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Gentle Driving of Piles at a Sandy Site Combining Axial and
Torsional Vibrations: Quantifying the Influence of

Pile Installation Method on Lateral Behavior
Evangelos Kementzetzidis1; Federico Pisanò2; Athanasios Tsetas3;

and Andrei V. Metrikine4

Abstract: Gentle driving of piles (GDP) is a new technology for the vibratory installation of tubular (mono) piles that aims to achieve both
efficient installation and low noise emission by combining axial and torsional vibrations. To provide a preliminary demonstration of the GDP
concept, onshoremedium-scale tests in sandwere performed in late 2019 at theMaasvlakte II site inRotterdam (Netherlands). Several pileswere
installed using both impact and vibratory drivingmethods (includingGDP),with the twofold aimof comparatively assessing (1) the effectiveness
of GDP; and (2) the presence of installation effects in the pile response to lateral loading. This work focuses on the latter aspect and presents a
quantitative analysis of the installation effects observed in the pile loading test data recorded in the field. Due to soil inhomogeneity across the
field, a purely data-based analysis would have not supported objective conclusions, which led to adoption of an alternative approach based on
one-dimensional (1D) numerical modeling. To this end, an advanced cyclic p–y model was calibrated for the simulation of the reference pile
loading tests, and the values of key parameters were compared to infer quantitative information about relevant installation effects. The results
presented herein inform about the promising performance of the GDP method, particularly in comparison to traditional impact hammering.
Although the cyclic lateral pile behavior proves affected by the installation process, certain important aspects of installation effects gradually
diminish as more loading cycles are applied. DOI: 10.1061/JGGEFK.GTENG-11179. © 2023 American Society of Civil Engineers.

Introduction

Since the installation in 1991 of the first 5-MWoffshore wind farm
in Denmark, over 28 GWof offshore wind power have been devel-
oped in Europe (Komusanac et al. 2022), while a global capacity of
37 GW was reported at the end of 2021 (Lee et al. 2021). In the
coming 30 years, North America, Europe, and Asia will lead the
way toward the installation of additional 560 GW, which is likely a
lower-bound estimate of the real growth that will take place (Lee et al.
2021). To support this unprecedented energy transition endeavor,
considerable research efforts are being devoted to closing knowledge
gaps and promoting innovation in all areas of offshore wind science
and engineering. Among many others, such areas include the instal-
lation (and future decommissioning) of ever larger offshore wind
turbines (OWTs), which are currently approaching and exceeding
a power output of 15 MW (Gaertner et al. 2020). Therefore, the re-
markable fabrication costs for these enormous steel structures may
only be alleviated by optimizing the design of the whole OWT-
foundation system, particularly with respect to environmental cyclic

loading conditions (Igwemezie et al. 2019; Byrne et al. 2020a;
Pisanò et al. 2022).

To date, OWTs are most often founded on so-called monopiles,
which are tubular steel piles featuring a large diameter (in the range
from 5 to 11 m) and a low ratio between embedded length and
diameter (typically between 3 and 6). Monopiles are most com-
monly installed through impact hammering, a technology that has
substantially matured over years of intense offshore oil and gas de-
velopments (Kallehave et al. 2015). However, while impact instal-
lation may sometimes slow down (or even abort) in the presence of
very competent soils (Rodger and Littlejohn 1980; Achmus et al.
2020), its execution inevitably produces significant underwater
noise. Because such noise is known to be harmful to marine life,
oceanmanagement authorities have been enforcing strict regulations
to limit its negative impact on the environment (Tsouvalas 2020). A
promising, less noisy alternative to impact piling is represented by
vibratory pile-driving technologies: their performance in different
soil types, as well as their impact on postinstallation pile behavior,
is being investigated by an increasing number of research teams
(LeBlanc 2014; Herwig and Gattermann 2015; Heins and Grabe
2017; Labenski and Moormann 2019; Anusic et al. 2019; Achmus
et al. 2020; Staubach et al. 2022; Tsetas et al. 2023b).

This study presents some recent achievements related to the de-
velopment and assessment of a new vibratory pile installation tech-
nology named gentle driving of piles (GDP) (Metrikine et al. 2020).
The GDP method replaces the high-amplitude blows of traditional
impact hammering with axial and torsional vibrations, with the
latter applied at a substantially higher frequency than the former.
The first demonstration of the GDP technology has been recently
accomplished through a field campaign at the Maasvlakte II
site in Rotterdam (Netherlands). To enable a general comparison
among different pile installation methods, identical tubular test piles
(see specifications in Table 1) were installed in sandy soil using
three different driving technologies, namely, impact hammering,
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traditional axial vibratory piling, and the new GDP method (Tsetas
et al. 2023a); subsequently, the same piles were subjected to lat-
eral cyclic load parcels of varying amplitude, so as to enable a first
assessment of GDP installation effects in comparison to existing
technologies (Kementzetzidis et al. 2023). Additionally, comple-
mentary pile impact tests were also performed to confirm (or chal-
lenge) certain indications provided by the main cyclic loading
experiments.

Regarding the postinstallation cyclic tests, the inhomogeneity
of the site and the location of the water table (about 4 m below
the ground surface) had altogether a noticeable impact on the cyclic
response of the test piles—largely due to the occurrence of pile–
soil gapping in the shallow unsaturated sand. Although onshore site
effects are also clearly visible in previously published field data
(Li et al. 2015; Byrne et al. 2020b; Prendergast and Igoe 2022),
a model-based analysis of the GDP cyclic test results was carried
out in this work to try and decipher relevant installation effects in the
lateral response of the test piles. To this end, the cyclic soil reac-
tion model recently proposed by Kementzetzidis et al. (2022) was
adopted to simulate cyclic ratcheting and gapping effects as ob-
served at theMaasvlakte II site. Following a calibration of the model
parameters largely based on seismic cone penetration test (SCPTu)
data, the proposed analysis provides encouraging evidence regard-
ing the lateral behavior of GDP-driven piles.

