisplacement pile with a comparable
normalized surface roughness R.,= 0.098 [Rn as defined in Tovar-Valencia et al. (2018)].

The results shown in Table 3.8 also indicate that, for FTL, the shear band thickness
developed for tensile loading was only 3.0% greater than for compressive loading in samples with
similar relative densities. For STL, the difference between # in tensile and compressive loading
increased slightly to 5.4%. In general, the shear band thickness # seems to be relatively insensitive
to the loading direction. During STL, the thickness of the shear band decreases 4.4% on average
with respect to the value of #; measured during FTL in both the CT and TC loading tests performed

in samples with similar relative densities.

Table 3.8. Thickness of the shear band developed after |[Aw| = 15 mm for the first-time and
second-time loading of non-displacement model piles

. . . FTL STL
Test code Relative density Dr (%) ts(mm) & /Dso”  t(mm)  t/DsoV
D-CT(H#1 93 23 3.7 22 3.5
D-TC(D#1 89 2.3 3.7 23 3.7
MD-CT(H)#1 88 2.6 4.2 23 3.7
MD-TC(D#1 90 2.5 4.0 2.4 3.9

Note: #; =shear band thickness estimated by tracking of particles from an observation point at a depth z/r,= 17.0 after
|Aw| = 15 mm in FTL and STL; Dso= mean particle size equal to 0.62 mm; FTL= first-time loading; STL= second
time loading.

Based on the DIC analysis reported in Table 3.7, we estimate that the radial displacement
u developed in the shear band is about 0.027, (= 3.94Rmax) in dense and 0.0157, (= 2.96Rmax) in

medium-dense sand.

3.4.4.7 Scale effects on shaft resistance

It is well known that, due to scale effects, a model-size pile with diameter less than a
limiting value develops greater unit shaft resistance than a prototype pile under similar conditions
(Foray et al. 1998; Lehane et al. 2005a; Loukidis and Salgado 2008). This scale effect on the shaft

resistance of model piles is associated with the ratio /B of the thickness of the shear band that
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forms adjacent to the pile shaft during axial loading to the pile diameter and the ratio B/Dso of the
pile diameter to the mean particle size of the soil. Loukidis and Salgado (2008) and Salgado et al.
(2017) performed one-dimensional finite-element analyses to study the effect of #/B on the value
of the coefficient of lateral earth pressure K of nondisplacement piles. The results showed that, for
ts/B <0.01, the value of K was stable. Such results, if scale effects were a function only of the value
of ts/B, would imply that the magnitude of the limit unit shaft resistance gs. for a model pile would
be expected to be comparable to that of a full-scale pile.

The scale effect for model piles becomes important when #/B > 0.01, because the value of
K increases with increasing #/B. Based on centrifuge model pile tests, Foray et al. (1998) and
Fioravante (2002) suggested that scale effects on shaft resistance can be assumed to be negligible
when the ratio B/Dso exceeds 200 [according to Foray et al. (1998)] or 50 [according to Fioravante
(2002)]. These thresholds can be related to a threshold in terms of #/B if the shear band thickness
is known.

From Table 3.8, the shear band thickness # for FTL in dense sand is 2.3 mm (= 3.7Ds0);
therefore, the value of /B corresponds to 0.072, which is greater than 0.01. This indicates that the
values of gsi reported in Table 3.3 cannot be directly applied to prototype scale. For #/B equal to
0.072, a correction factor of 0.62 (Loukidis and Salgado 2008) could be applied to the measured
¢sL in order to obtain an estimate of gs. for prototype conditions.

Because the shear band thickness # seems to be relatively insensitive to the loading
direction, it is reasonable to assume that the degradation factor D as well as the tensile-to-
compressive unit shaft resistance ratios Skrrrrr and Srrrrrr are not affected by the scale effects

present in our results.

3.4.4.8 Surface roughness

Another aspect to be considered when using model piles to study prototype piles is the
normalized surface roughness Rn (Garnier et al. 2007). Due to the high surface roughness of bored
piles (made of cast-in-situ concrete) and the interlocking created between the concrete surface and
sand particles during loading, shearing takes place within the soil and not at the soil-pile interface.
Consequently, for nondisplacement piles, the interface can be assumed to be perfectly rough. In
this case, the limit unit shaft resistance is controlled by the shear strength of the soil, and the

interface friction angle takes the value of the mobilized friction angle. From interface direct shear
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tests, an interface becomes fully rough when the normalized roughness Rn exceeds 0.2 according
to (Fioravante et al. 2010b), and this number could be higher (see, e.g., Tehrani et al. (2016)). The
surface roughness of the model pile used in these experiments (Rn = 0.131) would not, according
to these results, produce the maximum limit unit shaft resistance. However, the images collected
during the experiments do show the shear band developing inside the soil mass, which is consistent

with the concept of perfect roughness.

3.5 Summary and conclusions

This paper presented the results of a series of static load tests performed on model
nondisplacement piles preinstalled in silica sand. Two different pile base geometries, a flat base
and a conical base, were studied, both with similar surface roughness (normalized roughness R
=0.131). Load tests were carried out in dense and medium-dense sand samples prepared in a half-
cylindrical calibration chamber. Digital images of the pile and the surrounding sand were captured
during static load tests and analyzed using the DIC technique. The piles were loaded in two
different sequences: (1) tensile and then compressive loading (TC loading sequence) and (2)
compressive and then tensile loading (CT loading sequence).

For both loading sequences, tension followed by compression (TC) or compression
followed by tension (CT), reversal of the loading direction substantially reduces the unit shaft
resistance. The shaft resistance degradation factor D was always less than 0.6 for both TC and CT
loading sequences and tended to be slightly lower in CT than in TC loading, except when the pile
head displacement magnitude during the first-time tensile loading exceeds 32 mm (approximately
1B). The relative density of the sand samples and the loading sequence of the pile have minimal
influence on the values of D for nondisplacement piles.

When comparing the pile responses from first-time loading (FTL), the magnitudes of peak
unit shaft resistance and limit unit shaft resistance g.prrz and g rr, respectively, measured in
compressive loading were comparable to those measured in tensile loading for the same relative
densities. This resulted in values of tensile-to-compressive unit shaft resistance ratio at peak shaft
resistance (SRRp,rrz) or at its limit (SRR. #rz) close to one. The minimal effect of loading direction
on the unit shaft resistance of fresh nondisplacement piles in sand suggests that no reduction factor

is needed when computing the unit shaft resistance of bored piles subjected to monotonic loading.
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For first-time loading, the displacement vectors for both loading directions (tension and
compression) make angles with the horizontal with approximately the same magnitude. Just
outside the shear band, soil elements surrounding the pile shaft moved radially away from the pile
shaft with, magnitudes of radial displacement almost identical in tensile and compressive loading
and with magnitude decreasing with increasing radial distance measured from the pile shaft.
Regardless whether the pile was loaded first in tension or compression, the soil elements dilated
radially within a thin band adjacent to the pile shaft and contracted radially further out. The
magnitudes of the shear and radial strains were comparable in tensile and compressive loading.
The principal strains rotated by the same amount but in opposite directions depending on whether
tension or compression was applied first. At peak shaft resistance, the directions of the minor
principal strain £2 with respect to the horizontal were — 45.5° and + 46.6° in in compressive and
tensile loading, respectively, but this angle decreased for soil elements located further away,
radially.

The radial and shear strains E;-and E;- and the minor principal strain orientation o evolved
during CT and TC loading sequences. As soon as the loading direction was reversed, the
magnitudes of the cumulative shear strain £;- and radial strain £, dropped. This reduction mayhave
been caused by the misalignment of the principal axes of the stress and fabric tensors resulting
from load reversal. As the second-time loading (STL) continued, the soil fabric would tended to
realign in a way consistent with the new direction of the principal axes of the stresses. At the end
of the STL stage, the angle o of the minor principal strain £> with the horizontal rotated about 90°
or about -90° for a CT and TC loading sequences, respectively. The reduction in the radial strain
exhibited by the soil elements during the STL was consistent with the mechanism of friction
degradation, as demonstrated by the values below one of the unit shaft resistance degradation
factor D. The results also suggest that shaft resistance degradation occurs at a fast rate, with
substantial drops already upon the first load reversal.

The shape of the pile base was found to have negligible influence on the shaft resistance
and on the displacement and the strain fields around the pile shaft. The shear band thickness #,
estimated visually by tracking the movement of sand particles across images, varied from ¢, =2.16
mm (=3.5Ds0) to ts=2.52 mm (= 4.1Ds0). In general, ¢ was smaller for STL than for FTL and was

only 3% larger for tensile loading than for compressive loading.
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4. EFFECT OF CYCLIC LOADING ON THE MOBILIZATION OF
SHAFT RESISTANCE OF MODEL PILES JACKED IN SAND

This chapter will be submitted to a peer-reviewed journal for publication.

4.1 Abstract

Monotonic compressive and cyclic load tests were performed on a closed-ended model pile
jacked into sand samples in a half-cylindrical calibration chamber with digital image correlation
(DIC) capabilities. The model pile was instrumented, enabling the determination of unit shaft
resistance mobilized during the monotonic and cyclic load tests. During the cyclic tests, images of
the pile shaft and the surrounding sand were taken using digital cameras and analyzed to obtain
the displacement and strain fields in the sand domain using the DIC technique. The study shows
that the limit unit shaft resistance after cycling is lower than the initial (before cycling) limit unit
shaft resistance when the displacement cycles (100 cycles) are performed with cyclic displacement
half amplitude greater than 0.7 mm. However, this threshold of cyclic displacement half amplitude
decreases as the number of cycles increases. The loss of limit unit shaft resistance after cyclic
loading increases with increasing initial vertical stress, cyclic displacement half amplitude, and
number of cycles and with decreasing relative density. Furthermore, the DIC results reveal that the
degradation of the limit unit shaft resistance is due to radial contraction and the development of

cumulative shear strains in soil elements near the pile shaft during cyclic loading.

Keywords: cyclic loading, sand, model piles, DIC technique
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4.2 Introduction

Certain structures supported by deep foundations are always subjected to cyclic loading
during their service life. Wind turbines and offshore platforms are examples of structures that rely
on the ability of the foundations to sustain cyclic loads induced by environmental loads such as
those due to wind and wave action. Cyclic loading can significantly affect the response of a pile
to loading by reducing its static capacity. Furthermore, when a pile is subjected to cyclic loading,
serviceability limit states may be reached due to excessive pile head displacements (Benzaria et al.
2013; Jardine and Standing 2000; Karlsrud et al. 1986; Puech et al. 2012).

One of the most comprehensive sets of pile load tests were carried out at Dunkirk, France,
by Chow (1997) and Jardine and Standing (2000, 2012) to investigate cyclic loading effects on the
static shaft capacity of displacement piles in sand. Load-controlled, axial cyclic and static tensile
load tests were performed on full-scale open-ended driven piles. From these experiments, Jardine
and Standing (2012) observed that, at low-level cyclic loading (load oscillating between zero and
a tensile load with magnitude not exceeding 38% of the pre-cycling maximum tensile resistance),
piles were able to sustain a large number of cycles (more than 1,000 uniform cycles) without
generating significant permanent pile head displacements. Furthermore, the tested piles showed an
increase in the tensile shaft capacity after cycling. In contrast, high-level cyclic loading (load
oscillating between zero and a tensile load with magnitude not exceeding 92% of the pre-cycling
maximum tensile resistance) caused excessive permanent pile head displacements (i.e., pile head
displacement greater than 10% of the pile diameter B within less than 12 cycles), leading to a
reduction of the tensile pile shaft capacity.

Jardine et al. (2012) and Puech and Garnier (2017) suggested that, for relatively
compressible piles installed in sandy soils, the decrease in shaft resistance due to cyclic loading is
not uniform along the pile shaft. Thus, understanding the mechanisms controlling the local
mobilization of shaft resistance along the soil-pile interface is crucial in the estimation of the global
pile shaft response to cyclic loads. Calibration chamber experiments allow a high-quality, detailed
examination of the mechanisms involved in the mobilization of unit shaft resistance of a segment
of a pile.

The behavior of soil-pile interfaces during and after cyclic loading has been studied by
performing monotonic and cyclic constant-normal stiffness (CNS) shear tests on sand-steel

interfaces (Airey et al. 1992; Al-Douri and Poulos 1992; DeJong et al. 2003; Fakharian and Evgin
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1997; Mortara et al. 2007). By comparing the monotonic response of sand-steel interfaces before
and after cycling, Tabucanon et al. (1995) and Mortara et al. (2007) showed that the post-cyclic
shear strength drops with increasing cyclic displacement amplitude or number of cycles.

Results from model pile experiments in calibration chambers have shown that the decrease
in shaft capacity due to cyclic loading depends on several factors, including the cyclic
displacement, number of cycles, type of soil, and type of pile (Al-Douri 1992; Al-Douri and Poulos
1995; Le Kouby et al. 2004; Lee and Poulos 1991; Poules 1984; Poulos 1989a). According to
Poulos (1984), the post-cyclic shaft resistance decreases only when the cyclic displacement
amplitude exceeds the magnitude of the displacement required to fully mobilize the unit shaft
resistance under monotonic loading. Le Kouby et al. (2004) indicated that non-displacement piles
are more susceptible to experience a decrease in shaft capacity after cyclic loading than
displacement piles. Poulos (1984, 1989a) suggested that a drop in the mobilized unit shaft
resistance is less severe in silica sand than in calcareous sand and that the vertical stress has
minimal effect on the degradation of shaft resistance due to cycling.

Foray et al. (2010), Rimoy et al. (2012) and Tsuha et al. (2012) studied the response of
piles subjected to axial cyclic loading using the Imperial College mini-ICP (diameter = 36 mm)
pile in a pressurized calibration chamber. Measurements of the local radial and shear stresses at
the shaft of the mini-ICP model pile showed that, under high-level cycling (e.g., cyclic
displacement varying from -2 mm to +3 mm per cycle), the stress path formed loops that reached
the tension and compression failure envelopes. The radial stress decreased as cycling progressed.
According to Jardine et al. (2012), the main factor behind the loss of shaft capacity is the decrease
of the local radial stress in the soil next to the pile shaft during cyclic loading.

Image-based measurement techniques have been used to study the deformation of soil
elements near sand-structure interfaces by performing cyclic CNS shear tests (DeJong et al. 2003,
2006) and axial cyclic loading tests on a displacement pile in a mini calibration chamber (Doreau-
Malioche et al. 2018). From the CNS shear tests, DeJong et al. (2003) and Westgate and DeJong
(2006) observed that, under both displacement- and load-controlled cyclic conditions, the shear
band at the interface exhibited a net contraction after each cycle. The magnitude of this contraction
increased as the number of cycles increased. This cumulative contraction was linked to the

decrease in the normal stress typically measured in cyclic CNS tests. Despite possible scale effects,
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Doreau-Malioche et al. (2018) also found that the sand next to a sand-pile interface contracts
radially when a model pile is subjected to displacement-controlled loading cycles.

This paper presents the results of a series of monotonic and cyclic displacement-controlled
load tests performed on a model pile jacked in silica sand samples prepared in a half-cylindrical
calibration chamber with Digital Image Correlation (DIC) capabilities. We investigate the effects
of cyclic displacement, number of cycles, relative density, initial vertical stress and frequency on
shaft resistance mobilization during monotonic and cyclic loading. We also present the strain and
displacement fields in the sand domain obtained during cyclic loading of the jacked model pile

and discuss the primary mechanisms controlling its response to cyclic loading.

4.3 Materials and methods

4.3.1 Testing equipment

Model pile tests were performed in a half-cylindrical calibration chamber at Purdue
University, USA (Figure 4.1). Details of the calibration chamber and the testing equipment used
in the experiments reported in this paper are provided in Table 4.1. The front wall of the calibration
chamber contains three observation windows that allow capturing of digital images of the model
pile and the surrounding sand domain during testing.

