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Review paper

Effects of full displacement pile installation on the stress
and deformation state of surrounding soil: review

Worku Firomsa Kabeta

Abstract: Several field and model tests have been conducted to investigate the impact of pile installation
on bearing capacity. However, little is known about how piles behave during installation, how they inter-
act with the surrounding soil, and how this affects sandy soil properties. This review paper investigates
the effect of pile driving on surrounding sandy soil as it compacts sandy soil near to the pile. For this
purpose, various related literature was studied based on the observation of the pile installation effect on
earth pressure or lateral stress, relative density, and pore water pressure in the sandy soil. A change in
the deformation and stress state of surrounding sandy soil due to pile driving was presented. The instal-
lation of fully displacement piles can lead to significant stresses and deformations in the surrounding
sandy soil. This is one of the main causes of uncertainty in the design and analysis of pile foundations.
According to this study, the sandy soil around the pile is compacted during pile driving, resulting in
lateral and upward displacement. This leads to the densification effect of pile driving on loose sandy
soil. Sandy soil improvement with driven piles depends on pile shape, installation method, and pile
driving sequences. This study concludes that in addition to its advantages of transferring superstructure
load to deep strata, the increased relative density of loose sand, the change in the horizontal stress,
and the influence of compaction on the sandy soil parameters during pile driving should be considered
during pile design and analysis.
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1. Introduction

Loose sandy deposits should be improved to meet the sandy soil requirements of
large infrastructural projects, reducing sandy soil settlements and structural deformations.
Sandy soil densification may also result in a reduction of liquefaction risk in saturated
sandy soils [1, 2]. There are many methods of deep sandy soil compaction, including
dynamic compaction, vibro-flotation or vibro-driving, sand pile compaction, compaction
grouting, compaction by blasting, and the pile compaction method. Steel, concrete, timber,
or composite piles arranged in a grid can be used for the latter. The piles with different
shapes, either constant with depth or tapered, can be installed in loose sand by driving,
vibro-driving, cyclic jacking, or statically pushing in. Pile driving has unquestionably
been favored among the various forms of pile installation due to its numerous advantages,
including high bearing capacity, rapid construction speed, and suitability for a wide range
of sandy soil conditions [2]. Due to noise and vibrations, their use in urban areas or near
existing structures is, however, limited. Vibro-driving can reduce the force needed for
installation decreasing the shaft friction. The pile base resistance could, however, increase
during the vibro-driving process [3]. Depending on the soil grain-size characteristics, soil
behavior, in situ soil density, pile spacing, and pile diameter, the installation process can
result in measurable densification and an increase in lateral stress [4]. Recently developed
technologies of cyclic jacking and pushed-in piles can overcome the difficulties related
to noise and vibration level of previously described installation methods. The current
knowledge about the effect of pile driving on the surrounding sandy soil is reviewed and
presented in this study, which takes into account changes in stress state and displacement
field, sandy soil density, and pore water pressure.

2. Effect of pile driving on the surrounding soil

The full displacement pile installation process can cause significant stress and defor-
mation in the surrounding sandy soil. This is a key source of uncertainty in pile foundation
analysis and design. A drive or jacking operation used to install a displacement pile gen-
erates changes in the sandy soil characteristics and stress-strain states that affect pile
settlement and bearing capacity [5].

2.1. Effect on the stress and deformation state

During pile driving, the sandy soil is vertically and radially pushed out to allow the
pile penetration. As a result, the final lateral stress will be quite different from the in-situ
stress in the free field (Fig. 1). The pile installation method has a significant impact on the
vertical capacity of the sandy soil due to the high level of energy induced on it during pile
diving.

The entire stress field around the piles must be established to understand and model
pile sandy soil-structure interaction, load-displacement response, group action, and time-
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Fig. 1. Stress distribution near single pile [6]

dependent behavior. In comparison to bored piles, driven piles produce a pre-stressed sandy
soil mass around the pile base, resulting in a stiffer pile base response. The mechanism of
pile base penetration is similar to that of a cone penetration test, and the cone resistance is
related to the ultimate base capacity [7].

As a result of the installation process, the sandy soil properties at the pile-sandy soil
interface have also been observed to change. According to laboratory experiments by [8],
the particle size distribution near the pile can be changed, reducing the interface friction
angle at large deformations. The behavior of the sandy soil surrounding the pile during the
pile installation is complex, and different laboratory tests on sandy soil properties, interface
parameters, and experiments, including calibration chamber or centrifuge test, should be
used to model the entire system [9-11].