Field Tests at the Maasvlakte II Site

All GDP field tests were performed at the Maasvlakte II port site in
Rotterdam, Netherlands, which comprises the North Sea sand that
was used to create a reclaimed and compacted site. The experimen-
tal campaign was carried out over 6 months (June to December
2019) and included the execution of geotechnical site investigation,
pile installation experiments, and cyclic lateral loading tests, with
the addition of the aforementioned pile impact tests. After the con-
clusion of site investigation activities, nine tubular steel piles were
installed at the test site in October and November 2019, namely,
eight test piles and one larger reaction pile (the latter to serve as
a central fixed point for the postinstallation loading tests; Table 1).
Four of the test piles, henceforth referred to as main test piles
(MTPs), were extensively instrumented as reported by Tsetas et al.
(2023a); the other four auxiliary test piles (ATPs) were installed
uninstrumented for preliminary testing purposes. The remainder of
this paper exclusively focuses on analyzing the behavior of the four
MTPs, which were labeled after the corresponding installation
method: IH (impact hammering), VH (axial vibro-hammering), and
GDP1;2 (two MTPs were GDP-driven).

Geotechnical Site Investigation

Geotechnical investigation activities took place at the Maasvlakte II
site between June and August 2019. A preliminary phase of site
investigation was first carried out in June 2019 to support the se-
lection of the test pile locations. To this end, 25 cone penetration
test with pore water pressure measurement (CPTu) tests were per-
formed down to a target depth of 10 m, which also enabled the

identification of the water table depth—on average, approximately
4 m below the ground surface. A more detailed site investigation
program was executed 2 months later, including the following tests
at the MTP locations:
• Four SCPTu tests: see Fig. 1;
• Four hydro-profiling tests with minipump tests (HPT-MPT)

around the piles (target depth = 15 m); and
• Borehole sampling around the piles, with a total of eight

10-m-long boreholes (two per MTP)—resulting soil classifica-
tion information was provided by Tsetas et al. (2023a).
The main outcomes of the SCPTu tests are summarized in Fig. 1.

The profiles of cone resistance (qc), relative density [Dr obtained
following Jamiolkowski et al. (2003)], and shear wave velocity (Vs)
indicate somewhat inhomogeneous sand conditions, featuring a
negative Dr gradient below a depth of approximately 1 m. Impor-
tantly, the soil profile at the VH pile location was found to be quite
different from that at the IH=GDP1;2 locations, with significantly
looser sand below the water table.

Installation of MTPs

During the first week of November 2019, all four MTPs were
driven into the ground according to the following installation pro-
tocol: first, piles were driven down to a depth of 3 m, with each pile
laterally restrained to ensure verticality; then the lateral restraints
were removed and the piles were finally driven down to the target
penetration depth of 8 m. The pile-driving settings are summarized
in Table 2 for each MTP, while the consumed energy for the
vibratory-installed piles is presented in Fig. 2. When considering
the specific soil profiles in Fig. 1, the driving performance of the
GDP method stands out both in terms of installation time and con-
sumed energy to achieve the required target depth—comparing the
driving records of piles GDP1 and VH pile, the GDP-driven pile
installed in a considerably more competent soil (Fig. 1) achieves
the target depth faster, with almost equal energy consumption.

Cyclic Lateral Loading Tests

The lateral loading tests, the main subject of this paper, were per-
formed using the loading frame shown in Fig. 3. Because all test
piles were installed to a target depth of 8 m, the remaining pile length
allowed lateral loading with an eccentricity e ¼ 1 m above the

Table 1. Geometrical specifications of the test and reaction piles

Pile geometry Symbol Test piles Reaction pile

Length (m) L 10 10
Embedded length (m) Le 8 8
Outer diameter (m) D 0.762 1.6
Wall thickness (m) h 0.0159 0.02

(a) (b) (c)

Fig. 1. (Color) Profiles of (a) cone resistance (qc); (b) relative density
(Dr); and (c) S-wave velocity (Vs) obtained at the MTP locations
through in situ SCPTu tests. The shaded areas indicate water-saturated
soil. (Adapted from Kementzetzidis et al. 2023.)
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ground surface. During lateral loading, the deflection of all test piles
was sampled near the soil surface (shown in the following after
low-pass filtering at 70 Hz) using dedicated displacement sensors
(Gefran PY1, 100-mm stroke, Provaglio d’Iseo, Italy).

Fig. 4 illustrates the MTP loading program, featuring a combi-
nation of slow (cyclic) and faster (dynamic) load parcels. Cyclic par-
cels were applied with relatively large amplitude at a constant low
frequency of 0.1 Hz (black parcels in Fig. 4) from a to e.; each cyclic
parcel comprised N ¼ 1,000 cycles, with a maximum applied load
of 350 kN—an approximate reference lateral capacity of 1.5 MN
was identified for the GDP-driven MTPs as a reasonable approxi-
mation (Kementzetzidis et al. 2023). The gray parcels in Fig. 4
represent dynamic load parcels, i.e., small-amplitude (5-kN) fre-
quency sweeps interleaved between consecutive cyclic parcels.
Each sweep was set to span loading frequencies ranging from 0.1
to 4 Hz to explore possible frequency-dependence features in the
small-vibration response of the system (Kementzetzidis et al. 2021).
Previous studies have shown that the dynamic response properties
of offshorewind turbines can be considerably affected by the loading
history (Kementzetzidis et al. 2018, 2019). In what follows, selected
data from the GDP testing campaign are reported to summarize
relevant features of MTPs’ behavior.