The model pile consists of an instrumented half-circular rod with a conical base. The model
pile dimensions and surface roughness parameters are also included in Table 4.1. The installation
and the monotonic and cyclic loading of the model pile were performed using a hydraulic actuator
mounted on a removable steel frame, as shown in Figure 4.1. The loads Qr at the head of the model
pile were measured using a 42-kN capacity tension-compression load cell (Model WMC, Interface
Inc., Scottsdale, Arizona) connected at the top of the model pile. The loads QO at the base of the
model pile were measured using a cluster of 4 strain gauges (Kyowa Americas Inc. model KFG-
2-350-C1-23) installed oppositely to each other in a brass cylinder located inside the conical tip of
the model pile.
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Figure 4.1. Experimental facility for model pile testing at the Bowen Laboratory, Purdue
University.
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Table 4.1. Equipment components (Adapted from Tovar-Valencia 2019)

Component Details
Calibration chamber Half-cylindrical calibra?ipr.l chamber with DIC
capabilities

e Diameter D 1680 mm

e Height H 1200 mm

e Observation windows 300 mm (width) x 250 mm (height)
Model pile Half-circular bass rod with conical tip (60°-apex angle)

e Pile diameter B 38.1 mm

e Pile length L 800 mm

e D/B 44.1

e B/Dso 61.4

e R..° 83.01 pm

e R:.P 0.134
Surcharge device Inflatable rubber bladder at the top of the sample

.\ Perfectly rigid lateral wall & constant vertical stress

Boundary conditions (BC3):
Loading system Servo-controlled hydraulic actuator
Digital cameras & lenses 1 per observation window

e (Camera type CMOS? cameras

e (Camera resolution 12 Megapixels

e Lenses 60 mm focal length low distortion

e Image capture rate From 2 to 20 pictures per second
Lighting system Two fluorescent (55W) and 2 LED (42 W) lights

2 Absolute roughness as defined in Tovar-Valencia et al. (2018).
® Normalized surface roughness parameter (= g* Dy, ).

¢ Boundary conditions as described in Ghionna and Jamiolkowski (1991) and Salgado et al. (1998).
4 Complementary Metal-Oxide Semiconductor cameras.

4.3.2 Testsand

The test sand is Ohio Gold Frac (OGF), a poorly-graded silica sand (S102=99.7%) with a
mean particle size Dso of 0.62 mm. The critical-state friction angle of the sand is 32.5° in triaxial
compression and 32.0° in direct shear. Sandpaper grit #120 was attached to the pile surface to
increase its roughness. The sand-sandpaper (sandpaper grit #120) interface friction angle Jc
obtained from direct shear tests is 31.4°. As shown in Table 4.1, the normalized surface
roughness R;, (Tovar-Valencia et al. 2018) of the model pile with sandpaper attached to it is 0.134,
and thus it is considered a rough surface (Galvis-Castro et al. 2019b; Tovar-Valencia et al. 2018).

Han et al. (2018) provided all the properties and morphological parameters of OGF sand.
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4.3.3 Image analysis

Two CMOS cameras were positioned in front of the top and middle observation windows
of the calibration chamber to take synchronized digital images of the sand domain at a rate ranging
from 5 pictures per second, for cyclic tests performed with small cyclic displacement amplitude
and low frequency (0.1 Hz), to 20 pictures per second, for cyclic tests performed with large cyclic
displacement amplitude and high frequency (1.0 to 2.0 Hz). The two-dimensional Digital Image
Correlation DIC technique was used to obtain the displacement and strain fields in the sand domain
surrounding the model pile during cycling loading. The fundamentals of the DIC technique are
described in Arshad et al. (2014) and Pan et al. (2009). The commercial software VIC-2D
(Correlated Solutions 2009) was used to analyze the digital images captured in the experiments.

The settings used in VIC-2D are summarized in Table 4.2.

Table 4.2. Settings for the DIC analysis using VIC 2D (Adapted from Tovar-Valencia et al.

2020)
Parameter Value (description)
Subset size 35 x 35 pixels (= 5Ds0 by 5Ds0)
Step or grid size ° 8 pixels
Area of interest in the picture 300 mm x 250 mm
Scale of the image 0.095 mm / pixel
Correlation criterion Normalized squared differences and exhaustive search ©

# Size of the set of pixels to be tracked across images.

® Size of the square grid used to extract results.

¢ This correlation criterion seeks the minimum difference in grey-level intensity of an image pattern of the subset in the reference and
deformed/displaced images (Pan et al. 2009; Sutton et al. 2009; Take 2015).

4.3.4 Experimental program

Twenty-five sand samples were prepared in the DIC calibration chamber (Table 4.3). The
samples were prepared by air pluviation (Lee et al. 2011). The target sample densities were
achieved by changing the flow rate through the addition or removal of a diffuser sieve. For each
sand sample, testing consisted of the following four stages: (1) pile installation, (2) monotonic
compressive loading before cycling, (3) displacement-controlled cyclic loading, and (4) monotonic
compressive loading after cycling.

The model pile was installed using jacking strokes 10 mm in length at a rate of 1.0 mm/s
to a target base depth of 415 mm (= 10.9B). The pile head load was reduced to zero (Or= 0 kN)

between strokes. This procedure was repeated until the desired penetration depth was reached. The
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loading system was detached from the head of the model pile to unload the pile, simulating the
end of the pile installation stage (stage 1) of the test.

Two compressive load tests were performed per sample: one before and one after cyclic
loading. In the pre-cycling compressive loading (stage 2), the model pile was pushed down for a
distance of approximately 12 mm (i.e., 12 mm = 0.3B), while, in the post-cycling compressive
loading (stage 4), the pile head was pushed down about 38 mm (i.e., 38 mm = 1B). Both
compressive load tests were performed at a constant rate of 0.1 mm/s (1/10 of the installation rate).

The cyclic load tests were performed using a servo-controlled hydraulic actuator designed
to impose sinusoidal pile head displacements. Only one displacement-controlled cyclic test (stage
3) was performed per sample. Figure 4.2 shows that the displacement w oscillates between a
maximum displacement wmax and a minimum displacement wmin, from which we can calculate (1)
the mean displacement Wmean as (Wmax + wmin)/2 and (i1) the cyclic displacement half amplitude
AWeyclic a8 (Wmax - Wmin)/2, which is half of the amplitude of the sinusoidal displacement wave. The
cyclic tests were performed by first applying a pre-defined value of Wmean on the model pile. The
value of wmean Was set to correspond to a reasonable estimate of the working load on the pile. This
will be discussed in detail later in the paper. This pre-loading is illustrated in Figure 4.2 as the
trajectory from point A, at which the load at the top of the model pile is zero and w = 0, to point
B, at which the load at the top of the model pile is greater than zero and w = Wmean. A complete
displacement cycle is illustrated in Figure 4.2 by the displacement vs. time response from point B
to point C. The number N of cycles and the frequency f were two of the variables considered in

the testing plan.
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Figure 4.2 Pile head displacement w (positive when the pile head moves downward) vs. time of a
typical displacement-controlled cyclic load test (from point A to B: pre-loading of the model pile
in compression with a pile head displacement w = wmean and from point B to C: first load cycle).

Table 4.3 presents the test program. Each test is identified by a test code that describes the
cyclic test parameters: mean displacement wmean, denoted by M; cyclic displacement half
amplitude Aweyclic, denoted by CY; frequency f, denoted by F; and number Nc of cycles, denoted
by N. The number that follows these notation letters in the test code represents the value of the
variable (values are in millimeters for wmean and Aweyclic and in Hz for f). All the tests were
performed in dense sand samples, except for test M0.5-CY1.0-F0.1-N100), which was performed
in medium-dense sand. A surcharge (initial vertical stress ovo) of 50 kPa was applied at the top of
the samples, except for test M0.5-CY0.7-F1.0-N1000", which was performed with a surcharge of
90 kPa.
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Table 4.3 Test program

Relative Mean . Cyclic Number
density displacement d1sp1acerpent of cycles Frequency
# Test code®"¢ D w half amplitude N f
mean Achclic c

% mm mm Hz

1 MO0.5-CY0.25-F0.1-N100 91.3 0.50 0.25 100 0.1

2 MO0.5-CY0.25-F1.0-N1000 94.3 0.50 0.25 1,000 1.0

3 MO0.5-CY0.25-F2.0-N2000 92.0 0.50 0.25 2,000 2.0

4 M1.0-CY0.5-F0.1-N100 88.0 1.00 0.50 100 0.1
5 M1.7-CY0.5-F0.1-N100 87.1 1.70 0.50 100 0.1

6 MO0.5-CY0.5-F1.0-N1000 91.4 0.50 0.50 1,000 1.0

7 MO0.5-CY0.5-F0.1-N100 92.7 0.50 0.50 100 0.1

8 MO0.7-CY0.5-F0.1-N100 92.7 0.70 0.50 100 0.1

9 M2.4-CY0.5-F0.1-N100 92.7 2.40 0.50 100 0.1

10 MO0.5-CY0.6-F0.1-N100 93.6 0.50 0.60 100 0.1
11 M0.5-CY0.7-F1.0-N1000 94.3 0.50 0.70 1,000 1.0
12 MO0.5-CY0.7-F1.0-N100 92.0 0.50 0.70 100 1.0
13 M0.5-CY0.7-F0.1-N100 92.3 0.50 0.70 100 0.1
14 MO0.5-CY0.8-F0.1-N100 93.6 0.50 0.80 100 0.1
15  M1.7-CY0.85-F0.1-N100 88.5 1.70 0.85 100 0.1
16 MO0.5-CY1.0-F0.1-N100 88.2 0.50 1.00 100 0.1
17 M1.0-CY1.0-F0.1-N100 92.1 1.00 1.00 100 0.1
18  MO0.5-CY1.0-F1.0-N1000 86.9 0.50 1.00 1,000 1.0
19 MO0.5-CY1.0-F1.0-N200 88.3 0.50 1.00 200 1.0
20 MO0.5-CY1.2-F1.0-N100 92.0 0.50 1.20 100 1.0
21 MO0-CY1.5-F0.2-N500 85.6 0.00 1.50 500 0.2
22 M1.0-CY1.5-F0.2-N500 85.6 1.00 1.50 500 0.2
23 MO0.5-CY1.5-F0.1-N100 88.3 0.50 1.50 100 0.1
24 M0.5-CY1.0-F0.1-N100® 59.4 0.50 1.00 100 0.1
25  M0.5-CY0.7-F1.0-N1000®" 80.0 0.50 0.70 1,000 1.0

2 Test code: M"#"= mean displacement wmean followed by its value in mm, CY"#"= cyclic displacement half amplitude
Aweyciic followed by its value in mm, N"#" = number N. of cycles, F"#" = frequency f followed by its value in Hz.

b Except for test M0.5-CY0.7-F0.1-N100, all the tests were performed with a surcharge of 50 kPa.

° Except for test M0.5-CY1.0-F0.1-N100, all the tests were performed in dense sand samples.

4.4 Experimental results

4.4.1 Monotonic loading: sensor-based results

4.4.1.1 Monotonic loading before cycling

Figure 4.3 shows the unit shaft resistance gs mobilized in a typical compressive load test
performed before cycling. The mobilized unit shaft resistance was calculated by subtracting the
load at the base from the load at the head of the pile and then by dividing it by the surface area of

the pile shaft in contact with the sand. In compressive loading, ¢gs reached a maximum value of
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216.0 kPa in dense sand and 81.4 kPa in medium-dense sand. The unit shaft resistance is fully
mobilized after a pile head displacement w equal to 4.0 mm (= 0.11B) in dense sand and 2.3 mm
(= 0.06B) in medium-dense sand, and then it stabilizes at its limiting value as the pile head

displacement increases.
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Figure 4.3. Unit shaft resistance mobilized in compressive load tests performed before cyclic
loading in dense and medium-dense sand.

4.4.1.2 Effect of the mean displacement Wean on unit shaft resistance

The effect of the mean displacement wmesn on the unit shaft resistance mobilized in
compressive loading was evaluated through the unit shaft resistance ratio gsac/gsL.sc, defined as
the ratio of the unit shaft resistance gs,ac measured in the compressive load test performed after
cycling to the limit unit shaft resistance gs.,c obtained in the compressive load test performed
before cycling. Figure 4.4(a) and (b) show the profiles of gs.ac/gsL.Bc vs. pile head displacement w
for tests with cyclic loading stage performed using cyclic displacement half amplitude Aweyclic of
0.5 mm and 1.0 mm, respectively. For the tests shown in Figure 4.4(a), the curves of gsac/gsLBc
vs. w are comparable (they differ by less than 16% with reference to the curve with wmean = 0.5
mm). Figure 4.4(b) also shows that, for cyclic tests performed with Wmean = 0.5 mm and 1.0 mm,
the results in terms of gsac/gsLBc are similar. The results shown in Figure 4.4 suggest that the

influence of wmean On the post-cyclic unit shaft resistance response is minimal to negligible as long
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as the maximum downward movement (i.e., wmax) of the pile head is smaller than the pile head

displacement required to mobilize gs..sc in compressive loading.
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Figure 4.4. Influence of mean displacement wmean On the post-cycling unit shaft resistance: unit
shaft resistance ratio gsac/gsL.c vs. pile head displacement w for tests with cyclic loading stage
performed using cyclic displacement half amplitudes Awcyciic of (2) 0.5 mm and (b) 1.0 mm.

4.4.1.3 Effect of frequency f on unit shaft resistance

Figure 4.5 compares the gsac/gsLsc vs. w curves for tests M0.5-CY0.7-F1.0-N100 and
MO0.5-CY0.7-F0.1-N100. The difference between these two tests is the frequency applied in the

cyclic loading stage of the tests. Figure 4.5 shows that the values of gsac/gsLsc for the tests
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performed with low frequency (i.e., f=0.1 Hz) and high frequency (i.e., /= 1.0 Hz) are comparable.
Therefore, the effect of frequency on the post-cycling unit shaft resistance is small for model piles
jacked in silica sand within the loading rate range of these tests. As shown in Table 4.3, the
frequencies used in the cyclic loading stage of the tests varied from 0.1 Hz to 2.0 Hz. For the range
of frequencies and cyclic displacement half amplitudes considered in these experiments, the model
pile achieved a maximum loading rate of 6 mm/s and a minimum loading rate of 0.1 mm/s in the
cyclic tests. This is consistent with previous observations by Al-Douri and Poulos (1992) who
indicated that the loading rate (=1.0 mm/min and 2 mm/min) had only little influence on the results
of cyclic direct shear tests on sand. Based on field tests on driven piles in sand, Rimoy et al. (2013)
also suggested that loading rate effects on shaft capacity are likely to be insignificant for piles in

sand.
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Figure 4.5. Influence of frequency f on the post-cycling unit shaft resistance: unit shaft resistance
ratio gs,ac/gsL,Bc vs. pile head displacement w for tests M0.5-CY0.7-F1.0-N100 (f = 1.0 Hz) and
MO0.5-CY0.7-F0.1-N100 (f = 0.1 Hz).

4.4.1.4 Effect of cyclic displacement half amplitude Aw.y.iic on unit shaft resistance

Figure 4.6 shows the gsac/gsLsc vs. w curves for tests with the cyclic loading stage
performed using cyclic displacement half amplitudes ranging from 0.25 mm to 1.5 mm. Peaks in
gs.ac/gsL.Bc are observed for tests with Aweyelic equal to 0.25 mm, 0.5 mm, and 0.6 mm (tests M0.5-
CY0.25-F0.1-N100, M0.5-CY0.5-F0.1-N100, and M0.5-CY0.6-F0.1-N100). The peaks occur

approximately at a pile head displacement w equal to 4 mm and correspond to gs.ac/gsLBc values
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greater than 1.0, indicating a small improvement of the post-cyclic unit shaft resistance. However,
as loading progresses, gs.ac/gsL.sc decreases and stabilizes at a value of 1.0. In contrast, for Awcyctic
greater than 0.7 mm (tests M0.5-CY1.0-F0.1-N100 and M0.5-CY'1.5-F0.1-N100), the values of
gs.ac/gsLac within the 4 mm < w < 38 mm range are less than 1.0, indicating a drop of the post-
cyclic unit shaft resistance. Increases in the shaft resistance of model piles after cyclic loading with
small cyclic displacements have also been reported by Foray et al. (2010) and Le Kouby et al.
(2004). Foray et al. (2010) measured a 17% increase in the tensile shaft capacity after subjecting
a model pile (B =36 mm) to 7,000 cycles with cyclic displacement half amplitude of 0.04 mm (=
0.0018 =0.19Ds0). Le Kouby et al. (2004) reported a gain in shaft resistance of 30% after applying
50 displacement-controlled cycles with a cyclic displacement half amplitude of 0.1 mm (=0.018
=0.50D50).
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Figure 4.6. Influence of cyclic displacement half amplitude Awcyclic on the post-cycling unit shaft
resistance: unit shaft resistance ratio gs ac/gsLsc vs. pile head displacement w for tests with cyclic
loading stage performed using mean displacement Wwmean of 0.5 mm and ended at 100
displacement cycles.