The effects of different installation methods, jacking and impact driving, are investigated
for three different initial relative densities of sand [9]. According to their findings, the
sandy soil state depending on the method of installation (impact driving and pile jacking)
varies significantly, and is also dependent on the sand initial density. The horizontal stress
surrounding the pile increases with both impact driving and pile jacking. In jacked piles,
however, the increase in horizontal stress is much greater than in impact-driven piles.
Henke and Grabe [10] found that in a moderate-density sample of sand having relative
density of 51-55%, the external horizontal stress in the vicinity of the pile tip is much
lower after impact driving than jacking. Higher vertical stress near the pile tip is expected
after jacking than after impact driving. However, the degree of sandy soil densification is
higher after impact driving than after jacking, especially near the top of the pile. As a result
of impact driving, the horizontal stress in the area below the pile tip increases. Improved
sandy soil strength is the result of the combined effects of increased stress and decreased
void ratio (sandy soil compaction). The magnitude of the peak horizontal stress increases
as the initial relative density of sand increases. Jacked piles are also prone to sandy soil
arching more than impact-driven piles. During pile jacking, stress changes in the sandy soil
are significant near the pile, but they also extend a significant radial distance. Model tests
and field measurements have been conducted during pile installation with pressure cells in
the sandy soil mass [3, 11].

Stress measurements are frequently taken in the field using a neighboring whose stiff-
ness alters the stress field beneath the sandy soil. To quantify this inaccuracy, precise stresses
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measurements caused by a single pile installation in laboratory conditions are required.
Jacked pile experimental results [12] for sand show that with increasing h/R, the radial
effective stress decreases, where h is the distance above the pile tip and R is the pile radius.
During the jacked installation of a cylindrical pile in dry sand in a centrifuge, D’Arezzo
et al. [13] used null gauges to measure horizontal stress changes. Stress is measured using
both an adjacent pre-installed square pile and in-sandy soil sensors. The normalized depth
of the pile tip (h/R) and the ratio of the increment of horizontal stress (Ao7,) to the pile base
stress (qp) were calculated. As a result, the maximum horizontal stress increment at 9D
from the pile is 0.5 percent of the base resistance, indicating that horizontal stress decreases
with increasing distance from the pile. The maximum changes in horizontal pressure occur
when the pile tip is slightly above sensor level; the distance below the pile tip at which
the maximum stress is detected is greater for shallower depths of penetration. Jardine et
al. [14] obtained similar results at the same distance during the installation of a cylindrical
pile in a calibration chamber.

Hughes and Robertson et al. [15] discovered that when a cone penetration test (CPT)
probe penetrates sand, a highly stressed, rigid ring of sand forms around the tip. During
pile penetration into sandy soil, there is a friction between loose sand and the pile. A thick
cylinder of sand encircles the loosened sands and prevents the formation of complete
lateral earth pressure on the pile through arching [16, 17]. Sandy soil arching is a pressure
redistribution phenomenon caused by relative movement between adjacent portions of the
sandy soil (Fig. 2). When sandy soil interacts with structural elements, such as sandy
soil-pile interactions, it is a common occurrence. Physical model of driven displacement
piles can also be created using the full-displacement probe. After installation, the radial
stress (07;.) acting around the pile at any depth (z), was found to vary with cone penetration
test resistance, which reflects stiffness of sand and conditions, and to decrease as the pile
installed and the relative depth above the tip increased. There was also a small reliance on
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Fig. 2. Stress redistribution caused by arching [19]
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the effective vertical stress (o). Nguyen et al. 18] has proposed equivalent stiffness-based
load transfer model as an effective tool for analyzing behaviors of the open-ended pile in
considering the soil plugging effect. This model aims to replace the sum of unit stiffness’s
corresponding with external and internal unit skin frictions in the basic differential equation
of load transfer by a weighted average of equivalent unit stiffness’s using a dual approach
of equivalent replacement.

Bond and Jardine et al. [20] proposed the equation (1) for radial stress expression for
the design of cylindrical piles driven in sands.

o’ 0.13 h -0.38
2.1 ' = =0.029¢, [ =2 —
2.1 oy = f(2) =0.029¢ (PA) (R)

In which P, is the atmospheric pressure. The relative depth above or below piles tip
(h/R) and cone tip resistance (g.) variables have significant effects, but a change effective
vertical stress (07]) only results in a 35% change in the radial stress (o).

The stresses in the pile vicinity fluctuate dramatically as the distance between the pile
axis and the radial distance increases, and as the distance between the pile tip and the top
of the pile increases, according to all of the trials. When these data are combined with the
field trends captured in the above equation (2.1), it appears that radial stress (o)) may be
stabilized for fluctuations in free-field vertical stress o, and local cone tip resistance (g ),
and represented by 2D functions of the form.

0 (/g0 _ f(h r )

(O_Z,O/PA)O.13 R > H

Yang et al. [8] performed experimental investigations and three computational eval-
uations of stresses created around piles penetrating into sand. The cylindrical stresses
surrounding piles intruding into normally consolidated quartz sand were investigated using
a combination of three experimental studies and three numerical analyses.

The interpretation summarizes predicted and measurement made at points between 10
and 550 kPa of the actual initial stress between the relaxed and stressed states, which are
related to stresses with Cone penetration test and dimensionless ratio of vertical stress
(o, /P4)"'3. The dimensionless spatial coordinates (h = R, r = R), where the top of
the pile is the origin of the coordinates, represent the final states and (h = Rp,, r = R))
represent the stresses around the exposed pile at moderate radial distances.