Table 2. Driving settings and duration associated with the main pile-driving phase (z ¼ 3 − 8 m) for the four MTPs

Driving info IH VH GDP1 GDP2

Axial Torsional
Driving settings Eb ¼ 24.97 kJ me ¼ 25 kg · m me ¼ 15 kg · m me ¼ 4 kg · m

Nb ¼ 70 blows=min fax ¼ 24.8 Hz fax ¼ 16.3 Hz ftor ¼ 63 Hz

Driving duration 348 s 261 s 151 s 273 s

Note: Eb and Nb = energy per blow and number of blows per minute for IH pile; andme and f = eccentric moment and the driving frequency for the vibratory
methods (both VH and GDP).

Fig. 2. (Color) Energy consumption over installation time during the
final 5 m of pile driving (out of the total 8 m) for the axial and GDP
vibro-driven piles.

Fig. 4. Cyclic/dynamic loading program. Load amplitudes are provided against time (bottom axis) and number of cycles (top axis). Cyclic load
parcels (a − e,N ¼ 1,000 for each parcel) and dynamic frequency sweeps (N ¼ 4,800 per sweep) are shown in black and gray, respectively. (Adapted
from Kementzetzidis et al. 2023.)

Fig. 3. (Color) Loading frame connecting a test pile to the reaction pile. [Reprinted from Kementzetzidis et al. (2023), under Creative Commons-4.0
International (https://creativecommons.org/licenses/by/4.0/).]
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Fig. 5 reports the evolution in time of the lateral deflection mea-
sured for all MTPs under the loading program in Fig. 4 (displacement
values measured at the soil surface). Despite mild quantitative differ-
ences, all piles exhibited similar displacement accumulation patterns,
with clear appearance of cyclic ratcheting behavior. Interestingly,
all load parcels except d induced displacement responses character-
ized by positive accumulation rates, while a gradual reduction in
accumulated deflection was observed during Parcel d. Such a mecha-
nism, sometimes termed self-healing, stabilization, or relaxation, has
been previously documented in relation to small-scale 1g tests on
monopiles (Sturm et al. 2008; Theodoros et al. 2009). Fig. 5 also
suggests that the low-amplitude frequency sweeps had negligible
impact on the overall pile displacement trends. At the end of the
loading program, the IH pile accumulated the most lateral deflec-
tion, followed by VH, GDP1, and GDP2, which may be also clearly
observed in Fig. 6.

Fig. 6(a) shows the cyclic force–displacement response of all
MTPs (displacement measured at the soil surface) to the whole

loading program in Fig. 4. The shape of the measured cyclic re-
sponses indicates the occurrence of pile–soil separation (gapping)
during the loading tests, which was likely enabled by the hydraulic
suction, and the resulting apparent cohesion in the shallow unsatu-
rated sand above the water table (Fredlund 2006). This kind of
response would not be expected for piles installed in either dry or
fully saturated (uncemented) sand. The influence of gapping is more
clearly illustrated in Fig. 6(b), which reports the response cycles
measured for the IH pile under the first cycle (N ¼ 1) of Parcel
b and the last cycle (N ¼ 1,000) of Parcel e (compare with Fig. 4):
both the unloading and reloading branches of the response appear
to be of a locking type, with the tangent lateral stiffness increas-
ing with the load level. This is a well-known consequence of the
pile–soil reengagement that occurs upon the gradual (re)closure of
the gap (Kementzetzidis et al. 2023). Visual pile–soil inspection
further confirmed the alleged impact of gapping in the shallow
unsaturated soil: see the pictures in Fig. 7 associated with at rest
(i.e., at the end of cycling) [Fig. 7(a)] and post-extraction condi-
tions [Fig. 7(b)].

Fig. 8(a) reports the evolution of the cyclic secant stiffness Kcyc
av

[defined for each cycle as Kcyc
av ¼ ðFmax − FminÞ=ðUmax − UminÞ,

see Fig. 6(b)], for all MTPs during the loading program in Fig. 4.
Close inspection of the figure points out mild frequency dependence
during most frequency sweeps. Such effect is discussed in more de-
tail by Kementzetzidis et al. (2021, 2023), but is not further analyzed
herein. In Fig. 8(a), the range of measured Kcyc

av for all MTPs is
graphically presented via diamond-headed arrows. It is evident that
ranges of Kcyc

av measured between the initial and final application of
a particular sweep (identical forcing) is significantly reduced for all
the three presented cases; compare the black diamond-headed ar-
rows [Fig. 8(a)], which depict the range of Kcyc

av measured during
the first and the last application of the parcel with forcing F ¼
5þ 2.5 × sinð2πftÞ, f ∼ 0.1–4 Hz. Similar findings may be in-
ferred from Fig. 8(b) for the cyclic parcels of lower frequency
(0.1 Hz) and larger amplitude. Overall, swift reduction in Kcyc

av is
visible in the early stage of parcels a and b, arguably due to the
gradual enlargement of the pile–soil gap as increasing load levels
were experienced by the piles for the first time (Kementzetzidis

Fig. 5. (Color) Lateral deflection of all MTPs (soil surface level) under
the loading program in Fig. 4.

(a) (b)

Fig. 6. (Color) (a) Force–displacement response of all MTPs (displa-
cement measured at the soil surface) to the loading program in Fig. 4;
the label “Monotonic” refers to the first loading branch in Parcel a; and
(b) IH pile response to the first cycle (N ¼ 1) in Parcel b and the last
cycle (N ¼ 1,000) in Parcel e, for which the definition of cyclic secant
stiffness Kav

cyc is visualized.

Fig. 7. (Color) Evidence of pile–soil gapping (a) at the end of the cyclic
loading program; and (b) after pile extraction.