Figure 4.7 shows the curves of the unit shaft resistance ratio gsac/gsLc vs. the cyclic
displacement half amplitude Awcyciic for the following values of pile head displacement w: (i) 4.0
mm, which is the displacement wL required to mobilize the limit unit shaft resistance in
compressive loading before cyclic loading in dense sand; (i1) 6 mm; (iii) 10 mm; and (iv) 38 mm

(= 1B). Figure 4.7 was drafted using the results from the same tests shown in Figure 4.6 (i.e., tests
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with Wmean = 0.5 mm, ovo = 50 kPa, and Nc= 100 cycles). For w = wi.= 4.0 mm, the unit shaft
resistance ratio gs,ac/qsLBc reaches a maximum value of 1.14 at Aweyclic = 0.6 mm (= 0.17wL), then
decreases to a value of 0.5 as Aweyclic increases from 0.6 to 1.0 mm. Figure 4.7 also shows that, for
Awcyclic greater than 0.7 mm, gsac/gsLsc increases as the pile head displacement w increases.
However, gs,ac/gsL,Bc is always lower than 1.0 even at a pile head displacement of 38 mm (= 1B).
This result indicates that the limit unit shaft resistance is significantly affected by uniform cycles

(Ne=100) of cyclic displacement half amplitude Awecyciic greater than 0.7 mm.
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Figure 4.7. Unit shaft resistance ratio gs,ac/gsLsc corresponding to w =4 mm, 6 mm, 10 mm, and
38 mm vs. cyclic displacement half amplitude Awcyciic for tests with cyclic loading stage
performed using mean displacement Wmean of 0.5 mm.

4.4.1.5 Effect of number N. of cycles on unit shaft resistance

Figure 4.8 compares the gs.ac/gsL.Bc vs. w curves for tests with the same cyclic displacement
half amplitude but ended at different number of displacement cycles. Figure 4.8(a) shows the
results for Aweyclic = 0.25 mm (tests M0.5-CY0.25-F0.1-N100, M0.5-CY0.25-F1.0-N1000 and
M0.5-CY0.25-F2.0-N2000) and Figure 4.8(b) shows the results for Aweyclic=1.0 mm (tests M0.5-
CY0.7-F0.1-N100 and M0.5-CY0.7-F1.0-N1000). In Figure 4.8(a), the values of gsac/gsLsc for
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Ne= 1,000 and 2,000 cycles differ by less than 1% with respect to the values of gsac/gs.Bc for
Ne=100 cycles. On the other hand, in Figure 4.8(b), the value of gsac/gsLsc at w = wL= 4.0 mm
drops significantly when the number of cycles increases from 100 to 1,000 cycles (i.e., at w =4
mm, gsac/gsLsc = 1.0 for test M0.5-CY0.7-F1.0-N100, while gs.ac/gsLsc = 0.6 for test M0.5-
CY0.7-F1.0-N1000).
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Figure 4.8. Influence of number Nc of cycles on the post-cycling unit shaft resistance: unit shaft
resistance ratio gsac/gsL.sc vs. pile head displacement for tests with cyclic loading stage
performed using cyclic displacement half amplitudes Aweyclic of (a) 0.25 mm and (b) 1.0 mm.

Figure 4.9 shows the unit shaft resistance ratio gs.ac/gsL.Bc corresponding to w = 4 mm vs.

cyclic displacement half amplitude weyclic for tests with Ne=100 and 1,000 cycles. As mentioned
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before, the largest drop in gsac/gsLc occurs for Aweyelic = 0.7 mm when the number of cycles
increases from 100 to 1,000; the gs.ac/gsL.Bc ratio for gsac measured at w =4 mm and 1,000 cycles

is 42% less than that for 100 cycles.
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Figure 4.9. Unit shaft resistance ratio gsac/gsLBc corresponding to w =4 mm vs. cyclic
displacement half amplitude Aweyelic for tests with cyclic loading stage ended at 100 and 1,000
displacement cycles.

Figure 4.10 shows that, for Aweyclic = 0.25 mm, the gsac/gsL.Bc ratios decrease by less than
3% as the number of cycles increases from 100 to 1,000 and 2,000 cycles. These results indicate
that the unit shaft resistance is not affected by cyclic loading when the cycles are applied with a
Aweyclic smaller than or equal to 0.25 mm, regardless of the number of cycles (100 to 1,000 and
2,000 cycles). For Awcyciic=1.0 mm, gsac/gsLsc decreases at a slow rate for N greater than 100.
The value of gs,ac/gsL,Bc corresponding to w =4 mm decreases by 20% when the number of cycles
increases from 100 cycles to 200 cycles, but then only by an additional 5% from 200 cycles to
1,000 cycles. This result suggests that, for values of the cyclic displacement half amplitude Aweyclic
exceeding 0.25 mm, there is a threshold number of cycles that produces the maximum degradation
of the unit shaft resistance due to cyclic loading. The unit shaft resistance ratio is not affected by

an increase in the number of cycles beyond this threshold value, which depends on the magnitude
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of the cyclic displacement half amplitude. The greater the cyclic displacement, the smaller is the

number of cycles required for gsac/gsL.Bc to reach a stable value.
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Figure 4.10. Unit shaft resistance ratio gs,ac/gsL,c corresponding to w = 4 mm vs. number N. of
cycles for tests with cyclic loading stage performed using cyclic displacement half amplitudes
Aweyelic equal to 0.25 mm, 0.5 mm and 1.0 mm.

4.4.1.6 Effect of relative density Dr on shaft shear stress

Figure 4.11 compares the unit shaft resistance mobilized in the compressive load tests
performed before and after cyclic loading for tests M0.5-CY1.0-F0.1-N100®) and M0.5-CY1.0-
F0.1-N100. The difference between these two tests is the relative density (Dr = 59.4% for test
MO0.5-CY1.0-F0.1-N100") and Dr = 88.2% for test M0.5-CY1.0-F0.1-N100). Figure 4.11(a)
shows that, for medium-dense sand, the mobilized unit shaft resistance in the compressive load
test performed after cycling is always smaller than that mobilized in the compressive load test
performed before cycling. As shown Figure 4.11 (b), a similar effect is observed for dense sand.
The results show that, after 100 displacement cycles of cyclic displacement half amplitude equal

to 1.0 mm, the unit shaft resistance mobilized in both dense and medium-dense sand decreases.
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Figure 4.11. Unit shaft resistance gs mobilized in the compressive load tests performed before
and after cycling loading vs. pile head displacement w for tests in (a) medium-dense sand [test
MO0.5-CY1.0-F0.1-N100(*)] and (b) dense sand [test M0.5-CY 1.0-F0.1-N100].

Figure 4.12 compares the profiles of the unit shaft resistance ratio gs.ac/gsL.sc vs. pile head
displacement w of tests in dense [test M0.5-CY1.0-F0.1-N100] and medium-dense sand [test
MO0.5-CY1.0-F0.1-N100(*)]. The results show that (i) the value of gsac/gsLBc is smaller in
medium-dense sand than in dense sand for w > 2mm, but the difference tends to decrease with
increasing pile head displacement; and (ii) the value of gsac/gsLBc tends to stabilize to a value

approximately equal to 0.65 and 0.70 at the end of loading for dense and medium-dense sand,
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respectively. Based on CNS cyclic and monotonic direct shear tests on sand-steel interfaces,
Tabucanon et al. (1995) reported on the response of dense and loose sand samples sheared
monotonically for a horizontal displacement of 7.5mm after 50 cycles with a cyclic displacement
half amplitude of 1 mm. Tabucanon et al. (1995) showed that the decrease in limit shear stress at
sand-steel interface was more significant in loose sand than in dense sand. These results suggest
that, in general, as the relative density decreases, the greater is the decrease in limit unit shaft

resistance due to cyclic loading.

Dense 'y
~

Medium-dense b

—e—MO0.5-CY1.0-F0.1-N100 7
——MO0.5-CY1.0-F0.1-N100") 1
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Figure 4.12. Influence of relative density on the post-cycling unit shaft resistance: unit shaft
resistance ratio gs.ac/gsL.sc vs. pile head displacement w for tests in dense [test M0.5-CY1.0-
FO0.1-N100] and medium-dense sand samples [test M0.5-CY 1.0-F0.1-N100(*)].

4.4.1.7 Effect of surcharge 6,9 on unit shaft resistance

Figure 4.13(a) and Figure 4.13(b) show the unit shaft resistance gs mobilized in the
compressive load tests performed before and after cyclic loading, normalized by the surcharge ovo,
for tests M0.5-CY0.7-F0.1-N1000 and M0.5-CY0.7-F0.1-N1000®. As indicated in Table 4.3, test
MO0.5-CY0.7-F0.1-N1000 was performed with ovo =50 kPa, while test M0.5-CY0.7-F0.1-N1000"
was performed with ovo = 90 kPa. In the calibration chamber, the surcharge (initial vertical stress)
simulates the depth at which a pile section is being studied. Figure 4.13(a) and (b) show that, for
w > wL (i.e., wL = 4.0 mm in dense sand, as shown in Figure 4.3), the greater the surcharge, the

smaller is the value of gs/ovo. We can estimate the average shaft resistance coefficient £ (= gsL/ovo)
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for the compressive load tests performed before and after cycling. The value of fscbefore cycling
is 4.6 for ovo = 50 kPa; while, for avo = 90 kPa, the value of fsc before cyclic is 3.6. These results
indicate that S increases with decreasing depth or initial vertical stress, which agrees with the
results from one-dimensional finite element analysis of piles jacked in sand reported by Basu et al.
(2011) and experimental data from tests on driven and jacked piles (Randolph et al. 1994). After
cyclic loading, the value of fac after cycling decreases 13% for the test performed with ovo = 50
kPa and 40% for the test performed with ovo = 90 kPa (i.e., fac = 4.0 for ovo = 50 kPa and fiac =
2.5 for ovo =90 kPa).
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Figure 4.13. Unit shaft resistance ¢s, normalized by the surcharge ovo, mobilized in the
compressive load tests performed before and after cycling loading vs. pile head displacement w
for tests performed with surcharges of (a) 50 kPa [M0.5-CY0.7-F1.0-N1000] and (b) 90 kPa
[MO0.5-CY0.7-F0.1-N100"].

Figure 4.13(a) and Figure 4.13(b) also show that, after 1,000 displacement cycles of cyclic
displacement half amplitude equal to 1.0 mm, gs/ovo mobilized in the compressive load test after
cycling is smaller than that mobilized before cycling for tests with surcharges of 50 kPa and 90
kPa. The effect of surcharge or initial vertical stress on the unit shaft resistance after cycling can

also be evaluated using the unit shaft resistance ratio gs,ac/gsL,sc. Figure 4.14 shows the gsac/gsL.Bc
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vs. w curves for the same tests shown in Figure 4.13. The gs.ac/gsL.Bc values for the test performed
with a surcharge of 90 kPa are smaller than those for the test performed with a surcharge of 50
kPa. For rigid piles, this suggests the unit shaft resistance ratio decreases with increasing depth.
This result is consistent with the observations made by Al-Douri (1992) based on model pile tests

in a calibration chamber.

—
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Figure 4.14. Influence of surcharge ovo on the post-cycling unit shaft resistance: unit shaft
resistance ratio gsac/gsLsc vs. pile head displacement w for tests M0.5-CY0.7-F1.0-N1000 and
MO0.5-CY0.7-F1.0-N1000®.

4.4.2 Cyclic loading: sensor-based and image-based results

4.4.2.1 Effect of cyclic displacement half amplitude Aw.yciic and number N, of cycles

Unit shaft resistance mobilization

Figure 4.15 (a) and Figure 4.15 (b) show the unit shaft resistance ¢s mobilized in the cyclic
loading stage of tests M0.5-CY0.5-F0.1-N100 (Awcyciic = 0.5 mm) and M0.5-CY'1.5-F0.1-N100
(Aweyctic = 1.5 mm). In Figure 4.15, gsmax is the maximum unit shaft resistance mobilized in each
cycle (i.e., the maximum value of gs measured in each downward stroke), gsmin is the minimum
unit shaft resistance mobilized in each cycle (i.e., the minimum value of ¢gs measured in each
upward stroke), and gs,is the unit shaft resistance mobilized in the pre-loading stage of the cyclic

loading test. Table 4.4 provides the values of gsmax and gsmin measured in the first and last cycle
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of the tests, and the values of gso normalized by gsLBc. So long as wmean does not exceed the
displacement required to mobilize the limiting unit shaft resistance before cycling (i.e., wz = 4.0
mm for dense sand, as shown in Figure 4.3), ¢s,0 increases with increasing wmean. For example, as
provided in Table 4.4, for tests M0.5-CY0.25-F0.1-N100, M1.0-CY0.5-F0.1-N100 and M1.7-
CY0.5-F0.1-N100, the value of gs,0 is 0.19¢sL.Bc, 0.4gsL.Bc, and 0.63¢gsL.Bc, respectively.

250 1 1 LA L L 250 —r——r—rr 71— 77
L (+) Compressive loading E L (+) Compressive loading E
200 | Test M0.5-CY0.5-F0.1-N100 200 _qsgaxo |
B —H—qs max b B
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Figure 4.15. Unit shaft resistance gs mobilized during cyclic loading for tests: (a) M0.5-CY0.5-
FO0.1-N100 (Aweyctic = 0.5 mm) and (b) M0.5-CY 1.5-F0.1-N100 (Awecyciic = 1.5 mm).

Figure 4.15(a) shows that for Aweyclic = 0.5 mm, gsmax and gsmin remain approximately
constant with time (¢ <1000 sec). The value of gsmax ranges from 85.1 kPa (first peak) to 76.4 kPa
(last peak), while the value of gsmin ranges from -23.3 kPa (first valley) to -24.0 kPa (last valley).
In contrast, for Aweyclic = 1.5 mm [see Figure 4.15(b)], the magnitudes of ¢s.max and ¢s,min decrease
with time. At the end of the cycling stage, gsmax is 11.7% of the maximum unit shaft resistance
¢smaxo measured in the first cycle, and gsmin is 50.7% of the minimum unit shaft resistance gsmino
measured in the first cycle.

Figure 4.16 shows ¢smax normalized by gsL Bc in compression and ¢smin normalized by gst,Bc
in tension vs. number Nc of cycles for the same tests shown in Figure 4.15. As shown in Figure
4.16, the greater the value of Aweyclic, the greater the magnitude of gsmax/gsL.Bc and gsmin/gsL.BC
mobilized in the first cycle. Figure 4.16(a) shows that, for Aweyclic = 1.5 mm, 90% of gsLsc is

mobilized in the first cycle. In contrast, for Awcyciic = 0.25 mm, gsmax mobilized in the first cycle is
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only 25% of gs..sc. Similarly, Figure 4.16(b) shows that, for Aweyclic equal to 1.5 mm and 0.25 mm,

¢smin mobilized in the first cycle is 50% and 5% of gsL.Bc in tension, respectively.
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Figure 4.16. Effect of number N of cycles and cyclic displacement half amplitude Aweyciic on the unit shaft resistance mobilization in
cyclic loading: (a) maximum unit shaft resistance gsmax normalized by gsL Bc (in compression) vs. Nc and (b) minimum unit shaft
resistance ¢gsmin normalized by gsL,Bc (in tension) vs. Ne.