Jardine et al. [14] interpreted stress measurements and presented the distribution of
circumferential or vertical stress and radial stress as a function of distance to the penetrating
pile in dense sand. They jacked up instrumented model piles in the calibration chamber with
sandy soil mass equipped with stress sensors. Emphasis was placed on the effective radial
stresses occurring around the axes of the columns, but circumferential and vertical stresses
were also taken into account. They interpreted detailed stress measurements taken on and
around closed-ended model displacement piles in pressurized silica sand. The stresses that
develop at any point are primarily determined by CPT tip resistance and spatial position
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relative to the pile tip (#/R and r/R), as expressed by:

’
2.3) 2 _y (ﬁ : L)
qc R H
where //R is the (positive) relative height above or (negative) relative depth below the pile
tip, and r /R is the relative radius from the pile axis.

The sandy soil stresses vary spatially in relation to the pile tip location. The stress
measurements performed by Jardine et al. [14] revealed that sandy soil stresses developed
during installation were directly correlated with local g, values; normalization by q.
reduced the impact of test arrangement variations. Although the datasets have similar
initial o7 /g, maxima as the pile tip passes and fall to similar final low o7/ /q. ratios (o7
is stationary radial stress), the decay curves applied between these limits converge better
when plotted against /R than when plotted against the number of cycles (N), indicating
a closer correlation with relative pile tip depth than with the number of cycles. On-pile
measurements show that doubling N did not result in steeper radial stress reductions for
fixed /R ratios. Sandy soil mass stresses were unaffected by the number of jacking cycles.
These characteristics, on the other hand, may be more important at the pile/sandy soil
interface, during dynamic installation, and over extended periods of time.

During both the penetration and pause stages, stress distributions established in the
sandy soil below and to either side of the tip level stress are roughly spherically symmetrical,
though there are minor differences between the stress decay curves established on vertically
and horizontally projected distributions.

Close to the pile tip, very steep stress gradients apply, with triaxial conditions domi-
nating directly under the tip, where o} = 0| % ¢, and 0/, = 07, %~ q./Kp, in which Kp
is Rankine coefficient of passive earth pressure, 0| is major principal effective stress, o,
is moving circumferential stress, and o7/, is moving radial stress.

After installation, the radial stress level reaches peaks at normalized around significant
radial distances r/R = 3, which are roughly double those operating on the shaft (r/R = 1).
Atr/R > 3,0/,,/q. declines consistently with /R for any given r/R and all radial stresses
decompose with radius. Circumferential stresses vary at 1 < r/R < 5 range, according
to the radial equations of equilibrium and o < o at1 < r/R < 3 once installed.
Here, one should notice that the maximum radial stress is not on the pile shaft, but at
some distance. In low to medium density quartz sand, Lehane et al. [12] took extensive
measurements of the effective stresses generated during installation, equalization, and load
testing of displacement piles. They demonstrated that the stresses that develop at any given
sandy soil horizon are strongly influenced by the horizon’s distance from the pile tip as
well as the sandy soil’s initial state. As each jacking stage was started, the effective radial
stresses (o)) rised by 5 to 20 kPa, causing the stationary profiles of o/, known as o7/, to
separate from those recorded during the pile was moving. The long-term, fully equalized
values (o7..) for a pile that has penetrated to the same tip depth but no further are the same
as the stationary radial stresses recorded during installation pause periods (o), where
oy is the radial effective stress after equalization and o7/ is the stationary radial effective
stress.
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Another study on the change in horizontal stress during pile driving were conducted by
D’Arezzo et al. [13]. Null-gauges were used to measure horizontal stress changes during
the jacked installation of a cylindrical pile in dry sand. They used an adjacent pre-installed
square pile and in-sandy soil sensors to measure stress, and then compared the centrifuge
results to the radial stress distribution estimated using traditional methods. Their findings
show that when the pile is at an equal distance between the pile null gauges and the
sandy soil null gauges, the pile experiences higher stresses due to its stiffness. For the
determination of stress state near pile base [21] conducted field tests on piles equipped
with surface stress transducers and discovered that severe stress fluctuations occur during
sand penetration, particularly around the tips.

Beijer Lundberg et al. [22] conducted a series of geotechnical centrifuge tests of
displacement pile installation in sand with various initial relative densities. The stress mea-
surements included horizontal and axial contact stresses. The deformation measurements
were displayed as displacement trajectories, with incremental stresses and sandy soil dis-
placements analyzed. The effect of load cycles and the influence of initial relative density
were the focus of the measurement’s interpretation. During pile installation and removal,
the initial relative density was shown to have a significant impact on the horizontal contact
stress. The horizontal displacement measurements revealed a similar impact, with denser
sandy soil samples exhibiting higher horizontal displacement. It was discovered that the
sandy soil compaction during cyclic loading shows in decreased horizontal contact stress.
Dense, medium dense and loose sand with initial relative densities 0.4, 0.6 and 0.8 respec-
tively were tested. The installation effects are strongly influenced by the relative density of
the sandy soil at the start of the experiment, according to the results. The measurements
were compared to numerical models that produced similar results.