© ASCE 04023102-4 J. Geotech. Geoenviron. Eng.
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et al. 2023), i.e., from 0 to 175 kN and from 175 to 350 kN for
parcels a and b, respectively. Conversely, all pile responses to par-
cels d and e featured a modest increase in Kcyc

av , likely associated
with fabric changes in the soil, including cyclic sand densification
(Cuéllar et al. 2009; Liu et al. 2021; Kementzetzidis et al. 2023).
Both GDP-driven piles responded to cyclic loading with (on aver-
age) the largest stiffness Kcyc

av among the four MTPs; at the same
time, and in a similar fashion as for the frequency sweeps, the ex-
perimental Kcyc

av trends in Fig. 8(b) appear to converge toward very
similar values for all MTPs. Such convergence of the observed pile
response indicates that the loading program gradually tends to
homogenize certain features of cyclic pile behavior, which are ini-
tially different due to preinstallation soil conditions (Fig. 1) and
induced installation effects.

The remainder of this study exclusively focuses on the response
of the MTPs to the five cyclic parcels (from a to e), which showed
negligible impact of the interleaved frequency sweeps; see Fig. 5
and Kementzetzidis et al. (2023). In an attempt to distinguish pos-
sible installation effects (by accounting for the site inhomogeneity
and pile–soil gapping effects), the field data shown in Figs. 5, 6,
and 8(b) are interpreted in “Comparative Analysis of Pile Installa-
tion Effects” through one-dimensional (1D) pile–soil analyses based
on the recent p–y model proposed by Kementzetzidis et al. (2022)
(see “Modeling of Cyclic Soil Reactions”).

Complementary Field Tests

To complement the experimental evidence provided by the pile in-
stallation and loading tests, additional pile impact tests were per-
formed (Tsetas et al. 2020). Pile impact tests are well established in
structural vibration testing (Brandt 2011), and have been applied
to the dynamic characterization of pile–soil systems (Prendergast
and Gavin 2016). During the GDP campaign at the Maasvlakte II

site, similar impact experiments were conducted to identify the fre-
quency response properties of each MTP–soil system in its pre- and
postloading states (i.e., always after the pile-driving phase). The
tests were performed using an instrumented hammer to hit all piles
at a point located 1.5 m above the ground surface (Tsetas et al.
2020). The resulting dynamic responses were recorded for each pile
by two triaxial microelectromechanical systems (MEMS) acceler-
ometers, symmetrically positioned with respect to the location of
the impact point and set to sample at 16 kHz. Finally, the recorded
signals were processed to obtain experimental frequency response
functions (FRFs). However, the preloading impact tests on the
IH and GDP1 piles returned corrupted signals due to the defective
installation of some accelerometers; therefore, such data were
excluded from relevant analyses.

Based on the processing of the recorded signals, Fig. 9 shows,
for instance, significant differences in amplitude between the
preloading FRFs obtained for the VH and GDP1 piles; such differ-
ences turned out to be attenuated by the cyclic loading process, as is
testified by the much closer postloading values of the FRF ampli-
tudes and peak frequencies. In this respect, the most notable feature
is the response peak at a frequency lower than 40 Hz, which is sim-
ilarly observed for all piles.

Overall, the impact test results in Fig. 9 indicate a sort of
homogenizing effect of prolonged cyclic loading with respect to
the combined influence of pile-driving method and the soil profile
features—at least for what concerns the postcyclic dynamic re-
sponse to small-amplitude perturbations (and in good agreement
with the stiffness data in Fig. 8).

Modeling of Cyclic Soil Reactions

This section summarizes the salient features of the cyclic p–ymodel
used in “Comparative Analysis of Pile Installation Effects” to

(a)

(b)

(c)

Fig. 8. (Color) Average cyclic stiffness Kcyc
av versus time t for all MPTs: (a) dynamic frequency sweeping; (b) cyclic loading of larger amplitude; and

(c) applied loading program. Diamond-headed arrows in (a and b) indicate the range of measured Kcyc
av for all the MTPs during the first and last

application of a particular load parcel.

© ASCE 04023102-5 J. Geotech. Geoenviron. Eng.
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simulate the GDP field tests. Elastoplastic modeling of drained soil
reactions in water-saturated sand was carried out by combining in
series a linear elastic spring and a nonlinear hysteretic element,
i.e., the lateral soil displacement (y) at the interface with the pile
is interpreted as the sum of two distinct components, reversible/
elastic (ye) and irreversible/plastic (yp). The resulting cyclic soil
reaction model is embedded in a comprehensive 1D rheological
model for detailed modeling of gapping effects in unsaturated sand.

Elastic Component

The mentioned linear elastic component is fully characterized by
the corresponding value of the stiffness Ke. In agreement with re-
cent studies (Wan et al. 2021; Delavinia 2022), Ke was set to be
directly proportional to the in situ profile of soil’s small-strain shear
modulus G0 (inferred from Fig. 1)

Ke ¼ 7G0 ð1Þ

The influence of installation effects and cyclic loading on Ke is
disregarded herein and will require further dedicated studies.

Plastic Component with Cyclic Ratcheting Control

The following ingredients of Kementzetzidis et al.’s (2022) model
enable accurate simulation of (drained) pile–soil interaction in either
dry or water-saturated sand, i.e., with no relevant gapping effects.

Monotonic Backbone
Under monotonic loading, the plastic component of the 1D model
exactly replicates the empirical relationship by Suryasentana and
Lehane (2016) between soil reaction (p) and the irreversible/plastic
displacement, yp

p ¼ pu½1 − e−αðyp=DÞm � ð2Þ
where pu = ultimate soil reaction force (per unit length); D = pile
diameter; and α and m = dimensionless model parameters.