Table 4.4. Unit shaft resistances mobilized in cyclic load tests

{sL,BC {'s,max0 (s, min0 Gsmax 1) Gsmin 1N
Test code (kPa) qs0/qsLBC (kPa) (kPa) laﬁ( ;}Sle las(tkcI:)ic)le
MO0.5-CY0.25-F0.1-N100 225.3 0.19 66.8 1.4 63.5 -1.1
MO0.5-CY0.25-F1.0-N1000 225.3 0.22 75.3 1.5 74.6 0.3
MO0.5-CY0.25-F2.0-N2000 224.5 0.14 55.0 -5.3 52.7 -4.3
M1.0-CY0.5-F0.1-N100 214.9 0.40 152.0 -1.3 79.1 -29.6
M1.7-CY0.5-F0.1-N100 215.1 0.79 197.0 21.2 94.8 -15.9
M0.5-CY0.5-F1.0-N1000 198.0 0.20 84.3 -13.0 46.9 -22.3
M0.5-CY0.5-F0.1-N100 210.9 0.17 86.1 -23.3 76.5 -23.3
M0.7-CY0.5-F0.1-N100 227.5 0.31 147.5 -27.6 83.4 -30.4
M2.4-CY0.5-F0.1-N100 212.0 0.98 208.6 34.8 109.3 -5.8
M0.5-CY0.6-F0.1-N100 226.4 0.17 97.4 -17.5 87.0 -18.5
MO0.5-CY0.7-F1.0-N1000 228.5 0.21 127.0 -23.5 20.4 -11.5
M0.5-CY0.7-F1.0-N100 225.5 0.16 111.7 -25.3 79.4 -30.0
MO0.5-CY0.8-F0.1-N100 239.5 0.20 135.7 -25.0 64.8 -20.0
M1.7-CY0.85-F0.1-N100 214.0 0.63 202.2 -11.3 62.0 -25.7
MO0.5-CY1.0-F0.1-N100 221.6 0.20 155.0 -29.9 45.3 -15.7
M1.0-CY1.0-F0.1-N100 210.2 0.27 147.4 -23.5 67.7 -32.8
MO0.5-CY1.0-F1.0-N1000 217.0 0.21 156.9 -31.2 28.1 -12.4
MO0.5-CY1.0-F1.0-N200 224.2 0.21 156.9 -29.5 26.7 -9.7
M0.5-CY1.2-F1.0-N100 227.3 0.20 177.8 -37.4 33.0 -25.7
MO-CY1.5-F0.2-N500 2154 -0.07 78.3 -55.0 32.5 -17.6
M1.0-CY1.5-F0.2-N500 219.4 0.42 214.1 -51.2 41.5 -22.3
MO0.5-CY1.5-F0.1-N100 209.6 0.19 189.2 -59.2 24.4 -31.3
MO0.5-CY1.0-F0.1-N100®) 82.5 0.38 75.3 -11.8 14.0 -6.3
MO0.5-CY0.7-F0.1-N100™ 320.8 0.17 140.0 -33.1 28.0 -19.1

Test code: M"#"= mean displacement wmean followed by its value in mm, CY"#"= cyclic displacement half amplitude
Aweyciic followed by its value in mm, N"#" = number N of cycles, F"#" = frequency f followed by its value in Hz.

gsLBc is the limit unit shaft resistance measured from the compressive load test performed before cycling.

gso1s the unit shaft resistance stress mobilized in the pre-loading stage of the cyclic load test (i.e., gs for w = Wmean).

¢smax is the maximum unit shaft resistance mobilized in each cycle and gsmin is the minimum unit shaft resistance mobilized
in each cycle of a cyclic load test.

¢s.maxo is the maximum unit shaft resistance mobilized in the first cycle and gsmino is the minimum unit shaft resistance
mobilized in the first cycle of a cyclic load test.

Figure 4.17 compares the curves of gsmax/gsmaxo (¢smaxo 1S the value of gsmax measured in
the first cycle) vs. number Nc of cycles for the same tests shown in Figure 4.16. Figure 4.17 shows
that, within the first ten cycles, gsmax/gsmaxo decreases with increasing the number of cycles. The
rate of reduction in gsmax/gsmaxo is higher as the cyclic displacement half amplitude Awecyclic
increases. For Awcyciic = 0.25 mm, the changes in gsmax/gsmaxo are negligible, even after 2,000
cycles. For Aweyclic > 0.7 mm, gs.max/gsmaxo reaches a minimum value before 100 cycles and remains
approximately constant as the number of cycles increases. For Aweyclic in the range of 0.5 mm and

0.7 mm, ¢smax/¢smax0 may continue to decrease even after 1,000 cycles. Similar response during
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cyclic loading has been reported by Airey et al. (1992), Fakharian and Evgin (1997), DeJong et al.

(2006), and Mortara et al. (2007) from interface shear box testing under constant normal stiffness.
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Figure 4.17. Maximum unit shaft resistance gsmax normalized by gsmaxo vs. number Nc of cycles
mobilized during cyclic load tests.

Displacement fields in the sand domain

Figure 4.18 shows the magnitude and direction of the soil displacement vectors after cyclic
loading for tests M0.5-CY0.25-F0.1-N100, M0.5-CY0.5-F0.1-N100, M0.5-CY0.7-F0.1-N100,
MO0.5-CY1.0-F0.1-N100, and M0.5-CY'1.5-F0.1-N100 (Awecyciic ranging from 0.25 mm to 1.5 mm
and Nc = 100). The magnitude of the displacement vectors plotted in Figure 4.18 corresponds to
the total displacement that a soil element experiences from the beginning to the end of a cyclic
load test. As shown in Figure 4.18, the displacement vectors are plotted in z/rp vs. r/rp, space,
where z is the vertical distance from the sample surface, r is the radial distance relative to the pile
axis, and rp is the radius of the model pile. The tail of the displacement vectors is located at the
original position of the soil element (before cycling). The scale used for plotting the displacement
vectors varied for each test. Only displacement vectors with magnitudes greater than 0.02 mm and
smaller than the maximum displacement dmax measured within a zone limited by 6 <z/rp, <11 and

1.1 <r/rp <4.0 are displayed in Figure 4.18. As shown in Figure 4.18, the value of dmax increases
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with increasing Aweyelic (1.€., dmax = 0.1 mm for test M0.5-CY0.25-N100-F0.1, and dmax =1.0 mm
for test M0.5-CY1.5-N100-FO0.1).

As can be seen in Figure 4.18(a), for Aweyclic = 0.25 mm, the displacement vectors are
inclined at approximately 45 degrees and point downward. For Aweyciic = 0.5 mm, shown in Figure
4.18(b), and Aweyclic = 0.7 mm, shown in Figure 4.18(c), the displacement vectors are nearly
horizontal and point towards the pile shaft. Soil elements located in the leftmost positions (at
r/rp=1.15 and 6 < z/rp < 11) for Aweyclic = 1.0 mm, shown in Figure 4.18(d), and Awecyclic=1.5 mm,
shown in Figure 4.18(e), displaced primarily upwards in the vertical direction. Further out radially,
the displacement vectors are oriented primarily in the radial direction, towards the pile shaft.

Figure 4.19(a) and Figure 4.19(b) show the average cumulative radial displacement uavg
and the average cumulative vertical displacement vavg, respectively, along the pile shaft at r/rp =
1.2, 1.5, and 4.0 and 6 < z/rp < 11 after cyclic loading. Positive values of radial displacement
indicate that soil elements move away from the pile shaft, and negative values of radial
displacement indicate that they move towards it. Vertical displacements are positive when soil
elements move up and negative when they move down. As can be seen in Figure 4.19(a), for
Aweyelic < 1.0 mm, the magnitude of uay increases with increasing Aweyclic and decreases with
decreasing radial distance from the pile shaft. In Figure 4.19(b), the magnitude of vavg becomes
significant (|vavg | > 0.1 mm) for Aweyclic > 1.0 mm. Figure 4.19(a) and (b) indicate that for large
cyclic displacements (Awecyciic > 1.0 mm), the soil displacements close to the pile shaft (at » =1.27p)

are predominantly vertical.
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Figure 4.18. Soil displacement vectors after cyclic loading (100 cycles) for tests: (a) M0.5-CY0.25-F0.1-N100, (b) M0.5-CY0.5-F0.1-
N100, (c¢) M0.5-CY0.7-F0.1N100, (d) M0.5-CY'1.0-F0.1-N100, and (¢) M0.5-CY 1.5-F0.1-N100.
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Figure 4.19. Average cumulative displacements along the pile shaft (6 <z/rp < 11) at given radial
positions 7 from the pile centerline vs. cyclic displacement half amplitude Aweyciic: (a) average
cumulative radial displacement uavg (positive values of radial displacement indicate that soil
elements move away from the pile shaft, and negative values indicate that they move towards it)
and (b) average cumulative vertical displacement vavg (positive values of vertical displacement
indicate that soil elements move up, and negative values indicate that they move down).

Figure 4.20 shows the evolution of the cumulative radial displacement u of soil elements
located close to the pile shaft for the cyclic loading stage of tests M0.5-CY0.25-F0.1-N100, M0.5-
CY0.5-F0.1-N100, MO0.5-CY0.7-F0.1-N100, MO0.5-CY1.0-F0.1-N100 and MO0.5-CY1.5-F0.1-

N100. The selected soil elements are at a radial distance » =1.57p = 46.2 mm from the pile centerline
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(a distance equal to 15.5Dso from the pile shaft) and at a vertical distance z =9.5r, (far away from
the pile base and the sample surface). These soil elements are located outside the shear band (the
average thickness #s of the shear band = 3Ds0) estimated in the compressive load test performed
before cycling and outside the crushed particle zone (the average thickness b of the crushed
particle zone = 4Ds0) resulting from pile installation. Figure 4.20 shows that the selected soil
elements move towards the pile shaft during the cyclic loading stage of the tests. These results are
consistent with the sand particle displacement measurements made during cyclic loading (Awecyclic
= 0.5 mm = 0.035B = 0.44Ds0) in a mini calibration chamber, using X-ray tomography and three-
dimensional-digital image correlation, as reported by Doreau-Malioche et al. (2018).

The trends of cumulative radial displacement « vs. number Nc of cycles are also consistent
with the ¢smax/gsmaxo vs. Ne curves shown in Figure 4.17(b). The magnitude of the cumulative
radial displacement u increases with increasing cyclic displacement half amplitude Aweyclic. For
Aweyctic> 0.7 mm, most of the drop in the gsmax/gsmaxo and u values occurs in the first cycles (1cycle
< N <20 cycles). By the end of the cyclic tests (N=100 cycles), the gradients of gsmax/gsmax0 Vs.
Ne lie between 2.3x107%/cycle (for Aweyctic= 1.0 mm) and 1.6x10*/cycle (for Aweyciic = 1.5) and |u]
of the soil elements close to the pile shaft stabilizes at |u| = 0.3 mm. According to DeJong et al.
(2006), the cumulative radial displacement no longer changes when the soil at the interface reaches
a minimum void ratio. This was confirmed by Doreau-Malioche et al. (2018) based on porosity

measurements at a sand-pile interface using x-ray tomography.
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Figure 4.20. Cumulative radial displacement u (positive when soil elements move away from the

pile shaft and negative when they move towards it) vs. Nc of soil elements located initially at » =

1.5rp and z = 9.57p during cyclic loading for tests M0.5-CY0.25-F0.1-N100, M0.5-CY0.5-F0.1-
N100, M0.5-CY0.7-F0.1-N100, M0.5-CY 1.0-F0.1-N100, and M0.5-CY 1.5-F0.1-N100.

The oscillations shown in the profiles of u (shown in Figure 4.20) are indicative of the
amplitude of the radial displacement induced in the sand during each cycle. As expected, the
amplitude of the oscillations is greater for tests with large cyclic displacement half amplitudes (i.e.,
Aweyelic =1.0 mm and 1.5 mm) than for small cyclic displacement half amplitudes (i.e., Aweyclic
=0.25 mm, 0.5 mm, and 0.7 mm).

Figure 4.21(a) to Figure 4.21(e) show the cumulative vertical displacement v vs. number
N. of cycles of soil elements located initially at » = 1.5rp and z = 9.57, in the cyclic loading stage
of tests MO0.5-CY0.25-F0.1-N100, MO0.5-CY0.5-F0.1-N100, M0.5-CY0.7-F0.1-N100, MO0.5-
CY1.0-F0.1-N100 and MO0.5-CY1.5-F0.1-N100, respectively. Figure 4.21(a) to Figure 4.21(c)
show that the magnitude of cumulate vertical displacement develop during and at the end of cyclic
loading stage (after 100 cycles) in tests M0.5-CY0.25-F0.1-N100 (Aweyclic=0.25 mm), MO0.5-
CY0.5-F0.1-N100 (Aweyctic= 0.5 mm) and M0.5-CY0.7-F0.1-N100 (Aweyclic= 0.7 mm) is negligible
(|v| < 0.05 mm). On the other hand, for tests M0.5-CY1.0-F0.1-N100 (Aweyctic=1.0 mm), shown in
Figure 4.21(d), and M0.5-CY1.5-F0.1-N100 (Aweyciic=1.5mm), shown in Figure 4.21(e), the

cumulative vertical displacement can reach values as high as 10% and 20% of Aweyelic, respectively.
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For the tests M0.5-CY1.0-F0.1-N100 and MO0.5-CY1.5-F0.1-N100, the decrease in
@s.max/qsmax0 With increasing number of cycles (see Figure 4.17) is also accompanied by the
development of cumulative radial displacements (see Figure 4.20) and vertical displacements for
soil elements near the pile-soil interface (see Figure 4.21(d) and (e)). These observations are

consistent with the cyclic simple-shear behavior of sand-steel interfaces under CNS conditions

reported by Fakharian (2001) and Fakharian and Evgin (1997).

Strain field in the sand domain

The Green—St Venant strain tensor is obtained using the continuum mechanics formulation
implemented in the post-processing tool of the VIC-2D software (Sutton et al., 2009). The solid
mechanics sign convention is followed, so that positive cumulative radial strain Err represents
radial stretching of the soil element, whereas negative cumulative radial strain Eir indicates the
opposite, radial compression. Figure 4.22 shows the contours of cumulative radial strain Eir after
cyclic loading for the tests ended at 100 cycles and performed with cyclic displacement half
amplitudes Aweyclic of 0.25 mm (test M0.5-CY0.25-F0.1-N100), 0.5 mm (test M0.5-CY0.5-F0.1-
N100), 1.0 mm (test M0.5-CY'1.0-F0.1-N100), and 1.5 mm (test M0.5-CY1.5-F0.1-N100). After
100 cycles, the soil elements near the pile shaft (at » > 1.2rp) exhibit negligible cumulative radial
strains (|Ex|< 0.04 %) for Aweyclic = 0.25mm. For Aweyclic > 0.25 mm, as shown in Figure 4.22(b),
(c), and (d), the soil elements located close to the pile shaft contract radially (i.e., Eir < 0). The
zone of soil elements undergoing contraction extends further out radially as Aweyclic increases.

Outside the contractive zone, the soil elements stretch slightly (|Ew|< 0.4 %).
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Figure 4.23 shows the evolution of the cumulative radial strain Err of soil elements at » =
1.57p and z = 9.57, during cyclic loading for the same tests shown in Figure 4.22. For tests M0.5-
CY0.5-F0.1-N100 (Aweyctic = 0.5 mm) and M0.5-CY0.7-F0.1-N100 (Aweyclic = 0.7 mm), the soil
elements under consideration are located outside the contractive zone (r < 1.5rp) and exhibit small
dilation (Err < 0.4 %) at the end of cyclic loading. On the other hand, for tests M0.5-CY1.0-F0.1-
N100 (Aweyctic = 1.0 mm) and M0.5-CY 1.5-F0.1-N100 (Aweyciic = 1.5 mm), after 10 cycles, the soil
elements contract radially, with the magnitude of Ew increasing as cycling progress. The
cumulative radial strain Err of the soil elements at the end of cyclic loading is -2.2% for Awcyclic

=1.0 mm and -2.8% for Aweyclic = 1.5 mm.
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Figure 4.23. Cumulative radial strain Exr vs. Nc of soil elements located initially at » = 1.57p and z
= 9.5rp during cyclic loading for tests: M0.5-CY0.25-F0.1-N100, M0.5-CY0.5-F0.1-N100,
M0.5-CY0.7-F0.1-N100, M0.5-CY1.0-F0.1-N100, and M0.5-CY'1.5-F0.1-N100 .