Lehane et al. [21] also used a drum centrifuge to test model piles in normally con-
solidated sand to see how the method of pile installation, level of stress, and aspect ratio
of pile affected the increase in lateral stress on the pile while load testing. They consider
pile aspect ratio (elongation) in the model tests as 1 for 14 model piles, 2 for two model
piles and 6 for other two model piles. The ratios of lateral stress increases (the ratio of
lateral stress in pseudo-dynamic mode to jacked mode) measured during installation for
h/D = 3 is higher than for 2/D = 6, where D is pile breadth. The difference between
pseudo-dynamic and jacking installation mode is that piles area installed in a sequence of
jacking strokes during jacked installation. For each stroke, the piles were pushed at 0.2
mm/s for 2 mm, then extracted at 0.005 mm/s until the pile head load was zero. During
pseudo-dynamic installation, the piles were installed in a series of 2 mm downward jacking
increments at 0.2 mm/s, followed by 1.5 mm extraction at 0.2 mm/s. Furthermore, due to
sandy soil compaction near the pile toe, base resistance increases with the number of cycles
applied, whereas shaft load decreases with the number of cycles applied due to sandy soil
densification next to the pile shaft [20].

Fig. 3 describes the effect of pile installation mode on lateral stress for both stationary
and moving pile conditions. For the same type of installation method, lateral stresses when
the pile is moving are greater than the lateral stresses when the pile is stationary [21]. They
also discovered that the magnitude of lateral stress decreases as the distance between the
pile tip and the pile diameter (h/D) increases for both methods of installation.
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Fig. 3. Lateral stresses (a) jacking installation; (b) installation by pseudo-dynamic [21], o, is lateral
stresses when pile is stationary and o7, is lateral stresses when pile is moving

Different measurement techniques are used to measure the deformation field around
installed model piles. Otani et al. [23] investigated the deformation of sand surrounding a
laterally loaded pile using X-ray computed tomography. Due to the high cost of CT scanners,
it has limited application in geotechnical engineering. Particle image velocimetry (PIV),
a cost-effective, accurate and full-field image correlation approach has been employed in
geotechnical engineering since the invention of digital image process [24]. In geotechnical
research laboratories, PIV techniques have been used to measure sandy soil deformations
around a driven pile in sand in geotechnical models [26-28].

According to study by White et al. [25], PIV is a velocimetry method that tracks tex-
tured particles in a series of images. Image processing algorithms have been written to
apply the PIV principle to surface images. The resulting software is capable of tracking
the movement of natural sand or sandy soil to an accuracy of 1/15 pixel. The combination
of digital imaging and PIV analysis makes it possible to calculate strain fields consisting
of thousands of displacement vectors with greater accuracy than the averaging method.
Beijer-Lundberg [27] have also used PIV program to analyze stress and deformation mea-
surements using experimental tests. The effects of initial relative density and load cycles
were the focus of the measurements’ interpretation. The horizontal displacement measure-
ments revealed a similar effect on soil density, with denser sandy soil samples exhibiting
more horizontal displacement. In the stress and deformation measurements, the effect of
incremental installation was examined, and it was discovered that compaction of the sandy
soil during cyclic loading results in lower horizontal contact stress.

Numerical simulation of pile installation conducted by [28] compares experimental
results with centrifuge tests. Both results show the development of large effective vertical
stress below the pile base and porosity change near the pile shaft, also differences with the
experimental results are found.
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Figure 4 shows the displacement contours after installation and displacement paths.
In Fig. 4a, the boundary without any displacements is shown as a thick dark line. These
influence zones show where the sandy soil is moved during the installation. According
to the measurements, a pile model should at the very least include the boundaries of no
displacements. The sandy soil sample container should also be wider, according to these
measurements. Fig. 4b also shows the displacement path for loose sandy soil and dense
sandy soil, showing that the initial density of the sandy soil sample has a relatively large
effect, with the dense sandy soil sample experiencing more heaving vertical displacement
than the loose sandy soil sample.

6 4 XD 0 2 x/D -1,5 -1

2
4
——Loose soil 6 % a
Medium dense N
—— Dense soil 8
10

Loose soil

Dense soil

16

(a) (b)
Fig. 4. Displacement contours and paths (a) displacement contours and (b) vertical arrays
of displacement path for typical location [27]

2.2. Effect on pore water pressure

Because of sandy soil compaction, pore water pressure rises during pile driving in
loose sands and sandy silts, causing a reduction in effective sandy soil strength. The shear
strength (7) of saturated C — ¢ sandy soil is defined by Mohr Coulomb criteria as cited
in [29]:

(2.4 t=C+o0)tang=C+ (0, —U)tan¢

where C is cohesion parameter, o, is total normal stress, ¢ is internal friction angle, o, is
effective normal stress and U is pore water pressure and can be determined as,

2.5) U=ywz

where z is depth from water table level to pile tip and y,, is unit weight of water.
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Numerous studies have tried to model the pore water response to pile installation or even
other construction vibrations in the near-field analytically [5,30,31]. The initial stresses in
the sandy soil before the pile is driven are the horizontal effective stress (o), the vertical
effective stress (), and the pore pressure (U).