Extension to Cyclic Loading
The irreversible response to unloading–reloading cycles (hysteretic
behavior) is reproduced via a standard kinematic hardening mecha-
nism, resulting in the following form of the plastic modulus, Kp:

Kp ¼ α · m
D

· jp̄u − pj ·
���� 1α ln

�
p̄u − p
p̄u − p0

�����
ðm−1Þ=m

ð3Þ

in which p̄u ¼ pu · sgnðdpÞ, with dp denoting the soil reaction in-
crement within the current calculation step; and p0 = projection
center that takes the current p value whenever a soil reaction re-
versal occurs [i.e., whenever sgnðdpÞ changes]. Eq. (3) produces
a mechanical response that, under monotonic loading, reduces ex-
actly to that established by Eq. (2).

Ratcheting Control Mechanism
Excessive ratcheting in the elastoplastic p–y response under (asym-
metric) cyclic loading is prevented by introducing a memory-
enhancing mechanism following previous constitutive modeling
studies (Corti et al. 2016; Liu et al. 2019). To this end, the model
is endowed with an additional memory locus, whose size and lo-
cation evolve depending on the cyclic loading history. The main
role of the memory locus is to introduce an additional metric as-
sociated with the distance bM between the current soil reaction and
its projection onto the memory locus along the loading direction.
The bM is exploited to enhance the definition of the plastic modulus
in Eq. (3) as follows:

Kp;M ¼ Kp · expμ0

�
bM
bref

�
2

ð4Þ

where μ0 = scalar ratcheting control parameter; and bref ¼ 2pu
is introduced for normalization purposes. Eq. (4) returns either
Kp;M ¼ Kp when bM ¼ 0 (virgin loading conditions, i.e., when the
soil reaction point lies on the memory locus) or Kp;M > Kp when
bM > 0 due to an expansion of the memory locus induced by
the previous loading history. In the latter case, the evolution of the
tangent stiffness, and therefore the cyclic accumulation of lateral
deflection, is controlled by the value of μ0.

Recommendations for Parameter Calibration
The response resulting from the previous constitutive equations de-
pends on the calibration of four parameters, namely pu, α, m, and
μ0. Although the ratcheting parameter μ0 may be identified by trial
and error against the results of cyclic pile loading tests or advanced
three-dimensional (3D) finite-element (FE) studies (Liu et al. 2021),
pu, α, andm may be set through the following cone penetration test
(CPT)–based relationships inspired by the work of Suryasentana
and Lehane (2016):

pu ¼ Cpuσ 0
v0D

�
qc
σ 0
v0

�
0.67

�
z
D

�
0.75 ≤ qcD

α ¼ 8.9

�
z
D

�−1.25�σv0 − ug
σ 0
v0

�
0.5

m ¼ 1 ð5Þ

where Cpu ¼ 2.4 is the value recommended by Suryasentana and
Lehane (2016); σv0 and σ 0

v0 are the in situ total and effective vertical
stresses at a depth z below the ground surface; and ug = hydrostatic
pore water pressure at z ¼ 0. The preceding calibration procedure
was numerically verified against a range of diameters (0.5–5 m),
shapes (circular and square), and flexural rigidities (EI) for piles in
loose to dense (in)homogeneous sand deposits (no installation ef-
fects) with variable water table depth (Suryasentana and Lehane
2014, 2016). Compliance with usual bounding surface modeling
principles requires m < 1, which can be closely approximated by
setting, e.g., m ¼ 0.9999. The performance of the model under

Fig. 9. (Color) Experimental frequency response functions identified
for the MTP–soil systems in their pre- and postloading states.
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one-way cyclic loading is exemplified in Fig. 10 for different μ0

values.

Simulation of Cyclic Pile–Soil Gapping

In the presence of cohesive soil behavior, an accurate p–y formu-
lation should be able to reproduce pile–soil gapping, usually result-
ing in S-shaped lateral soil reaction curves of the kind shown in
Fig. 11. Importantly, gapping effects under cyclic loading are in-
herently displacement dependent, as are the evolution of the gap
depth and the alternation of contact–no contact stages between
the pile and the soil. More details about the mechanics of pile–soil
gapping are provided, e.g., by Matlock et al. (1978), Suzuki and
Nakai (1985), Boulanger et al. (1999), and Kementzetzidis et al.
(2023). As previously mentioned, gapping effects were clearly ex-
hibited by all pile loading data recorded at the Maasvlakte II site
(Fig. 6) due to the unsaturated soil above the water table.

Following Kementzetzidis et al. (2022), lateral soil reactions in
the upper unsaturated sand have been modeled by combining the
above memory-enhanced p–y model—the memory spring—with

additional rheological elements, namely, the so-called separation,
closure, and drag springs. Fig. 12 illustrates (half of) the resulting
pile–soil interaction scheme. The inherent asymmetry of the gap-
ping mechanism requires the use of two distinct interaction ele-
ments on both sides of the pile.

Separation Spring
The separation spring enables the simulation of the sharp unloading
branch that originates at the onset of pile–soil separation (Fig. 11).
Due to the lack of dedicated data for calibration, the separation
spring is deactivated in the global pile–soil interaction scheme, and
for brevity not further described herein; more details are available
in Kementzetzidis et al. (2022). For the pile loading cases consid-
ered in the following, the stiffening that is necessary to simulate
the mentioned stiff unloading response is directly provided by the
parallel memory mechanism (Fig. 12).

Closure Spring
The inclusion of the so-called closure spring is required to simulate
the peculiar shape (resembling a rotated S) of the p–y response
cycles in the presence of cohesive soil behavior (Boulanger
et al. 1999) (Fig. 11). To reproduce mathematically such a shape,
the following function—similar to Eq. (2)—is adopted to relate, in
finite terms, the reaction component in the closure spring (pc) to
the corresponding displacement (yg, i.e., the displacement of the
overall gap spring in Fig. 12):

pc ¼ pc;maxðe−αcjðyg−yg;0Þ=ymaxjmc Þ ð6Þ

where mc and αc = dimensionless shape parameters; while yg;0 as-
sumes the current value of yg every time the pile re-enters the gap
from a new ymax.