Figure 4.24 shows the contours of cumulative shear strain Er; at the end of cyclic loading
(100 cycles) for the same tests shown in Figure 4.22. Figure 4.24(a) shows negligible cumulative
shear strain (|Ew| < 0.01%) near the pile shaft (6 < z/rp < 11 and 1.1 < r/rp, < 4.0) after 100
displacement cycles with Awcyciic = 0.25 mm. As shown in Figure 4.24(b) and (c), for Awcyctic = 0.5
mm and 0.7 mm, the cumulative shear strain Erz does not develop evenly along the length of the

pile shaft. Instead, the values of Er. vary from -0.6% to 1.0% at » = 1.2rp. On the other hand, for
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Aweyctic = 1.0 mm (Figure 4.24 (d)) and 1.5 mm (Figure 4.24 (e)), the cumulative shear strain Er,
develops almost evenly along the pile shaft at 7/7, >1.1. At the end of cyclic loading, the average
cumulative shear strain Er; at  =1.2rp is -3.3% for Aweyclic=1.0 mm and -4.3% for Aweyclic =1.5 mm.
In general, for Aweyclic > 0.5 mm, the greater the value of Aweyelic, the larger the magnitude of the
cumulative shear strain E; is. Similarly, as Awcyclic increases, more soil elements located further

out radially exhibit distortion.
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Figure 4.25 shows the evolution of shear strain E:; of soil elements at » = 1.57, and z = 9.57,
during cycling for tests M0.5-CY0.25-F0.1-N100, M0.5-CY0.5-F0.1-N100, M0.5-CY0.7-F0.1-
N100, M0.5-CY1.0-F0.1-N100, and M0.5-CY1.5-F0.1-N100. For test M0.5-CY0.25-F0.1-N100
(Aweyelic =0.25 mm), the cumulative shear strain Er; develops during the 100 cycles is negligible
(|Erz| < 0.1%). The magnitude |Erz| of the cumulative shear strain increases only slightly as the
number of cycles increases for Aweyciic= 0.5 mm and 0.7 mm (i.e., |Erz| < 0.2 % for Nc =100 cycles).
However, for Aweyclic= 1.0 mm and 1.5 mm, the |E:| increases with increasing Nc and then it
stabilizes at 60 and 30 cycles, respectively. Note that gsmax (see curves for Awcyclic= 1.0 mm and
1.5 mm in Figure 4.16) reaches minimum values almost at the same time as the magnitude |Er,| of
the cumulative shear strain stabilizes (i.e., |Er| = 1.2% for Nc>60 cycles in test M0.5-CY1.0-F0.1-
N100 and |Er| = 2.2% for Nc>30 cycles in test M0.5-CY 1.5-F0.1-N100).
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Figure 4.25. Cumulative shear strain Erz vs. Nc of soil elements located initially at » = 1.5 and
z= 9.5rp during cyclic loading for tests: M0.5-CY0.25-F0.1-N100, M0.5-CY0.5-F0.1-N100,
MO0.5-CY0.7-F0.1-N100, M0.5-CY1.0-F0.1-N100, and M0.5-CY1.5-F0.1-N100.

Based on the digital image analysis results, degradation of the limit unit shaft resistance
after cyclic loading is caused by significant contraction near the shaft-pile interface as well as

development cumulative shear strains near the pile shaft during cyclic loading.
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4.4.2.2 Effect of relative density

Unit shaft resistance mobilization

Figure 4.26(a) and Figure 4.26(b) show the maximum unit shaft resistance ¢smax
normalized by ¢smaxo and the minimum unit shaft resistance gsmin normalized by gsmino vs. Nc for
tests in dense (test M0.5-CY1.0-F0.1-N100) and medium-dense sand (test M0.5-CY1.0-F0.1-
N100™). The cyclic displacement half amplitude and number of cycles for these tests are the same.
From Figure 4.26(a), it can be seen that, for medium-dense sand, the value of gsmax/gsmaxo and
¢s.min/@smin0 drops to a minimum value of 0.20 and 0.50, respectively. For dense sand, gs,max/¢s,maxo
and ¢s,min/¢s,min reach minimum values of 0.30 and 0.50, respectively. The decrease in gs max/¢s,max0
and gsmin/gs,min0 Occurs at a faster rate in medium-dense sand than in dense sand. These results are
in agreement with observations from CNS interface cyclic tests by Tabucanon et al. (1995) who
showed that the maximum normal and shaft shear stress mobilized in each cycle drops faster in

loose sand than in dense sand.
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Figure 4.26. Effect of relative density Dr on the evolution of unit shaft resistance mobilized
during cyclic loading: (a) normalized maximum unit shaft resistance gsmax/gsL,Bc vs. Ne, and (b)

normalized minimum unit shaft resistance gsmin/gsL,Bc vs. Ne.
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Strain paths for selected soil elements

Figure 4.27(a) and Figure 4.27(b) show the strain paths in terms of radial strain Err vs. shear
strain Er; for a soil element located at » = 1.57p and z = 9.5rp during cyclic loading for tests M0.5-
CY1.0-F0.1-N100 and MO0.5-CY1.0-F0.1-N100""), respectively. For the soil element under
consideration, the magnitude of the cumulative shear strain Er after 100 cycles is 3.0 times greater
in medium-dense sand (i.e., |Ew|= 1.8 %) than in dense sand (i.e., |Er-|= 0.6 %). Similar observations
can be made for the cumulative radial strain Err; at the end of cyclic loading, the magnitude of the
radial strain Eir is 3.9% in medium-dense sand and 2.9% in dense sand. Figure 4.27(a) shows that
the radial strain E:r begins to decrease after only 5 cycles in dense sand. Figure 4.27(b) shows that

the radial strain Eir accumulates mainly within the first 20 cycles in medium-dense sand.
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Figure 4.27. Strain paths of soil elements located at 7=1.5rp and z =9.5rp during cyclic loading of
tests: (a) M0.5-CY1.0-F0.1-N100, and (b) M0.5-CY1.0-F0.1-N100®,

4.5 Summary and conclusions

This paper presented the results of monotonic and cyclic load tests performed on a model
pile jacked into a half-cylindrical calibration chamber filled with silica sand. The tests involved
four loading stages: (1) pile installation, (2) compressive load test before cyclic loading, (3)

displacement-controlled cyclic loading, and (4) compressive load test after cyclic loading. Digital
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images of the pile shaft and the surrounding sand were captured during the cyclic load tests and
later processed using the DIC technique to generate the displacement and strain fields in the sand
domain around the model pile shaft.

Results from the compressive load tests showed that the mean displacement Wmean and
frequency f of the cyclic loading have a minimal to negligible influence on the post-cyclic unit
shaft resistance response.

When the cyclic load tests are performed using 100 cycles with cyclic displacement half
amplitudes Aweyclic smaller than 0.7 mm, the limit unit shaft resistance measured in the compressive
load test performed before and after cyclic loading are comparable. On the other hand, for cyclic
load tests (100 cycles) performed with cyclic displacement half amplitudes Aweyclic in the 0.7 mm-
to-1.5 mm range, the limit unit shaft shear resistance after cycling decreases (up to 30% for Aweyclic
=1.5 mm).

The effect of the number of cycles on the post-cyclic unit shaft resistance depends on the
magnitude of the cyclic displacement amplitude. For cyclic load tests performed with a cyclic
displacement half amplitude Awcyciic smaller than or equal to 0.25 mm, the unit shaft resistance
ratio gs,ac/qsLc corresponding to a pile head displacement of 4.0 mm (pile head displacement
required to mobilize the limit unit shaft resistance before cycling in dense sand) is 1.0 after 100,
1,000 or 2,000 cycles indicating a negligible effect of the number of cycles on the post-cyclic unit
shaft resistance. However, for cyclic load tests performed with a cyclic displacement half
amplitude greater than 0.25 mm, gsac/gsL.sc decreases with increasing the number of cycles. The
value of gs.ac/gsLBc decreases at a higher rate as the cyclic displacement half amplitude increases.
For Awcyciic = 1.0 mm, gs.ac/gsLBc reduces to 0.48 after 100 cycles and to 0.40 after 200 cycles.
Then, gs.ac/gsLBc tends to stabilize to a minimum value of about 0.35 for a number of cycles greater
than 200 cycles.

The mobilization of the unit shaft resistance during monotonic and cyclic loading also
depends on the relative density of the sand and the stress state of the soil (studied through the
application of surcharge). For 100 cycles, the drop in limit unit shaft resistance after cyclic loading
is more significant in medium-dense sand (it decreased to 34% g¢sLBc) than in dense sand (it
decreased to 48 % of gs,sc ). Moreover, for dense sand, the degradation of the limit unit shaft
resistance is greater under a surcharge of 90 kPa (it decreased to 44% of gsLsc) than under a

surcharge of 50 kPa (it decreased to 59 % of gs.Lsc ).
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The DIC results showed that for cyclic loading tests performed with a small cyclic
displacement half amplitude (e.g., 100 cycles with Aweyclic < 0.7 mm), soil elements near the pile
shaft exhibit only a small radial contraction (i.e., |Ex| < 0.2%) and a negligible cumulative shear
strain (i.e., |Er| < 0.2%). In contrast, for cyclic loading tests performed with large cyclic
displacement half amplitudes (e.g., 100 cycles with Aweyclic > 0.7 mm), the magnitude of the
cumulative radial and shear strains increases with increasing Aweyclic. The decrease in the limit unit
shaft resistance was linked to the development of large net radial contraction (Ex < 0) and

cumulative shear strain (|Erz| > 0.1 %) of soil elements near the pile shaft during cyclic loading.
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5. EFFECT OF CYCLIC LOADING ON THE MOBILIZATION OF UNIT
BASE RESISTANCE OF MODEL PILES JACKED IN SAND

This chapter will be submitted to a peer-reviewed journal for publication.

5.1 Abstract

In this paper, we report the results of a series of monotonic compressive and cyclic load
tests performed on a closed-ended jacked model pile installed in a half-cylindrical calibration
chamber with image analysis capabilities. The monotonic compressive load tests were carried out
before and after the performance of a displacement-controlled cyclic load test to determine the
impact of cycling on unit base resistance. Digital images of the sand and the model pile were taken
during cyclic loading and processed using the digital image correlation (DIC) technique to obtain
the cumulative displacement and strain fields in the sand domain. The results show that the ultimate
unit base resistance can drop significantly after cycling. The magnitude of the drop in ultimate unit
base resistance depends on both the magnitude of the cyclic displacement amplitude and the
number of cycles. However, the unit base resistance at plunging increases after large-displacement
half amplitude cycling. The DIC-processed data shows that the displacements in the soil domain
relative to the cyclic displacement half amplitude increase as the cyclic displacement half
amplitude increases. The increase in unit base resistance at plunging after cycling is linked to the
addition of sand particles below the conical base, the occurrence of sand particle crushing, and the

dilative behavior of the sand outside a bulb of crushed particles formed during cyclic loading.

Keywords: Sand; Model piles; Cyclic loading
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5.2 Introduction

Tripod and jacket structures are frame structures with three- or four-legs, each supported
on an individual monopile (Gavin et al. 2011). This type of pile foundation is often selected for
offshore wind turbines at depths ranging from 30 to 70 m (Achmus 2010; Bhattacharya et al. 2017;
Gavin et al. 2011). Due to the low self-weight of these offshore structures, it is likely that the piles
will experience complete load reversals (from tension to compression and back) when subjected
to wind and wave loading. When the piles of a jacket/tripod structure are short and rigid, the load
cycles can have a significant impact on pile base resistance, and consequently on the overall
response of the pile.

The boundary-element continuum method [e.g., Lee & Poulos (1993) and Poulos (1989)]
and the load-transfer method [e.g., Randolph and Jewell (1989) and Chin and Poulos (1991)] are
often used in practice for cyclic axial loading analyses of pile foundations. These methods use
simple empirical rules or criteria to simulate pile-soil interaction and predict the effects of cyclic
loading on pile response; these effects are degradation of pile capacity and accumulation of
permanent displacements. The input parameters in these methods are selected based on
engineering judgment, and, in some cases, predictions are validated or calibrated with laboratory-
and or field-scale pile load test data (Atkinson Consultants 2000; Chin and Poulos 1992; Poulos
1989b; Seidel and Coronel 2011; Stuyts et al. 2012). However, limited experimental data are
available to validate predictions considering the effects of cyclic loading on pile base resistance.

The majority of the reported field pile load tests of displacement piles in sand performed
to investigate the effects of cyclic loading on their static capacity (Jardine and Standing 2012, 2000)
have focused on the tensile shaft capacity. However, results from multiple compressive static and
cyclic load tests on bored piles in sand (Puech 2013) have shown that the total compressive pile
capacity can, in some cases, increase after cyclic loading. Puech (2013) suggested that the increase
of the total pile capacity is a consequence of a substantial increase in pile base capacity that
compensates the loss in shaft capacity; he argued that progressive densification of the sand below
the pile base is the cause of this increase.

The effects of cyclic loading on the static base resistance of piles have been investigated
through model pile experiments in calibration chambers (Le Kouby et al. 2004) and centrifuges
(Blanc et al. 2015; Li et al. 2012). Le Kouby et al. (2004) showed that the static base resistance of

jacked and preinstalled model piles decreases after performance of a displacement-controlled
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cyclic load test with amplitudes varying from 0.1 mm (= 0.0058=0.5Dso) to 2.0 mm (= 0.18=
4Dso). Li et al. (2012) did not observe any influence of the cyclic displacement, which ranged from
0.0005 mm (= 3.94x10°B =2.29x10-Ds0) to 0.0013 mm (= 1.02x10“B =5.96x10>Dsy), on the
ultimate base resistance of jacked piles. These results do not address how the magnitude of the
cyclic displacement and the number of cycles affect the mobilization of the static unit base
resistance.

Image-based deformation techniques in geotechnical modeling have been used to
understand and quantify soil deformation in the boundary-value problems of geomechanics. Study
of the cone penetration problem (Arshad et al. 2014; Paniagua et al. 2013), pile installation
(Boccalini et al. 2015; Chen et al. 2016; White and Bolton 2004), static pile loading (Galvis-Castro
et al. 2019a; b; Tehrani et al. 2016; Tovar-Valencia et al. 2018), and cyclic loading (Doreau-
Malioche et al. 2019) are some applications of image analysis in this context.

This paper presents the results of a series of monotonic compressive and cyclic
displacement-controlled load tests performed on a model pile jacked in silica sand in a half-
cylindrical calibration chamber with Digital Image Correlation (DIC) capabilities. We consider
the effects of cyclic displacement amplitudes and number of cycles on the unit base resistance of
the model pile. We also present strain and displacement fields in the sand domain around the
conical base of the model pile and discuss the primary mechanisms controlling the response of the

pile base to cyclic loading.

5.3 Materials and methods

5.3.1 Test equipment

Model pile tests were performed in a half-cylindrical calibration chamber at Purdue
University, USA (see Figure 5.1). Details of the chamber and the testing equipment are provided
in Table 5.1. The front wall of the chamber contains three observation windows that allow
capturing of digital images of the model pile and the surrounding soil during model pile load testing.
The model pile consists of an instrumented half-circular rod with a conical base. The installation
and the monotonic and cyclic loadings of the model pile were performed using a hydraulic actuator

mounted on a removable steel frame, as shown in Figure 5.1.
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Table 5.1. Equipment components (Adapted from Tovar-Valencia 2019)

Component Details
Calibration chamber Half-cylindrical calibration chamber with DIC capabilities
e Diameter D 1680 mm
e Height H 1200 mm
e Observation windows 300 mm (width) x 250 mm (height)
Model pile Half-circular brass rod with conical tip (60°-apex angle)
e Pile diameter B 38.1 mm
e Pile length L 800 mm
e D/B® 44.1
e B/D5o® 61.4
Surcharge device Inflatable rubber bladder at the top of the sample
Digital cameras & lenses 1 per observation window
e Camera type CMOS © cameras
e (Camera resolution 12 Megapixels
e Lenses 60 mm focal length, low distortion
e Image capture rate Up to 20 pictures per second
Lighting system Two fluorescent (55W) + 2 LED (42 W) lights

2 Boundary conditions as described in Ghionna and Jamiolkowski (1991) and Salgado et al. (1998).
b Scale effects on base resistance. B/Dso should be more than 20 (Gui and Bolton 1998; Salgado 2013).
¢ Complementary Metal-Oxide Semiconductor cameras.
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Figure 5.1. Experimental setup at the Bowen Laboratory — Purdue University, USA.