The horizontal effective stress (0'3'), vertical effective stress (0'1’ ), and pore pressure (1)
are the initial stresses in the sandy soil before the pile is driven. Vertical and horizontal
stresses are also the principal stresses. Because the horizontal strain in a natural deposit is
Zero, 0'1’ equals Koai where K is the coefficient at rest earth pressure [32].

Radial stress becomes the most critical stress within the failure zone during pile driving.
The maximum excess pore pressure (Au,,) that results will be made up of two parts, one
from the change in total ambient stress (Ao 3), and the other from shearing, as follows [32]:

2.6) Aug = (1-K,) o]

2.7) Aug = (—) oy
P )m

where p is the consolidation pressure, Au,, is the change in pore water pressure from total

. . . Au
ambient pressure, Aug the change in pore water pressure from shearing and (—) the

m
maximum pore pressure ratio. Hence,

A
(2.8) Auty, = Auy + Aty = [(1 —K,)+ (—”) } o
P )

The pore-pressure ratio (—) rises with the applied stress differential, reaches its
p

. Au . . ..
maximum (—) , and then remains constant when a specific strain is reached [32].

m
The extra pore water pressure generated below the pile toe while driving in fine sandy

soil was monitored [33], and the magnitude level of applied force and the strength level of
sandy soil material are the conditions affecting the level of excess pore water pressure. If
these two parameters are at high level, the excess pore water pressure is considered to in-
crease to the point of destruction of sandy soil texture, and then produce the liquefaction phe-
nomenon. A high-pressure zone of excess pore water was forming under the pile toe. This
high-pressure zone operated as a barrier to pile driving, making further pile insertion im-
possible. The pile toe generated excessive pore water pressure, which spread throughout the
surrounding area, with this pressure being transferred to the pile toe of the pre-driven pile.

At various distances from driven piles, variations in pore water pressures were measured
in sandy and clayey sandy soil layers by Hwang et al. [34]. To control the response of sandy
soil pore water pressure caused by pile driving, they used electrical piezometers. The pore
water pressure of sandy soil positioned at a radial distance of 3D from the center of the
pile began to climb when the pile tip advanced to an elevation of 4 to 7D (D is the pile
diameter) above the piezometer site, and reached its maximum value when the pile tip
passed 4D below the piezometer location. At a distance of 3D from the pile’s center, the
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extra pore water pressure in a sandy layer at 6 m below ground reached 1.5 times the
effective overburden pressure, resulting in liquefaction conditions.

According to Fattah and Mustafa [35], twelve experiments with piles installed by
overdriving were carried out on a fine sandy soil of medium density with a relative density
of 60%. The changes in excess pore water pressure were measured at both the pile tip and
the pile middle. The study reveals that pile slenderness ratio, machine operation frequency,
and sandy soil permeability are the parameters that influence the formation of extra pore
water pressure. The excess pore water pressure generated during operation, however, was
found to be less than 20% of the initial hydrostatic pressure in all cases.

As the pile group installation is considered [32], the pore pressures due to the driving
of each pile are quite easily discernible. For piezometers placed close to the pile, the
maximum pore pressure is recorded about 20 minutes after the pile reaches the level of the
piezometer tip. There is a slight effect of pore pressure redistribution from regions of high
pressures to regions of low pressures for piezometers located further away from the pile.

Pore-water pressures were measured by inserting two piezometers at 9 and 18 meters
below the ground surface during the inspection of piling activities [36]. Prior to the piling
operations, readings from all piezometer were taken on a regular basis, at least once a day.
As pile driving got closer, the piezometers readings were taken before and after each pile
were driven. A significant increase in pore water pressure was generated at both the shallow
and deep piezometers during pile section drive into very dense sand and gravel.

The amount of excess pore water induced during pile driving can be reduced by applying
additional drains installed in the timber piles [37]. The extra pore pressure generated by 48
test piles with drains and 13 test piles without drains was measured. When the drain was
used, the data showed that excess pore pressure was reduced by at least 50%. Furthermore,
the procedure proved much less expensive than other methods for dealing with dangerously
high pore water pressures caused by piling in similar sandy soils. Pestana et al. [38]
performed a geotechnical site investigation and a site control testing to measure horizontal
loads and pore water pressure at three radial distances from large closed piles. Their
findings show that pile driving causes significant excess pore pressures, which are related
to the distance from the pile wall. Due to the excessive pore pressure generated by the
pile installation, the initial effective vertical stress of the sandy soil is slightly exceeded
within one pile diameter. The generated excess pore pressure decreased as distance from the
pile—sandy soil interface (1/R?, where R is the distance from the pile’s center) increased.
These pore pressures dissipate over time, and sandy soils more than one diameter away
from the pile wall achieve 80% consolidation between 50 and 80 days. Initial inclinometer
measurements of outward radial deformations were very close to predictions based on
cylindrical cavity expansion theory. Lateral deflection measurements show a return to the
pile as the excess pore pressure dissipates, with a decreasing magnitude as the distance
from the pile wall increases.

2.3. Effect on density/compaction of soil

There is the densification due driving pile on sandy soil. As a result, sandy soil around
the pile is compacted and lateral and upward displacement will occur. Several scholars and
practicing engineers [2, 34,39-41] have described the improved conditions that resulted
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from pile driving. The volume and shape of the pile, as well as the method of drive,
determine the amount of this compacted area and the characteristics of the sandy soil
within it.