The formulation of the closure spring was chosen to represent
the shape of pile–soil interactions when the pile moves inside the
gap and ensures that upon unloading from pc ¼ pc;max, the clo-
sure spring reaches a nil asymptote (pc ¼ 0) as fast as enabled by
the selected pair of mc-αc values (shape parameters), so as to
reproduce the desired S-shape of the p–y response. More infor-
mation on the impact of such parameters on the gapping soil re-
actions is available in Kementzetzidis et al. (2022). Values in the
order of mc ¼ 0.6 and αc ¼ 20 have been found to provide a rea-
sonable gap-closing response for a sharp pile–soil separation,
and are henceforth considered as a first-guess pair of calibrated
parameters.

Fig. 11. (Color) Cyclic p–y curves for cohesive soils. The thick line
highlights the mentioned S-shape of the last p–y response cycle
(adapted from Randolph and Gourvenec 2011; Bea et al. 1979).

Fig. 12. 1D modeling scheme for the simulation of cyclic hysteresis
with ratcheting control and pile–soil gapping, left side of the pile only;
a similar scheme is also applied to the right side (adapted from
Kementzetzidis et al. 2022).

Fig. 10. (Color) Cyclic p–y soil reactions (no gapping) under N ¼ 100

cycles of one-way loading (μ0 ¼ 50, 500, 5,000). Other model para-
meters calibrated based on Eq. (5) for a circular pile (diameter:
D ¼ 0.762 m) and a soil location characterized by: z ¼ 4 m (soil
depth), qc ¼ 17 MPa (cone resistance), and γdry ¼ 16 kN=m3 (dry unit
weight).
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Combined Memory and Drag Springs
A gapping p–y model should also reproduce the frictional resis-
tance offered by the side soil wall when normal contact is lost
on either one or both sides of the pile. Frictional drag (side pile–
soil friction, introduced via the drag spring) resists pile motion
regardless of the pile location and displacement direction within the
gap area. In the model of Kementzetzidis et al. (2022), the drag soil
reaction component, pd, is described as follows:

pd ¼ pu;dð1 − e−α½ðjyg−yrgjÞ=D�mÞ ð7Þ
where pu;d ¼ Cdpu, with Cd being a scalar parameter that can be
tuned between 0 and 1 to modulate the relative contribution of the
drag reaction to the total lateral soil resistance. Therefore, to pre-
serve the total ultimate soil resistance, the quota associated with
the memory spring is reduced to pu;m ¼ ð1 − CdÞpu. Additionally,
yrg ¼ yg is updated at every sign reversal of ẏg (at the beginning of
the analysis, the initialization yrg ¼ yg ¼ 0 is set). Eqs. (2) and (7)
are identical for monotonic loading conditions, which allows the
use of the CPT calibration procedure by Suryasentana and Lehane
(2016) also for the complete gapping p–y model. The response of
the gapping and ratcheting enhanced cyclic p–y model to two-way
loading is presented in Fig. 13.

1D Pile–Soil Model Setup

To simulate the reference pile loading tests, 1D FE models were set
up for the four MTPs using the OpenSees simulation platform
(McKenna 2011), in which the complete p–y model described pre-
viously was implemented. To this end, the four identical piles were
idealized as Timoshenko beams, with their embedded length (8 m
below ground surface) set in contact with a sequence of gapping
(upper 4 m, in the unsaturated soil) and nongapping (lower 4 m)
spring elements with a vertical spacing of 8 cm (Fig. 14). The cal-
ibration of all soil reaction parameters is discussed in the following
section along with the simulation of the four MTP loading tests.

Comparative Analysis of Pile Installation Effects

In this section, the response of all the MTPs to the cyclic loading
program in Fig. 4 is quantitatively analyzed using the elastoplastic
p–y model presented in “Modeling of Cyclic Soil Reactions.”

Given the different soil profiles at the four pile locations (Fig. 1),
such analysis aims to filter out differences in lateral response fea-
tures that are mainly related to preinstallation soil conditions.

General Considerations

For each loading test, the first loading branch in Parcel a (high-
lighted in Fig. 6)—from 0 to F ¼ 175 kN—may be regarded as
a postinstallation stage of monotonic loading. The measured
load–displacement curves are reported in Fig. 15 for all MTPs,
along with their numerically simulated counterparts (dashed lines).
It is possible to observe that, in absolute terms, the VH pile was the
stiffest of all piles (although installed in the loosest/softest sand pro-
file, compare to Fig. 1), followed by the GDP-driven piles (GDP1;2)
and, finally, the IH pile (impact-hammered). Quite surprisingly,
GDP1 and GDP2 exhibited almost identical monotonic responses,
despite the non-negligible differences in terms of preinstallation
qc profile at the respective locations.

The cyclic pile deflection trends presented in Figs. 5 and 6 seem
to contradict the conclusions drawn on the sole basis of the mon-
otonic response curves. Regarding the impact of the five cyclic par-
cels in Fig. 4 (5,000 cycles in total), it may be stated that:
• While the VH pile was monotonically the stiffest (which is

seemingly in contradiction with the corresponding qc profile),
it accumulated the second largest cyclic deflection by the end of
the cyclic loading sequence;

• Cyclic deflection accumulation was lowest for the two GDP
piles (Figs. 5 and 6), in a fashion that is consistent with the re-
spective preinstallation soil profiles (i.e., GDP2 displaced less
than GDP1 with qGDP1c being on average lower than qGDP2c );

• The IH pile experienced the largest lateral deflection, both mono-
tonically (first segment of Parcel a) and cyclically (over the
whole loading program).
In more detail, the VH pile accumulated during Parcel a the low-

est lateral deflection at the ground surface, while it displaced more
than both GDP-driven piles by the end of Parcel e: this outcome
is arguably the result of a complex interaction between initial soil

Fig. 13. Cyclic p–y soil reactions (with gapping) under symmetric/
two-way loading. Model parameters calibrated based on Eq. (5) for
a circular pile (diameter: D ¼ 0.762 m) and a soil location character-
ized by z ¼ 4 m (soil depth), qc ¼ 17 MPa (cone resistance), γdry ¼
16 kN=m3 (dry unit weight). Additionally: μ0 ¼ 20, αc ¼ 5,mc ¼ 0.6,
and Cd ¼ 0.1.