5.3.2 Testsand

Ohio Gold Frac sand, a poorly-graded silica sand (Si02=99.7%) with a mean particle size
Dso of 0.62 mm, was the sand used for sample preparation. The index properties and the values of

the roundness and sphericity parameters of Ohio Gold Frac sand are summarized in Table 5.2.

Table 5.2. Index properties of Ohio Gold Frac sand

Dso (mm) Cu Ce €max €min Gs R S USCS
]

0.62 1.6 1.0 087 058 265 043 083 PO
graded

Source: data from Han et al. (2018) and Tovar-Valencia et al. (2018).
R = Roundness (Wadell 1932), S = Sphericity (Wadell 1933), USCS = United Soil Classification System.
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5.3.3 Image analysis

Digital images were taken during cyclic loading using two complementary metal-oxide-
semiconductor (CMOS) cameras (see Figure 5.1) positioned in front of the top and middle
observation windows of the chamber. The images captured were analyzed using the two-
dimensional Digital Image Correlation (DIC) technique to obtain the displacement and strain fields
in the sand domain surrounding the model pile base during cycling loading. The commercial
software VIC-2D (Correlated Solutions 2009) was used to perform the DIC analysis of the images
taken during testing. The settings used in VIC-2D are summarized in Table 5.3. The fundamentals
of the DIC technique are described in Arshad et al. (2014), Tehrani et al. (2016), Tovar-Valencia
et al. (2018), and Galvis-Castro et al. (2018).

Table 5.3. Settings in the DIC analysis using VIC-2D (Adapted from Tovar-Valencia et al. 2020)

Parameter Value / Description

Subset size @ 35 x 35 pixels (%5Ds0 by 5Ds0)

Step or grid size ® 8 pixels

Scale of the image 0.095 mm/pixel

Correlation criterion Normalized squared differences and exhaustive search ©

a Size of the set of pixels to be tracked across images.

b Size of the square grid used to extract results.

¢ This correlation criterion seeks the minimum difference in grey-level intensity of an image pattern of the subset in the reference
and deformed/displaced images (Pan et al. 2009; Sutton et al. 2009; Take 2015).

5.3.4 Test procedure and test program

Twelve model pile tests were carried out in the half-cylindrical calibration chamber. The
samples were prepared by air pluviation using a large pluviator positioned at the top of the
calibration chamber (Lee et al. 2011). After the sand sample was prepared with the desired density,
the loading system and the cameras were carefully positioned (see Figure 5.1) in front of the
chamber. Then, a surcharge of 50 kPa was applied at the top of the sample using an inflatable air-
rubber bladder. Next, the model pile was installed using jacking strokes 10 mm length at a rate of
1.0 mm/s to a target base depth of 415 mm (= 10.9B). Once the model pile base reached the desired
penetration depth, it was unloaded to simulate the end of the installation. Following the installation
stage, a compressive load test was performed by pushing the model pile down at a constant rate of

0.1 mm/s for a distance of approximately 12 mm (i.e., 12 mm = 0.3B). Next, the pile head load
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was removed by detaching the loading system from the head of the model pile. Then, the pile was
loaded monotonically to a pile base settlement ws of 0.015, corresponding to a unit base resistance
in very dense sand of approximately 28% of the limit unit base resistance gvLsc before cycling.
The model pile was subjected to this working load before the cyclic loading stage started. The limit
unit base resistance goL corresponds to the limiting value of the unit base load at which the soil
mass surrounding the pile can no longer generate additional resistance, leading to plunging of the
pile (Basu and Salgado 2012). The value of gvLsc was obtained from the compressive load test
performed after the model pile installation. The model pile was then subjected to displacement-
controlled cycles. The cycles were performed with uniform sinusoidal displacement half amplitude
Aweyclic ranging from 0.25 mm [Aweyclic = 0.007B = 0.4Ds0] to 3.0 mm [Aweyctic= 0.079B = 4.8 Dso].
The cyclic displacement half amplitude Awcyciic was applied at the head of the model pile. The
number N of cycles applied ranged from 100 to 2,000 cycles with a frequency fthat varied from
0.1 Hz to 1.0 Hz. The ranges of cycles and frequencies selected for these experiments are typical
in cyclic loading events to which offshore structures are subjected to (Andersen et al. 2013). Once
the cycling stage was completed, any remaining load on the model pile head was removed by
disconnecting the loading system from the head of the model pile. In the final stage of the test, the
model pile was loaded in compression under displacement-controlled conditions to a depth of at
least 1.0 pile diameter (18 = 38.1 mm) at a rate of 0.1 mm/s. Table 5.4 presents the test conditions
of all the tests performed. All the tests were performed following the procedure described above.
The tests were identified by a testing code that gives the information of the cyclic parameters:
cyclic displacement half amplitude Awcyciic, denoted by CY, and the number Nc of cycles, denoted
by N. The number that follows the notation letters represents the value of the variable (in
millimeter for Aweyclic and dimensionless for Nc). All tests were performed in very dense sand

samples (relative density Dr ranging from 86.9% to 94.3%).
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Table 5.4. Test program

Cyclic displacement

Test code@ Relatnngensny half amplitude Nlir;lgzrs of Frequency f
(% ) Achclic N (Hz)
(mm)
CY3.0-N100 93.0 3.00 100 0.1
CY1.5-N100 88.3 1.50 100 0.1
CY1.0-N100 88.2 1.00 100 0.1
CY1.0-N1000 86.9 1.00 1,000 1.0
CY1.0-N200 88.3 1.00 200 1.0
CY0.7-N100 92.3 0.70 100 0.1
CY0.6-N100 93.6 0.60 100 0.1
CY0.5-N1000 91.4 0.50 1,000 1.0
CY0.5-N100 92.7 0.50 100 0.1
CY0.25-N100 91.3 0.25 100 0.1
CY0.25-N1000 94.3 0.25 1,000 1.0
CY0.25-N2000 92.0 0.25 2,000 1.0

a Test code: CY’#’= cyclic displacement half amplitude Aweyelic followed by its value in mm, N’#’ = number of cycles.
® The model pile was installed by jacking strokes of 10 mm length. The surcharge was 50 kPa and kept constant during testing.

5.4 Experimental results

5.4.1 Effect of cyclic displacement half amplitude

5.4.1.1 Unit base resistance mobilized during static load tests

Figure 5.2 shows the unit base resistance g» versus relative settlement ws/B at the pile base
measured for the compressive load tests performed before and after the cyclic loading stage of
tests CY0.25-N100, CY1.0-N100, and CY3.0-N100. These tests differ only by the cyclic
displacement half amplitude Aweyciic (= 0.25 mm, 0.5 mm, 1.0 mm, and 1.5 mm) applied in the
cyclic loading stage of the tests. Figure 5.2(a) shows that, for Awcyciic = 0.25 mm [see Figure 5.2(a)],
the gv versus wv/B curves from the pre-cyclic and the post-cyclic compressive load tests are
comparable. For weyciic = 1.0 mm [see Figure 5.2(b)], at small pile base settlements, the unit base
resistance measured in the compressive load test performed after cycling (gv.ac) is significantly
smaller than that measured in the compressive load test performed before cycling (gv.ac) (e.g., at
ws/B = 0.1, goac = 0.58¢gb,c). But, the difference between gvac and gvc decreases as wy/B

increases. For Awcyclic = 3.0 mm, as shown in Figure 5.2(c), for ws /B < 0.3, gb.ac < gvBc; at w/B =
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0.3, the gv versus wv/B curves for the two compressive load tests cross each other; as the relative
settlement increases, gvo.ac continues increasing while gvsc keeps constant (limit unit base
resistance goL,Bc measured before cycling). At the maximum relative settlement (wv/B = 1), gb.Ac

is 40% greater than the limit unit base resistance gboL.sc measured before cycling.
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Figure 5.2. Effect of cyclic displacement half amplitude Awcyciic on the unit base resistance gb:
Unit base resistance g» mobilized in the compressive load tests before and after cycling versus
relative settlement ws/B at the pile base for tests (a) CY0.25-N100, (b) CY1.0-N100, and (c)
CY3.0-N100.

151



The effect of cyclic displacement half amplitude Aweyclic on the static unit base resistance
¢v 1s examined using the ratio gv.ac/gvBc of the unit base resistance after cycling to the unit base
resistance before cycling, both measured at the same relative base settlement ww/B of the
compressive loadings. Figure 5.3 shows the curves of gvac/gvBc versus Aweyclic obtained at four
different values of relative settlement wv/B (= 0.1, 0.3, 0.6, and 1) and also at plunging. The values
of unit base resistance after cycling at plunging were estimated using Chin’s method (Chin 1970).
An additional horizontal axis is shown in Figure 5.3: Aweyclic normalized by Dso. It can be seen that
the values of gv.ac/gvsc are equal to 1.0 for cyclic displacements half amplitude Aweyclic less than
0.5 mm, which corresponds to 0.8 times the mean particle size Dso of the test sand. We identify
Aweyelic equal to 0.5 mm as the threshold value below which 100 cycles could be applied without
significantly affecting the unit base resistance versus relative pile base settlement response.

For a relative pile base settlement ww/B equal to 0.1B8 (at the ultimate state), Figure 5.3
shows that the value of gv.ac/gbBc decreases from 0.90 to 0.48 when Aweyciic increases from 0.5
mm (Aweyclic /Dso = 0.8) to 1.5 mm (Awcyclic /Dso = 2.4). For Awcyctic > 1.5 mm, the value of
gv.Ac/gv,BC tends to increase, at a low rate, with increasing Aweyclic (gb,ac/gbsc = 0.63 for Aweyclic
3.0mm). This result indicates that the ultimate unit base resistance is significantly affected by
uniform cycles of cyclic displacement half amplitude Aweyclic in the 0.5 mm to 1.5 mm range.

Figure 5.3 also shows that, for a value of Awcyciic of 3.0 mm, the ratio gv.ac/gb Bc increases
as the relative pile base settlement ww/B increases. The curve for plunging indicates that the limit
unit base resistance after cycling is 1.7 times greater than the value of the limit unit base resistance
gvLBc measured before cycling. This result may suggest that a restrike of the pile could be

beneficial for the pile base response.
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Figure 5.3. Ratio gb.ac/gv,Bc of the unit base resistance after cycling to the unit base resistance
before cycling versus Aweyclic and Aweyclic/Dso at different values of relative settlement wv/B at the
pile base.

5.4.1.2 Unit base resistance mobilized during cyclic load tests

Figure 5.4(a) to Figure 5.4(d) show the unit base resistance g» and the pile head
displacement w (positive for downward pile head movement and negative for upward pile head
movement) mobilized during the cyclic stage of tests CY0.25-N100, CY0.5-N100, CY'1.0-N100,
and CY3.0-N100 as a function of time ¢. For each cycle, there is a maximum unit base resistance
gb.max (1.€., peaks in g versus ¢), and a minimum unit base resistance gv,min (i.€., valleys in gb versus
t). For a cyclic displacement half amplitude Awcyciic of 0.25 mm (test CY0.25-100), the maximum
gb.max and minimum gb.min Unit base resistances remain approximately constant during cycling for
¢t up to 1,000 seconds. For a cyclic displacement half amplitude Awcyciic of 0.5 mm (test CY0.5-
100) and 1.0 mm (test CY1.0-100), gmax decreases as cyclic loading progresses. A different
response is observed for the test with Awcyciic of 3.0 mm (test CY3.0-N100); gmax decreases during
the early stages of cycling (# < 100 sec), but then gmax increases slightly with time. We also observe
that, for Aweyciic > 0.5 mm, the pile base is fully unloaded during the pull-out phase of each cycle,
for gb.min always reaches a value of zero. This is an indication of a loss in contact between the pile

base and the sand.
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Figure 5.4. Unit base resistance g» and pile head displacement w (positive downward and
positive upward) versus time for the cyclic loading stage of tests: (a) CY0.25-N100, (b) CY0.5-
N100, (c) CY1.0-N100, and (d) CY3.0-N100.

Figure 5.5 compares the maximum unit base resistance gbmax normalized by the maximum
unit base resistance gb,maxo mobilized in the first cycle of cyclic loading (i.e., normalized unit base
resistance gb.max/gb.maxo) for tests CY0.25-N100 (Aweyclic = 0.25 mm), CY0.5-N100 (Aweyclic = 0.5
mm), CY0.6-N100 (Aweyclic = 0.6 mm), CY1.0-N100 (Aweyclic = 1.0 mm), CY 1.5-N100 (Aweyclic =
1.5 mm), and CY3.0-N100 (Awcyciic = 3.0 mm). Figure 5.5 shows that, within the first ten cycles,
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@b.max/gb.max0 decreases at a higher rate with increasing Awcyclic. For Aweyclic = 1.5 mm, gb,max/gb.max0
drops 22% within the first 5 cycles (i.e., gb.max/gbmaxo = 0.78), while for Awcyclic = 0.25 mm,
¢b.max/gbmaxo drops only 2% (i.e., gbmax/gbmaxo = 0.98). For 0.25 mm < Awcyclic < 1.0 mm,
gb.max/gb,max0 keeps decreasing at an approximately constant rate. While for Aweyclic = 1.0 mm and

1.5 mm, gb.max/gb.maxo tends to stabilize near the end of the test at a value of approximately 0.2.
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Figure 5.5. Effect of cyclic displacement half amplitude Awcyciic on the cyclic unit base resistance
gb.max mobilized during the cyclic loading stage of tests ended at 100 displacement cycles:
maximum unit base resistance gb.max normalized by the maximum unit base resistance gb,maxo
mobilized in the first cycle of cyclic loading versus number N of cycles.

For reference, Table 5.5 provides the values of the limit unit base resistance gvL,Bc before
cycling, the values of the maximum unit base resistance gbmaxo and the minimum unit base
resistance gbmino mobilized in the first cycle, and the values of gb,max and gbmax mobilized in the
last cycle (Ve = 100 cycles). As expected, gb,maxo increases with increasing cyclic displacement half
amplitude Aweyclic. For test CY3.0-N100 (Aweyclic = 3.0 mm), gbLBc 1s equal to gbmaxo; thus, the
base resistance is fully mobilized in the first cycle. For the test CY0.25-N100 (Awecyclic = 0.25 mm),

gb.maxo 1s approximately equal to 0.37¢gbL.Bc.
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Table 5.5. Limit unit base resistance goL,Bc before cycling, maximum unit base resistance gb,maxo
and minimum unit base resistance gbmino mobilized in the first cycle, and maximum unit base
resistance gb,max and minimum unit base resistance gbmin mobilized in the last cycle for cyclic

tests ended at 100 displacement cycles.

Test code @ Dr qbL.BC b max0 Gvmax at cycle 100 Gb,min0 Gvmin at cycle
(%) (MPa) (MPa) (MPa) (MPa) 100 (MPa)
CY3.0-N100 93.0 14.5 14.2 7.4 0.0 0.0
CY1.5-N100 88.3 14.5 12.6 2.5 0.0 0.0
CY1.0-N100 88.2 13.5 9.2 1.5 0.0 0.0
CY0.6-N100 93.6 14.7 7.7 6.2 0.6 0.0
CY0.5-N100 92.7 14.4 7.5 6.2 0.7 0.4
CY0.25-N100 91.3 14.6 5.5 5.4 1.3 1.2

2 Test code: CY’#°= cyclic displacement half amplitude Awcyclic followed by its value in mm, N’#’ = number of cycles.

5.4.1.3 Particle crushing effects

Figure 5.6 shows the digital images obtained at the end of the cycling stage of tests CY0.5-
N100, CY1.0-N100, CY1.5-N100 and CY3.0-N100. For tests CY0.5-N100 [Figure 5.6(a)] and
CY1.0-N100 [Figure 5.6(b)], the zone of crushed particles near the pile base seems to be smaller
than those for tests CY1.5-N100 [Figure 5.6(c)] and CY3.0-N100 [Figure 5.6(d)]. We estimated
the amount of crushing at the end of 100 loading cycles around the conical base by measuring the
area where we detected crushed particles (crushed particles are lightly colored). The estimated
crushing area 4. was normalized by the projected area Ab of the conical base. The results for the
tests in Figure 5.6 show that the area with crushed particles, developed after 100 cycles, increases
with increasing cyclic displacement half amplitude. The value of Ac is less than or equal to 30%
of the area of the conical base for tests CY0.5-N100 (4c/4b = 25.6%) and CY1.0-N100 (Ac/Ab =
30.0%). In contrast, for tests CY1.5-N100 and CY3.0-N100, the area with crushed particles grows

to a size of approximately 40.0% and 162% of the area of the conical base, respectively.
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Figure 5.6. Digital images at the end of the cycling stage of tests: (a) CY0.5-N100, (b) CY1.0-
N100, (¢) CY1.5-N100, and (d) CY3.0-N100.