Depending on the grain size characteristics of the sandy soil, on-site sandy soil density,
pile spacing, and pile diameter, the installation process can cause visible compaction and
an increase in lateral stress [40]. It is well known that loose, clean, granular sandy soils
contract when displacement piles are installed [16]. When piles are installed in loose sand,
some compaction occurs up to 3.5 to 6 pile diameters away from the pile shaft [42].
Szechy [43] also found that the void ratio decreased by around 5% near the lower half of
driven piles. Unfortunately, few studies have been conducted since then on the extent and
distribution of compaction around displacement piles.

The development of displacements around a full displacement pile causes loose sand
to compact. The degree of sand compaction induced by driving has been related to bearing
capacity improvement for pile [42]. Previous bearing capacity theories were mainly founded
on the assumption that the sandy soil conditions did not change as the pile was driven.
However, pile driving not only increases the relative density of loose sand but also the
horizontal stress and the influence of compaction on the sandy soil parameters cannot be
ignored. The compaction increase caused by pile driving in loose sands can be related
to the shift in the internal friction angle of sand and factored into pile ultimate bearing
capacity estimates.

Meyerhof [42] examined the installation of a driven pile, resulting in compaction and
a rise in the major stress ratio. He measured the width of the compacted zone around a
single driven pile, and found that it was around 6 to 8 times the pile width. In model pile
testing, Kishida [44] discovered that the distribution of displacement stresses caused by
sand displacement as a result of pile driving was proportional to the width of the compacted
zone. Based on their findings, the author determined that the width of this zone as b = 7D,
as shown in Fig. 5.

1

Fig. 5. Effect on friction angle (¢) [44]
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Kishida [44] assumed that the internal friction angle changes linearly with distance
from the pile (where ¢ = ¢,) to a radius of around 3.5 times the pile diameter (where
¢ = ¢1) in the compacted zone thus established. In the sand, the link between ¢; and ¢»
can be stated [42,44] as:

_ ¢| +40°

2.9 $2 >

where ¢ — initial value friction angle, ¢, — frictional angle after pile driving.

2.4. Compaction control tests

The quality of sandy soil compaction is verified through in-situ testing. The standard
penetration test (SPT) performed between driven displacement piles [39] confirmed the
increase in the number of standard penetration blows. Stuedlein et al. [41] demonstrated
a test program for driven piles for sandy soil densification in silty sands and potentially
liquefiable sands. Cone penetration tests revealed that as pile spacing was reduced, the
resistance of the cone tip increased significantly. For 5SD-spaced piles, the measured cone
resistance nearly doubled, doubled to tripled for 4D-spaced piles, tripled for 3D-spaced
piles, and resulted in rig-push refusal for 2D-spaced piles (as D is pile diameter). However,
after about 8 months, the measured cone penetration resistance in all of the treated sandy
soils decreased within much of the treated depths. These tests also revealed that cone tip
penetration resistance can be reduced over time between 10 days and 255 days from the
compaction works, and that the pile spacing appears to be the cause of these reductions.
The reduction is most likely due to the relaxation of horizontal stresses at constant relative
density, similar to how horizontal stresses are reduced after roller-type compaction [45].
These tests also confirmed the important effect, of drainage conditions during the timber
pile driving. Some piles were equipped with drainage tapes along the pile shaft to reduce
extra pore water pressure mobilized while pile driving and to improve the compaction
effect. The long-term increase in cone resistance due to compaction with timber piles is
two times higher for piles with installed drains compared to typical tapered piles [41].

Sandy soil compacted with timber piles driven in New Zealand was analyzed using
CPT data [46]. Accordingly, the sandy soil density and cone tip resistance (g.) consistently
increase and the void ratio reduces throughout the sandy soil profile. The void ratio de-
creases in the range of 0.1-0.2 and the sandy soil density increases by about 50—100 kg/m?.
The amount of increment in g, is about 1-3 MPa in silty sand.

Cone penetration tests (CPTs) have been used by [47-49] to characterize the subsurface
soil conditions and measure the load distribution along the length of the test piles and skin
friction and end-bearing capacity using strain gauges. All the test piles were instrumented
with vibrating wire strain gauges to measure the load distribution along the length of the
test piles and measure the skin friction and end-bearing capacity, separately

Marchetti Dilatometer test (DMT) have been conducted in addition to CPT tests to
investigate the impact of pile installation on the surrounding sandy soil by Munro [50],
Peiffer et al. [51] and Van Impe [52]. The findings of their research demonstrate that
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horizontal stress increases due to pile installation, which is dependent on the sandy soils
over consolidation ratio (OCR), sandy soil type, dilatant character, and, most importantly,
installation details. Both the improved panels and the natural homogeneous sandy soil
properties in the Piezocone (CPTU) and seismic dilatometer (SDMT) tests [53] indicate
good agreement in the geotechnical site characterization. In comparison to the results
obtained from CPTU data, the increase in DMT parameters after treatment was more
pronounced. The horizontal stress index (Kp) increased by 48—53%, constrained modulus
(M) by 80-87%, and stress-normalized cone resistance (qt) by 30-35%, proving that DMT
is more sensitive to increases in horizontal stress.