For tests CY1.0-N100 [Figure 5.6(b)] and CY 1.5-N100 [Figure 5.6(c)], we noticed that the
area of crushed particles induced by the cyclic loading forms a bulb below the tip of the cone that
extends vertically to a distance, measured from the tip, of approximately 0.058B and 0.15B,
respectively. For test CY3.0-N100 [Figure 5.6(d)], this distance increases to approximately 0.45,

and the bulb of crushed particles completely surrounds the conical base.
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5.4.1.4 Image analysis results

Figure 5.7 and Figure 5.8 show the color map and contours lines of cumulative radial
displacement u (positive when soil elements move away from the centerline of the model pile and
negative when they move towards it) and cumulative vertical displacement v (positive when soil
elements move upward and negative when they move downward) at the end of the cycling stage
of tests CY0.25-N100, CY0.5-N100, CY1.0-N100, CY1.5-N100, and CY3.0-N100. The
cumulative radial and vertical displacement u and v are both normalized by the value of the cyclic
displacement half amplitude Awcyciic of the corresponding test and plotted at the original
undeformed locations of the soil elements. The x-axis of plots shown in Figure 5.7 and Figure 5.8
corresponds to the horizontal distance » from the centerline of the model pile to the soil element,
normalized by the model pile radius 7p; the y-axis corresponds to the vertical distance / of the soil
element with respect to the pile base (4 = 0 at the pile base, positive above it, and negative below
it), also normalized by the model pile radius rp.

Figure 5.7 and Figure 5.8 show that, for cyclic displacement half amplitude Aweyclic 0of 0.25
mm, the normalized radial and vertical displacements accumulated around the conical base after
100 cycles are negligible (i.e., [t/ Aweyclic| and [v/Aweyclic| smaller than 0.05). In contrast, for Aweyclic
> 0.5 mm, the magnitude of u/Awecyciic and v/Aweyclic next to the conical base increases as Aweyclic
increases. For Aweyclic > 0.5 mm, soil elements underneath the conical base exhibit a positive
cumulative radial displacement u > 0.1Awcyclic and negative cumulative vertical displacement v <
- 0.1 Aweyclic, meaning that soil elements move radially away from the pile axis and downward. At
the shoulder of the conical base, soil elements exhibit a negative cumulative radial displacement u
< - 0.1Awcyciic and positive cumulative vertical displacement v > 0.1Aweyelic, 1.€., soil elements
move radially toward the pile axis and upward.

Figure 5.7 and Figure 5.8 also show the region where DIC analysis results are not available.
For test CY3.0-N100, this region is significantly larger than for tests CY0.25-N100, CY0.5-N100,
CY1.0-N100 and CY1.5-N100, particularly next to the conical shoulder, as shown in Figure 5.7(¢)
and Figure 5.8(e). Because of the large displacements and rotations of the soil particles located
next to the shoulder of the conical base in the cyclic loading stage, the DIC algorithm fails in
tracking these soil elements. Considering the DIC data available for test CY3.0-N100, the results
in Figure 5(e) show that soil elements with u/Awcyciic > 0.1 extend to a radial position #/rp equal to

4 and a vertical distance A/rp of -3.0. For the case of cumulative vertical displacements [see Figure

158



5.8(e)], soil elements located initially between A/rp of -3.0 and 0 move down more than 20% the

value of the cyclic displacement (Aweyclic = 3.0 mm).
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Figure 5.9 shows the heat map and of the cumulative volumetric strain Evol for the same
tests shown in Figure 5.8. The solid mechanics sign convention is followed in this figure: positive
values of Evo indicate dilation. The volumetric strains are calculated using the expressions
presented in Tehrani et al. (2018). Negligible cumulative volumetric strains (|Evol| < 0.1%) were
measured after 100 cycles for Awcyciic = 0.25 mm. However, for Aweyciic > 0.5 mm, the magnitude
of the volumetric strains and the zone of soil undergoing volumetric deformation increase as
Awcyclic increases. Except for test CY3.0-N100 (Aweyelic = 3.0 mm), the soil elements next to the
inclined surface of the conical base undergo contraction (negative Evol). Figure 5.9(d) and (e) show
that, immediately next to the cone shoulder, a zone of dilation is formed. This dilative zone
increases considerably when Awcyciic s 3.0 mm. An additional area of dilation is observed in test
CY3.0-N100 [Figure 5.9(e)] underneath the conical base between A/rp = -1 and h/rp =-4 (-(2B<h
<-0.5B). These results can help explain why gv.ac values for wo/B> 0.3B are greater than the limit

unit base resistance goL,c before cycling.

162



€91

Test CY0.25-N100 Test CY0.5-N100 Test CY1.0-N100 Test CY1.5-N100 Test CY3.0-N100

—
22,

7l % ) ¥
& é W g e ; W g i '\

7 7 v ’
g S S = S \
c 7 c ¢ c 7 [ g c \
S ; S ; o S o \
% : Z ‘I 7 B = 2 % \

Y/
8 / 2 4 8 /4 o Al 8 /S
2 / o y/ - / Q.  on| o /
© / @® / © /. © il © /D
9 y/ QO /A ) / o) A S Ve
5 Of ; T Of = o T Ol
> > > k g J >
e) © o, I O §e)
(0] (0] () I (0] [}
N N N N N
© © © [ ‘© ©
£ £ E 1 £ £
f - - — —
[e) [e] o [e] o
z pd z i pa pd
» 1 1 1 1 1 1 1 ] _50

0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Normalized radial Normalized radial Normalized radial Normalized radial Normalized radial
position r/r, position r/r, position r/r,, position r/r, position r/r,,

(a) (b) (c) (d) (e)

Figure 5.9. Contours of volumetric strain Evol (positive values indicating dilation) near the conical base after 100 cycles with cyclic
displacement half amplitude Aweyclic of (a) 0.25 mm, (b) 0.5 mm, (¢) 1.0 mm, (d) 1.5 mm, and (c) 3.0 mm



Figure 5.10 shows the heat map of volumetric strain Evol, plotted at the deformed location
of the soil elements, during the cyclic loading stage of test CY3.0-N100. Figure 5.10 (a), (¢), (e)
and (g) show the contours of Evol at the maximum downward movement of the pile (push-in) in
cycle 10, 20, 50, and 100, respectively. Figure 5.10 (b), (d), (f) and (h) show the contours of Evol
at the maximum upward movement of the pile (pull-out) in cycle 10, 20, 50, and 100, respectively.
As shown in Figure 5.10 (b), (d), (f), and (h), a gap between the sand and the inclined surface of
the conical base appears during the upward movement of the model pile. Sand particles flow from
aregion above the shoulders of the conical base and next to the pile shaft into the gap. This process,
which repeats after each cycle, leads to the addition of sand particles into the zone where the gap
forms near the conical base. As shown in Figure 5.5, gbmax reaches values always greater than
0.4gv,maxo = 5.8 MPa, which are values of gv sufficiently large to produce the crushing of silica
sand particles (Tovar-Valencia et al., 2018). Therefore, the sand particles that flow inside this gap
end up being crushed in the downward movement of the pile during cycling, as evidenced by the
growing bulb of crushed particles formed around the conical base. The digital images shown in
Figure 5.10 confirmed that the load at the pile base is fully removed during each pull-out as
observed in Figure 5.4(d).

Figure 5.10 also shows that, after 20 cycles, soil elements around the conical base contract
(Evol < 0). For Ne > 20 cycles, as cycling progress, some soil elements surrounding the bulb of
crushed particles start dilating (e.g., point B in Figure 5.10). Although DIC results inside the bulb
of crushed particles are not available, the lower unit base resistance measured in the compressive
load test after cycling for wv/B< 0.3 [see Figure 5.2(c)] suggests that the crushed material in the
bulb surrounding the conical base is less dense than that before cycling. As the conical pile base
passes the bulb of crushed sand particles, it goes through densified sand with dilative tendency,

resulting in higher unit base resistance.

164



Figure 5.10. Heat map of volumetric strain Evol (positive values indicating dilation) near the
conical base at the maximum downward movement of the pile (push-in) in cycles (a) 10, (c) 20,
(e) 50, and (g) 100, and at the maximum upward movement of the pile (pull-out) in cycles (b) 10,
(d) 20, (f) 50, and (h) 100 for test CY3.0-N100.
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5.4.2 Effect of number of cycles

5.4.2.1 Unit base resistance mobilized during static load tests

Figure 5.11 compares the unit base resistance gb.ac mobilized in the compressive load test
after cycling normalized by the limit unit base resistance gvL.sc measured before cycling for tests
with cyclic loading stage performed with similar cyclic displacement half amplitude Awcyclic, but
with a different number of cycles. Figure 5.11(a) shows that, for Awcyciic = 0.25 mm, the gb,ac/gbL,BC
versus wv/B curves for the tests with cyclic loading stage ended at 100 (test CY0.25-N100), 1,000
(test CY0.25-N1000) and 2,000 (test CY0.25-N2000) cycles are comparable, indicating that the
number of cycles has a minimal effect on this ratio.

For Aweyclic = 0.5 mm [see Figure 5.11(b)], increasing the number of cycles from 100 cycles
(test CY0.5-N100) to 1,000 cycles (test CY0.5-N1000) results in lower values of gv.ac/gbL,BC at
wo/B = 0.1 (gv,ac/goLBc = 0.93 and 0.78 for 100 and 1,000 cycles, respectively), but same values
of gb.ac/gvLBC at wo/B =1 (gv.ac/gvrsc= 1.0 for 100 and 1,000 cycles).

For Awcyctic = 1.0 mm, [see Figure 5.11(c)], the values of gv.ac/gvL.Bc at wo/B = 0.1 for tests
with cyclic loading stages ended at 100, 200, and 1,000 cycles are comparable (i.e., gb,Ac/gbLBC =
0.57,0.47, 0.56 for 100, 200 and 1,000 cycles, respectively). However, when the number of cycles
increases from 200 cycles to 1,000 cycles, gb.ac/gbLBc increases about 9% for w/B > 0.12. These
results suggest that, for a given cyclic displacement half amplitude Aweyclic, there is a threshold
number of cycles that produces the lowest ultimate unit base resistance. Table 5.6 provides the
ratios of gv.ac/gbL,Bc for values of relative pile base settlement wv/B of 0.1, 0.3, 0.6 and 1.0 for the

tests shown in Figure 5.11.
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Figure 5.11. Effect of number N: of cycles on the unit base resistance gb,ac mobilized in the
static load test performed after cycling normalized by the limit unit base resistance gbL,Bc
measured before cycling for tests with cyclic loading stage performed with cyclic displacement
half amplitudes Aweyclic of (a) 0.25 mm, (b) 0.5 mm, and (c) 1.0 mm.
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Table 5.6. Values of gbac/gvL e obtained at four different relative pile base settlements ww/B for
tests with cyclic loading stage performed using a cyclic displacement half amplitude Aweyclic of
0.25 mm, 0.5 mm, and 1.0 mm.

Number Cyclig displacement half b AC/GbLBC
T d N. of amplitude Awcyclic (mm)
est code - [Weyelic/B] wB  wB  wB  wB
cycles [Weyelic/Dso] =01 =03 =06 =10
CY0.25-N100 100 095 1.00  1.00 1.00 1.00
CY0.25-N1000 1,000 [0.7%] 1.00  1.00 1.00 1.00
0.40
CY0.25-N2000 2,000 [0.40] 1.00  1.00 1.00 1.00
CY0.5-N100 100 0.5 0.93  1.00 1.00 1.00
[1.3%]
CY0.5-N1000 1,000 [0.81] 0.78 095 1.01 1.00
CY1.0-N100 100 L0 0.57 0.75 0.87 0.95
CY1.0-N200 200 [2.6%] 047  0.74 0.87 0.94
1.61
CY1.0-N1000 1,000 [1.61] 0.56  0.80 0.95 1.00

gvLc is the limit unit base resistance measured in the compressive load test performed before cyclic loading.
gv.ac is the unit base resistance measured in the compressive load test performed after cyclic loading.

5.4.2.2 Unit base resistance mobilized during cyclic load tests

Figure 5.12 shows gb.max/gbmaxo versus number Nc of cycles for cyclic load tests ended at
1,000 cycles or more (i.e., tests CY0.25-N2000, CY0.5-N1000, and CY1.0-N1000) and
@b.max/qb.maxo versus Ne for test CY3.0-N100. Figure 5.12 shows that, for test CY0.25-N2000, the
value of gb.max/gb.maxo remains approximately constant throughout the 2,000 cycles. For test CYO0.5-
N1000, it is seen that the value of gbmax/gb.maxo decreases continuously as the number of cycles
increases up to 1,000 cycles. However, for test CY1.0-N1000, the gb.max/gb.max0 versus Nc curve
has a minimum value at Ne = 133. For N: >133 cycles, the value of gb max/gbmaxo increases slightly
as Nc increases. This result suggests that (i) there is a number of cycles that leads to a minimum
value of gb.max/gbmax0, and (i1) the minimum value of gb.max/gb.maxo 1s reached with a smaller number
of cycles as Aweyclic increases. For example, for Aweyclic = 3.0 mm the minimum value of
@b.max/qb.max0 occurs at Ne = 9 cycles, as shown in Figure 5.5 and Figure 5.12; for Aweyclic = 1.0 mm,

the minimum value of gb,max/gb,maxo 0ccurs much later, at Nc = 133.
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Figure 5.12. Maximum unit base resistance gb.max normalized by the maximum unit base
resistance gb,maxo measured in the first cycle of cyclic loading stage versus number of cycles for
tests CY3.0-N100, CY0.25-N2000, CY0.5-N1000, and CY1.0-N1000.

5.4.2.3 Particle crushing effects

Figure 5.13(a) to Figure 5.13(d) show the digital images at the end of cycle number 100,
200, 400 and 1,000 for the cyclic loading stage of test CY1.0-N1000. For each digital image, the
area with crushed particles Ac is estimated and normalized by the projected area Av of the conical
base. The values of Ac/Ab are shown in Figure 5.13 (e) and plotted as a function of the number of
cycles. Figure 5.13(e) also shows the evolution of gb,max/gb,maxo With cyclic loading.

The plots of Ac/Ab versus Nec and gb,max/gbmaxo versus Nc indicate that, during the first 20
cycles, gb.max/gbmaxo decreases from 1 to 0.45 at a high rate, while Ac/Ab increases from 10% to
23%. Both curves tend to stabilize at around 100 cycles. From Nc = 133 cycles to 1,000 cycles,
@b.max increases slightly, from 0.18gbmaxo (1.€., gb.max =2.6 MPa) to 0.27¢b,maxo (1.€., gb,max =3.9 MPa)
and Ac/Ab grows exponentially, from 35% in cycle 133 to 148% in cycle 1,000.

We observed that the minimum value of gb.max/gb.maxo coincides with the onset of local flow
of particles from the region above the shoulder of the conical base into the gap left during the pull-
out stage of each cycle. Videos generated from the digital images taken during the cyclic loading
stage of test CY 1.0-N1000 showed that, between cycles 100 and 300, the majority of the particles
dropping are crushed particles coming from the crushed particle band next to the pile shaft (formed
during pile installation). Only after about 300 cycles, uncrushed and crushed particles from above

the shoulder of the pile base are deposited inside the gap. As shown in Figure 5.13(b), some

169



particles reach positions below the tip of the cone and others accumulate below the base shoulder.
For Ne > 300 cycles, it can be seen that some particles are crushed in the downward movement of

the model pile.
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Figure 5.13. Digital images at the end of cycle number (a) 100, (b) 200, (c) 400, and (d) 1,000; (¢) maximum unit base resistance gb,max
normalized by the maximum unit base resistance gbmaxo in the first cycle of cyclic loading (on the left vertical axis) and normalized
area of crushed particles Ac/Ab (on the right vertical axis) versus number N. of cycles for test CY 1.0-N1000.