Furthermore, after treatment, a significant increase in Ky and (M/qt) was discovered
using a combination of DMT and CPTU tests, indicating that the piers can be used to
mitigate liquefaction and increase lateral sandy soil stress. Hence, DMT tests can be
considered as an efficient tool for deep sandy soil compaction control as they include both
an increase in lateral stress and sandy soil constrained modulus [54]. The compaction
criterion based on deformation modulus (Young’s modulus, E) seems to include most of
beneficial effects of deep sandy soil improvement.

3. Factors affecting soil improvement with driven piles

Pile spacing and pile-to-sandy soil area ratio are the most critical parameters for sandy
soil improvement. Barounis and Philpot [46] elaborated a special design chart for sandy
soil compaction with driven piles concerning initial sandy soil density, target sandy soil
density, pile number, diameter and spacing. The relationship between the subsequent change
in sandy soil densities and the pile-to-sandy soil area ratio is essentially linear. To achieve
the necessary increase in density, larger diameter piles and a larger number of piles will
be required as the difference between the original and goal sandy soil density grows. The
chart also calculates the number of piles needed to achieve the desired density increase.

3.1. Effect of pile shape on bearing capacity

Driven displacement piles of various materials and forms have been utilized as com-
paction piles all over the world to improve ground conditions [53] and mitigate liquefaction
risk [55].

The study by Lobo-Guerrero and Vallejo [56] and Lv et al. [57] shows that there
is significant impact of pile shape on pile driving performance and densification of the
surrounding sandy soil. They simulate piles of various shapes (flat tip, open pile, triangular
tip) being driven into uniform crushable sandy soil that has been compacted using the
Discrete Element Method (DEM). According to the DEM, the driven pile design has a
substantial impact on particle crushing development and penetration resistance.

When a flat-ended pile was compared to a triangular-tipped pile, the flat-ended pile had
the highest penetration resistance and caused the most crushing of the circular particles
in its vicinity. The pile with the triangular tip had the least amount of grain crushing and
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had the lowest penetration resistance. A few studies have conducted field tests to examine
the shape of the pile in terms of bearing capacity and drivability [57-59]. Ghazavi [58]
determined the drivability of tapered and cylindrical piles, as well as the ground vibrations
induced in the surrounding area. The tapered pile had greater displacement and velocity
than the cylindrical pile, and it performed better and had a greater effect on pile penetration
and cost savings by increasing residual set per blow and velocity. This shows that pile shape
and geometry have a direct effect on ground vibrations during driving.

One of the most promising shapes is the tapered pile, where the pile diameter is
decreases with depth. They can be made of steel, concrete, or wood, or be produced from
composite materials. Driven timber piles widely used for sub sandy soil improvement
are the traditional example of tapered piles. The timber compaction piles were driven
into the ground in order to improve the site’s geotechnical performance with density and
stiffness [46].

Because of their high bearing capacity, tapered piles have been increasingly popular in
recent years [60]. Field and model experiments [61], theoretical studies [62], and numerical
analysis [63] have all been used to explore the bearing capacity of tapered piles. Sakr and
Naggar [64] have published field-testing results, and they reported that cylindrical piles
with the same embedded depth and average diameter have a smaller total capacity than
tapered piles.

Instrumented field testing [55] and analytical approaches developed to predict the
behavior of tapered piles [65] have also helped to advance this knowledge.

In sandy soils, tapered piles can provide a stiffer axial response and a capacity increase
of 200-250%, and reduced construction costs by 50% when compared with cylindrical
piles of the same mean radius and volume [66].

3.2. Effect of pile driving sequence

It has long been known that the order in which displacement piles are installed in a
group affects the driving resistance and pile capacity [16]. Reduced pile spacing resulted in
significant increases in pile capacity, depending on the installation sequence. Quantifying
the impact of pile installation sequence on pile capacity helps determine pile foundation
as-built capacities and construction viability when reasonably close spacing is required.
Due to the densification that occurs when the sandy soil void volume is filled with the
volume of the piles, the installation sequence can affect their drivability in contractive
sandy soils [67]. In dilative sandy soil, this effect could even stop the driving process.

In a deep sand deposit in Dunkirk, north France, Chow [68] investigated the stress
interactions between two nearby piles. The influence of radial effective stress and changes
in shear stress caused due to pile installation of a nearby pile on load-carrying capability
was investigated. Model pile was used to measure the change in effective stress due to the
construction of another pile at 4.5 diameters. According to the results of his study, the
installation of adjacent piles increased the radial effective stresses, resulting in an increase
in capacity of the shaft during the loading process. The development of these large stresses
is associated with sand displacement and high stresses around penetration pile tips.
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The pile group response is influenced by the installation sequence as well. The installa-
tion order is a critical factor influencing the pile group affect because local pile responses
differ from those of the others in the group. When pile driving begins in the center of the
pile group, the behavior is different from that when pile driving begins on the perimeter.
The study on the sequence of pile installation effects in silica sand [69] shows that if the
central pile is installed first, then the adjacent piles, the sandy soil mass surrounding the
central pile will be densely packed as a result of the adjacent piles being installed first.
When the central pile is installed first, however, the mobilized shaft friction is the lowest.

4. Summary and discussions

Table 1 shows the summary of studies related to the pile installation effects. The
observation of the pile installation effect on earth pressure or lateral stress, relative density,
and pore water pressure in the sandy soil is summarized.

Table 1. Summary of related literatures on the effect of pile installations

Pile
installation Author Objective of the study Concluding remark
effects on
To measure effective
stresses developed Stresses developed at any given sandy
Lehane et during the installation, | soil horizon depend on the distance of
al. [12] equalization, and load that horizon from the pile tip and
testing of displacement initial sandy soil state
piles
Impact-driven piles have significantly
higher initial stiffness and lateral
To study the effect of | capacity than jacked piles. The effect
Stress and o . . .
. pile installation on the | of installation methods on the lateral
deformation | Fan etal. [9] C . .
state initial stiffness and response is also influenced by the

lateral capacity of pile

initial sandy soil density, driving
distance, pile geometry, stress level,
and load eccentricity

D’Arezz
al T | 33) ot adjacent pre-installed square pile and
’ in-sandy soil sensors. The maximum
Yang et al. [8], . . .
. To measure horizontal | changes in horizontal pressure occur
Jardine et . e
stress changes during the| when the pile tip is slightly above
al. [14], . . . .
Beiier jacked installation sensor level; the distance below the
J pile tip at which the maximum stress is
Lundberg et .
al. [22] detected is greater for shallower depths

Stress is measured using both an

of penetration
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Table 1 [cont.]

Pile
installation Author Objective of the study Concluding remark
effects on
Homayoun
Rooz and
Hamidi [2],
Hwang et
al. [?4]’ . . Pile driving in sandy sandy soil
. Nataraja and | To examine change in . . .
Density and . . increase sandy soil density and
. Cook [39], sandy soil density and . .
compaction of . . . . compact the sandy soil surrounding
. Siegel et compaction during pile . . .
sandy soil .. the pile. Horizontal stress increases
al. [401, driving due to pile installation
Stuedlein et P '
al. [41],
Meyerhof [42],
Szechy [43],
Kishida [44],
Amoroso et
al. [53],
Stuedlein et
al. [55],
Lobo-Guerrero
d .
Vallej(z)HE 56]. Ly . The tapered pile haq greater
et al. [57] displacement and velocity than the
. , lindrical pil . f
Ghazavi [58], | To examine the effect of cylindrical pile, and it per ormeq
. . . better and had a greater effect on pile
Pile shape and Naggar et pile shape on pile . .
. .. . penetration and cost savings by
Pile driving | al. [59], Leo et |driving performance and | . . .
. . increasing residual set per blow and
sequence al. [60], Yang densification of the

et al. [61], Sakr
et al. [62],

Butterfield and

Banerjee [63],
Hesham El

Naggar [64], EI
Naggar [65],
Sherstnev et

al. [66]

surrounding sandy soil

velocity. Tapered piles can provide a

stiffer axial response and a capacity

increase of and reduce construction
costs.

Robinsky and
Morrison [16],
Chow [68],
Francis et
al. [69]

To determine the impact
of pile installation
sequence on sandy soil
compaction and pile
capacity

The installation sequence can affect
their drivability of pile and the density
of sandy soil.
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5. Conclusions

This study reviews the effects of pile installation in improving the sandy soil. Special
considerations were given on the change in lateral stress, relative density, and pore water
pressure in the sandy soil during pile driving. Fully displacement piles can cause significant
stresses and deformations in the sandy soil surrounding them. This is one of the main
causes of uncertainty in the design and analysis of pile foundations. During driving pile
in loose sands and sandy silts, pore water pressure rises due to sandy soil compaction.
High compressive stresses arise in the adjacent sandy soils during the driving of high
displacement piles, resulting in a buildup of large effective lateral stresses. The compaction
of the sandy soil mass surrounding a pile increases its bearing capacity. As a result, the
driven pile can be utilized as a sandy soil compactor to enhance the sandy soil surrounding
the pile. The degree of sand compaction caused by driving the pile was related to the
increase in bearing capacity of the driven pile in sand. The shape of driven piles has a
significant impact on the degree of ground improvement achieved, revealing that driven
tapered piles are more effective in densifying the ground than straight cylindrical ones.
The spacing of displacement piles and the installation sequence affect their drivability.
Unfortunately, few studies have been conducted since then on the extent and distribution of
compaction around displacement piles. As the effect of pile shape on stress and deformation
state is not well known in the case of tapered piles, the sandy soil deformation and stress
fields around constant diameter piles and tapered piles will be studied in a series of tests
planned in the centrifuge at Gustave Eiffel University in Nantes within the Geolab project.
The bearing capacity of constant diameter piles and tapered piles will be compared for
the installation mode with driving and jacking. The sandy soil deformation fields will be
estimated using the PIV technique.
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