5.4.2.4 Image analysis results

Figure 5.14 shows the trajectory of soil elements located near the conical base (elements
A, B, C, and D) during the cycling stage of test CY1.0-N1000. Table 5.7 shows the position of
these soil elements at the beginning of the cycling stage. Element A was chosen to represent soil
elements near the shoulder of the conical base. Element C represents soil elements below the
conical base and at the pile centerline. Elements B and D represent soil elements located near the

inclined face of the conical base, with element B being the closest to it.

Table 5.7. Initial position of soil elements A, B, C, D located around the conical base of the pile
for the cycling stage of test CY 1.0-N1000

Soil element ID Normalized radial position Normalized vertical position
r/rp hirp
A 2.5 1.7
B 2.5 0
C 0 -1.6
D 1.0 0.8

Figure 5.14(a) shows that, for Nc <100 cycles, the average trajectory of soil element A
forms an angle 6 with the horizontal (#/rp axis) of approximately 135 degrees (measured counter-
clockwise from the 7/rp axis on the right side and clockwise on the left side of the pile ). For N¢ >
100 cycles, the angle 8 changes slightly to 120 degrees. We see from Figure 5.14(b) that element
B follows approximately the same trajectory (@ =110 degrees) during the first 100 cycles. Then,
for Nc > 100 cycles, element B moves following an angle 6 equal to approximately 35 degrees with
the horizontal. Figure 5.14(c) shows that element C moves slightly upward during the first 100
cycles; then, for Nc > 100 cycles, it moves downward. From Figure 5.14(d), the average trajectory
of element D (the element closest to the inclined faces of the conical base) varies from 6 = -80
degrees (sub-vertical), for Nc < 100 cycles, to 8 = 10 degrees (nearly horizontal), for 300 cycles <
N: <500 cycles. Element D could not be tracked using DIC after 500 cycles.
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Figure 5.14. Trajectory of soil elements (A, B, C, D) near the conical base of the pile during the
cycling stage of test CY1.0-N1000: normalized radial position versus normalized vertical
position of (a) soil element A [r/rp=2.5, h/rp=1.7], (b) soil element B [r/rp,= 2.5, h/rp,= 0], (c)
soil element C [#/rp= 0, h/rp=-1.6], and (d) soil element D [r/rp= 1.0, h/rp= 0.8]. The selected
N values are indicated in the red boxes.

Figure 5.15(a) and Figure 5.15(b) show the cumulative radial and vertical displacements
of the cycling stage of test CY 1.0-N1000 for the same four soil elements (elements A, B, C and D)
shown in Figure 5.14. After 100 cycles, when gbmax/gbmaxo reaches approximately its minimum
value, elements A and B (the two soil elements located at the same initial radial position 7/rp=2.5)
have moved radially towards the pile axis and upward (i.e., after 100 cycles, u = -0.64 mm and v

=0.51 mm for element A, and u =-0.14 mm and v = 0.59 mm for element B). Element D (the soil
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element closest to the pile base) has moved radially outward and downward (i.e., after 100 cycles,
u=10.21 mm and v =-0.83 mm). Element C (the element located right underneath the conical tip,
at r/rp = 0 and h/rp = -1.6) has experienced mainly vertical displacement in the first 100 cycles of
the cyclic loading stage (i.e., after 100 cycles, # = -0.04 mm and v= 0.12 mm). Figure 5.15 shows
that, between Nc equal to 100 cycles and 180 cycles, the cumulative radial and vertical
displacement of elements A, B and C remain approximately constant. However, for Nc > 200 cycles,
there is a reactivation of the radial and vertical movement of elements A and B and the vertical
movement of element C; this agrees well with the increase in the area of crushed particles
surrounding the conical base and the small increase in gb.max/gb.max0, as can be seen in Figure 5.13(e).

Figure 5.15(a) also shows that, for Nc> 200 cycles, the radial displacement u of element A
decreases with increasing Nc, indicating that soil element A continues moving radially towards the
pile axis, as observed for Nc < 200 cycles. In contrast, the radial displacement u of element B
increases with increasing N, indicating that the direction of the radial displacement changed after
200 cycles (i.e., element B moves radially away from the pile axis for Ne. > 200). The change in
the direction of the radial displacement of element B results from the flow of sand particles to the
region below the conical base when the pile moves upward during the cycling stage, pushing
element B radially away from the conical base. As shown in Figure 5.15(b), element C experiences
an increase in downward movement after 200 cycles (i.e., from 200 cycles to 500 cycles, the
permanent vertical displacement v changes from 0.02 mm to -0.64 mm); this movement is affected
by the increase in the deposition of sand particles below the conical base, which pushed down the

particle C.
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Figure 5.15. Displacements of soil elements (A, B, C and D) near the conical base during the
cycling stage of test CY1.0-N1000 (f= 1.0 Hz): (a) radial displacement u (positive when soil
elements move away from the centerline of the model pile and negative when they move towards
it) and (b) vertical displacement v (positive when soil elements move upward and negative when
they move downward).

Figure 5.15(a) and Figure 5.15(b) show that, of elements A through D, element D has the
widest range of displacements around the mean paths of displacement versus the number Nc of
cycles in the first 100 cycles. A and B experience the least oscillations.

Figure 5.16 shows the evolution of the cumulative radial strain E;», vertical strain E::, shear
strain E;-, and volumetric strain Evor during the cycling stage of test CY1.0-N1000 for the same
four elements listed in Table 5.7. Figure 5.16(a) and (b) show that the deformation mechanism in
element A is the opposite of that in element B. While element A stretches radially and compresses
vertically, element B compresses radially and stretches vertically. During the first 180 cycles, the
cumulative shear strain [see Figure 5.16(c)] in elements A and B is less than 0.1%; therefore, for
N:< 180 cycles, the radial and vertical strains of elements A and B are approximately equal to the
principal strains. For Nc> 180 cycles, the shear strain of elements A and B become negative and
positive, respectively, indicating that soil element A distorts in the opposite direction of element
B. In terms of volumetric strains [see Figure 5.16(d)], element A, B and C exhibit volumetric

contraction during the first 300 cycles. Then, for Nec > 300 cycles, these elements tend to dilate.
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Figure 5.16. Cumulative strains of soil elements (A, B, C, and D) around the conical base during
the cycling stage of test CY1.0-N1000 (f= 1.0 Hz): (a) radial strain Er (positive when soil
elements stretch radially); (b) vertical strain £z (positive when soil elements stretch vertically);
(c) shear strain Er; (d) volumetric strain Evol.

Figure 5.16(a) and (b) also shows that element D contract radially, during the first 70 cycles,
and contract vertically, during the first 200 cycles. After that, element D stretches in both directions
(radial and vertical). The dilative behavior of soil element D for Ne>200 cycles is confirmed by

the values of Evor >0. Figure 5.16(c) indicates that during the first 10 cycles most of the shearing

176



occurs next to the inclined faces of the conical base (near element D), propagating away from it

(where elements A, B, and C are located) as cycling progresses.

5.5 Summary and conclusions

In this paper, we reported the results of a series of monotonic and cyclic load tests
performed on a closed-ended jacked model pile with a conical base. The model pile load tests were
performed in dense silica sand samples prepared in a half-cylindrical calibration chamber that
allows image collection. The digital images collected during cyclic loading were processed using
the DIC technique to obtain the displacement and strain fields in the sand domain near the conical
base.

Cycling performed with a cyclic displacement half amplitude Aweyclic equal or less than
0.25 mm (= 0.0065B=0.4Ds0) had a minimal effect on the unit base resistance (the limit and the
ultimate unit base resistance changed by less than 6% after cyclic loading) regardless of the number
of cycles (100, 1,000, or 2,000 cycles). The results from DIC showed that soil elements near the
conical base are minimally disturbed during cyclic loading: the magnitudes of the cumulative
displacements relative to the cyclic displacement half amplitude (|u/Awcyclic| and [v/Aweyelic|) were
smaller than 0.05; and the magnitude |Evol| of the cumulative volumetric strains were less than 0.1%
near the conical base. In contrast, after 100 cycles with a cyclic displacement half amplitude
Aweyctic in the 0.5 mm (=0.8Ds0) to 1.5 mm (=2.4Ds0) range, the ultimate unit base resistance (gb
at we/B = 0.1) decreased considerably (by 10% for Awcyciic = 0.5 mm and by 50% for Aweyclic = 1.5
mm) with increasing Aweyclic. The magnitudes of the cumulative displacements relative to the
cyclic displacement half amplitude (ju/Awcyciic|] and [v/Aweyelic|) and the cumulative volumetric
contraction near the conical base at the end of cyclic loading increased with increasing Awcyclic.

After 100 cycles of Aweyclic = 3.0 mm = 4.8 Dso, the limit unit base resistance measured after
cycling was 1.7 times greater than the reference limit unit base resistance (before cycling). A large
number of sand particles from above the shoulders was deposited below the conical base and
crushed in the downward movement of the pile during cyclic loading. At the end of 100 cycles,
soil elements surrounded the bulb of crushed particles exhibited a net dilation.

The effect of number of cycles on the unit base resistance depend on the magnitude of the
cyclic displacement half amplitude. The test results suggested that, for a given Aweyelic, there is a

threshold number of cycles that produce the lowest ultimate unit base resistance. Cyclic loading
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performed with a number of cycles greater than that threshold value produces an increase of the

unit base resistance at plunging.

5.6 Notation

B=
Cu=
Ce=
Dso =
Dr=
En=
E.; =
Er, =
Evol =
€max =

€min =

h:
qo=

diameter of model pile

coefficient of uniformity

coefficient of curvature

mean particle size of soil

relative density

cumulative Lagrangian radial strain of soil element
cumulative Lagrangian vertical strain of soil element
cumulative Lagrangian shear strain of soil element
cumulative Lagrangian volumetric strain of soil element
maximum void ratio

minimum void ratio

number of displacement cycles applied in cyclic loading
frequency used for displacement-controlled cyclic loading
vertical distance of soil element with respect to the pile base

unit base resistance mobilized during loading

¢v.AC = unit base resistance mobilized in compressive loading performed after cycling

gb.Bc = unit base resistance mobilized in compressive loading performed before cycling

¢bLBC=

{bmax =

limit unit base resistance before cycling

maximum unit base resistance mobilized in each cycle during cyclic loading

@bmax0 =maximum unit base resistance mobilized at the first cycle of cyclic loading

gbmin= minimum unit base resistance mobilized in each cycle during cyclic loading

{bmin0 =

r'n=
r:
u =

Vv =

maximum unit base resistance mobilized at the first cycle of cyclic loading
radius of model pile

radial distance from soil element to centerline of model pile

cumulative radial displacement of soil element

cumulative vertical displacement of soil element

Aweyclic = cyclic displacement half amplitude
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w=  pile head displacement
wb= pile base settlement

ww/B = relative settlement at the pile base
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6. SUMMARY AND CONCLUSIONS

This thesis presented studies on the mechanical response of displacement and non-
displacement piles installed in sand and tested under monotonic and cyclic loading conditions in a
half-cylindrical calibration chamber with digital image correlation (DIC) capability. Using the DIC
technique, this study revealed key mechanisms governing the pile response to loading.

To investigate the effect of loading direction and loading sequence on the unit shaft
resistance of displacement piles, a series of monotonic load tests were performed using
instrumented jacked model piles (with three different values of surface roughness). These tests
started with tensile, then followed by compressive loads (TC) or with the reverse sequence,
compression followed by tension (CT). The results from the tensile and compressive load tests
showed that the unit shaft resistance of jacked piles in sand is always lower under tensile loading
than under compressive loading. This resulted in values of the tension-to-compression shaft
resistance ratios SRR (measured in tension and compression for the same sample) and SRRrrL
(measured from the first-time loadings) of less than one. Furthermore, both SRR and SRRr1Lratios
decreased with increasing pile surface roughness (e.g., SRRrrL was 0.67 for the pile with smooth
surface roughness and 0.54 for the pile with rough surface roughness). The influence of the loading
sequence (TC or CT) was reflected on the greater values of SRR for the model piles loaded first
in tension (TC sequence) than in compression (CT). The digital images taken with a microscope
as the pile was loaded revealed that the shearing is more localized for compressive than for tensile
loading. The DIC analyses indicated that soil elements near the pile shaft tend to move radially
towards the pile shaft in tensile loading and radially away from the pile shaft in compressive
loading. The soil elements near the pile shaft contract (positive volumetric strains) in tensile
loading; while in compressive loading, the soil elements near the pile shaft exhibit negligible
volumetric strains. The rotation of principal strains that occur upon reversal of loading direction
was found to be the mechanism behind the lower shaft resistance measured in tensile loading.

To investigate the effect of the loading direction on the shaft capacity of virgin and
pretested non-displacement piles in sand, a series of TC and CT load tests were performed using
model piles pre-installed (wished-in place) in the half-cylindrical calibration chamber. The results
from the first-time load tests showed that the magnitudes of peak unit shaft resistance and limit

unit shaft resistance in compressive loading are comparable to those in tensile loading for the same

180



relative densities. This result suggested that no reduction factor is needed when computing the
tensile unit shaft resistance of non-displacement piles. The displacement and strain fields obtained
from the DIC analyses indicated that whether the pile is loaded first in tension or compression, the
soil elements dilate radially within a thin band adjacent to the pile shaft and contract radially further
out. The similar deformation mechanism occurring in first-time tensile and first-time compressive
loadings supports the near-to-one values of the tensile-to-compressive unit shaft resistance ratios.
The reversal of loading direction occurring in CT or TC loading sequences substantially reduced
the unit shaft resistance of non-displacement piles in sand. The lower limit unit shaft resistance
resulting from the load reversal was attributed to a drop in the radial strain (contraction) and a
rotation of the principal strain directions exhibited by soil elements near the pile shaft.

A set of monotonic and cyclic load tests were performed in the DIC calibration chamber to
study the effect of cyclic loading on the limit unit shaft resistance of displacement piles. The test
program was designed to evaluate the influence of factors such as the relative density of the sand,
the initial vertical stress, the cyclic displacement amplitude, the number of cycles and the
frequency of the displacement cycles. It was found that small-displacement amplitude cycles
(cyclic displacement half amplitude smaller than or equal to 0.25 mm) caused a negligible effect
on the limit unit shaft resistance, regardless of the number of cycles (100, 1,000, or 2,000 cycles).
In contrast, 100 or more displacement cycles with cyclic displacement half amplitude greater than
0.7 mm lead to a degradation of the limit unit shaft resistance. Furthermore, the magnitude of
degradation of the limit unit shaft resistance increases with increasing cyclic displacement
amplitude but it tends to stabilize for cyclic half displacement amplitudes greater than 2.0 mm.
The reduction of the limit unit shaft shear resistance after cyclic loading was also found to be more
significant in medium-dense sand samples than in dense sand samples and greater for initial
vertical stress of 90 kPa than of 50 kPa. The degradation of the limit unit shaft resistance observed
after cyclic loading was linked to the radial contraction and the development of large shear strains
of soil elements near the pile shaft during cyclic loading.

A set of monotonic and cyclic load tests were performed in the DIC calibration chamber to
study the effect of cyclic loading on the unit base resistance of displacement piles. The changes in
the pile base resistance after cycling were evaluated by comparing the mobilized unit base
resistance versus pile head settlement curves from the compressive load tests carried out before

and after cycling. It was found that the ultimate unit base resistance after cycling reduces when the
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applied displacement cycles have a cyclic displacement half amplitude greater than 0.5 mm, which
is about 0.8 times the mean particle size Dso of the tests sand. However, large-displacement
amplitude cycling (e.g., cyclic displacement half amplitude of 3.0 mm) was found to be beneficial
for the unit base resistance at plunging. The digital image analyses revealed complex mechanisms
occurring in the sand domain during cyclic loading. These mechanisms include dilative and
contractive behavior of soil elements surrounding the conical pile base, particle crushing and sand
deposition below the pile base. Based on the DIC-processed data, the reduction in ultimate unit
base resistance was attributed to the cumulative volumetric contraction of the soil next to the
inclined faces of the conical base occurring cyclic loading. The increase in unit base resistance at
plunging was linked to the addition of sand particles below the conical base, the occurrence of
sand particle crushing, and the dilative behavior of soil outside a bulb of crushed particles formed

during cyclic loading.
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