Fig. 14. (Color) Reference 1D pile model subjected to lateral cyclic
loading. The ground water table depth (z ¼ 4 m) marks the transition
between unsaturated and saturated soil. The black rectangular symbols
indicate the locations of the fiber bragg grating (FBG) axial strain sensors.
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conditions and pile installation effects, where the latter seem to be
working differently depending on the preinstallation relative den-
sity profile; see also the previous studies of Staubach et al. (2020),
Bienen et al. (2021), and Fan et al. (2021a, b). Because the VH pile
was installed in substantially looser sand than the other MTPs, it is
preferred to focus in what follows on the comparison between GDP-
driven and impact-hammered (IH) piles, which were all installed in
medium-dense to dense sand. Such an option was ultimately sug-
gested by the modeling outcomes in “Quantitative 1D FE Studies.”

Quantitative 1D FE Studies

The measured differences in the lateral response of the otherwise
identical MTPs may be attributed to differences in the installation
procedures and the foundation soil. Relevant p–ymodel parameters
were calibrated, both for the saturated and the unsaturated soil
layers, by first identifying those governing the monotonic lateral
response (i.e., Ke, pu, α, and m). The elastic component of the
memory springs was calibrated as Ke ¼ 7G0, as obtained from
the shear velocity profiles in Fig. 1. For pu, α, and m, a first cal-
ibration attempt was made by following the CPT-based procedure
proposed by Suryasentana and Lehane (2016) and reported in
Eq. (5). The resulting comparison between field data and first-trial
simulations was rather unsatisfactory, probably due to the applied
monotonic load being relatively low compared to the reference load
range considered by Suryasentana and Lehane (2016), who exam-
ined monotonic pile responses up to the reference capacity U ¼
0.2D. The same calibration strategy described by Kementzetzidis
et al. (2022) was applied to the four MTPs to improve the agreement
between measured and simulated monotonic load–displacement
curves. It was first found to be beneficial to reduce the value of
m, from 1 to 0.5 for all piles; then new Cpu values were recalibrated
as reported in Table 3 [compare to Eq. (5)], with direct impact on the
local ultimate resistance of each p–y element. The retuned Cpu
values produced the satisfactory matches shown in Fig. 15 for all
piles, both in terms of load–displacement curves and bending mo-
ment profiles at two distinct load levels (90 and 175 kN). The
explicit qc dependence of pu in (the first line of) Eq. (5) accounts

for the inhomogeneity of soil properties down the pile, so it may
be argued that Cpu is directly representative of pile installation
effects—particularly for piles that are geometrically identical. In this
respect, Table 3 indicates that:
• In spite of quite different average cone resistance values (qc;av)

down the pile, almost identical Cpu values were identified for
the GDP-driven piles, which suggests a strong correlation of
Cpu with the pile-driving technology.

• The response of piles installed in medium-dense to dense sands
was reproduced by similar Cpu values: compare GDP1;2 and IH
to VH. GDP-driven piles were found to be represented by Cpu

values that are approximately 13% larger than for the impact-
hammered pile. This outcome establishes the same relationship
between the respective soil resistance values (pu), and would
theoretically extend to the (very) ultimate pile capacity defined
as Fult ¼ ∫ Le

0 pudz. Conversely, a slightly different capacity in-
crement (+ 15%) is estimated in “Predicted Installation Effects
in a Fictitious Sand Deposit” for GDP and IH piles in the same
soil profile by adopting a conventional definition of lateral
capacity (i.e., the load inducing a lateral pile deflection U ¼
0.1D at the ground surface).

• The response of the VH pile installed in loose sand was repro-
duced using Cpu values approximately 85% larger than those

Fig. 15. (Color) Measured and calculated force–displacement responses and selected bending moment profiles [associated with F ¼ 90 kN and
F ¼ 175 kN in Parcel a, monotonic branch (N ¼ 1); see Figs. 4 and 6]. GDP1’s bending moment profiles were deemed unreliable (sensor mal-
functioning) and therefore omitted.

Table 3. Values of Cpu and Cμ0
[from Eqs. (5) and (8)] set to fit the

measured monotonic and cyclic lateral pile responses at the Maasvlakte
II site, Figs. 15 and 16

Parameter GDP1 GDP2 IH VH

qc;av (MPa) 12.4 21.3 14.9 6.4
Cpu 0.417 0.411 0.365 0.674
Cμ0 310 181 282 165

Note: qc;av = average qc along the embedded length of each pile, compare
to Fig. 1. The rightmost column highlights that VH data are considered less
meaningful for comparison purposes (see discussion in “Comparative
Analysis of Pile Installation Effects”).
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identified for the impact-driven pile. Special caution should be
devoted when linking this output to the quantitative interpreta-
tion of installation effects for the VH pile, which was installed in
a significantly different (looser) soil profile in comparison to the
others; see subsequent discussion.
The same philosophy for analyzing pile installation effects was

also applied to the measured cyclic responses. To this end, addi-
tional p–ymodel parameters had to be calibrated, namely, μ0 (ratch-
eting control parameter), Cd (frictional drag resistance parameter),
and the shape parameters αc and mc governing the behavior of
the closure spring (Fig. 12). Following Kementzetzidis et al.
(2022), the values of mc ¼ 0.5, αc ¼ − lnð0.15Þ=ð0.55Þmc , and
Cd ¼ 0.0 were first set (equal for all piles). In a further attempt
to reduce the calibration effort, the frictional drag mechanism
(“Simulation of Cyclic Pile–Soil Gapping”) was inhibited by setting
Cd ¼ 0.0. In fact, Kementzetzidis et al. (2022) showed the modest
impact of frictional drag for piles subjected to one-way cycling.
Finally, the following CPT-based relationship was assumed for
the calibration of μ0:

μ0 ¼ Cμ0
·

�
qc
σ 0
v0

�
0.1
�

σ 0
v0

σ 0
v;ref

�
0.75

ð8Þ

where Cμ0
= scalar dimensionless parameter; and σ 0

v;ref ¼ γ 0z kPa
(for z ¼ 1 m, and γ 0 the effective unit weight of soil) serves as a
reference vertical effective stress. According to Eq. (8), μ0 is as-
sumed to depend on both qc and z. The adopted z dependence is
similar to that considered for pu in Eq. (5), while the type of qc
dependence was identified through trial and error to enable the
simulation of all MTP responses using only Cμ0

as a location- or

installation-specific parameter. Because the same soil unit weight
and pile geometry apply to all MTPs, it was not necessary to intro-
duce additional factors in Eq. (8) for the purposes of this study. The
Cμ0

values in Table 3 were identified for all piles to obtain a good
match between experimental and simulated cyclic deflection trends
at the ground surface—respectively the solid and dotted lines in
Fig. 16(a). Apparently, the numerical model reproduces very well
the field measurements associated with all MTPs, including the pe-
culiar displacement relaxation observed during the fourth cyclic
load parcel (d). See also Liu et al. (2022) about the performance of
memory-enhanced bounding surface models under multiamplitude
cyclic loading histories.

The same evolution trends of the average cyclic stiffness (Kcyc
av )

discussed in “Cyclic Lateral Loading Tests” are also compared in
Fig. 16(b); for clearer illustration, only those obtained for the GDP2
pile (in magenta). Apart from the generally good agreement between
measured and simulated trends, a closer inspection of relevant
internal variables in the p–y model confirmed some of the claims
made by Kementzetzidis et al. (2023) on a purely experimental
basis: (1) the drop in Kcyc

av during parcels a − b relates to the main
gap-opening events; (2) when an approximately steady size of the
gap is maintained (here during parcels d − e), the model captures
the gradual increases in cyclic stiffness through the expansion of the
memory loci along the different p–y springs [increase of bM in
Eq. (4)].

The complete response of the main test piles to the whole cyclic
loading program is compared to the corresponding field data re-
garding the load–displacement response in Figs. 17 and 18, and
bending moment profiles at selected loading instants (referred to as

(a)

(b)

Fig. 16. (Color) (a) Cyclic pile deflection trends (deflection measured at the soil surface); and (b) evolution of Kav
cyc [defined in Fig. 6(b)] induced by

the cyclic load parcels (a − e) in Fig. 4 on the four MTPs. In (a), the p–y simulation results (dotted lines indicate cyclic deflection bounds) are
compared to measured data (solid lines). In (b), the Kav

cyc trend simulated for the GDP2 pile is shown in magenta.
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a1, a2, b1, d1, e1, and esp in Figs. 4 and 18); for brevity, only for the
GDP2 pile. The results obtained testify once again to the suitability
of the adopted 1D modeling framework, especially when consider-
ing the complexity introduced by multiamplitude cycling and shal-
low unsaturated soil conditions.

Overall, the results presented in this section demonstrate the mer-
its of the 1D FE model, as well as the consistency of a parameter
calibration strategy that worked properly for all MTPs. It is thus
possible to draw some final considerations suggested by the cali-
brated Cμ0 values in Table 3 (the value calibrated for the VH pile
is mostly regarded as an outlier, given the significantly lower density
of the soil at that location):
• Cμ0 appears to be (negatively) correlated with the average

cone resistance, qc;av, rather than with the pile-driving method
[Fig. 19(a)]. This observation is further supported by the com-
parison of the MTP force–displacement responses replotted in
Fig. 19(b) after normalizing the lateral deflection by its value
Umon at the end of the initial monotonic branch (i.e., prior to
Parcel a cycling). Apparently, such a normalization highlights
the mentioned correlation between cyclic ratcheting response
and soil profile features (compare to Fig. 1).

• At variance with what observed for postinstallation monotonic
responses (Fig. 15), prolonged lateral cycling seems to gradu-
ally erase or homogenize certain installation effects.

(a) (b)

Fig. 18. GDP2: Measured (markers) and calculated (solid lines) bend-
ing moment profiles; the times at which bending moment profiles were
measured or calculated along the loading program (e.g., α1, α2) are
indicated as in Fig. 4.

Fig. 17. (a–c) Measured and (d–f) calculated force-displacement responses of GDP2 to: (a, d) Parcels a and b; (b, e) Parcels c and d; and (c, g) Parcel e
in Fig. 4.
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Predicted Installation Effects in a Fictitious Sand
Deposit

The analysis of both measured and simulated pile responses at the
Maasvlakte II site in “Comparative Analysis of Pile Installation
Effects” highlights marked pile installation effects. Importantly, the
trends of cyclic pile stiffness obtained from measured data exhibit a
sort of homogenizing tendency under prolonged cyclic loading
[Figs. 9 and 16(b)]. To reinforce the model-based interpretation of
such installation effects, the same 1D FE model was used to sim-
ulate the lateral behavior of two piles (identically sized as the MTPs;
Table 1) installed through impact hammering and GDP in a fictitious
fully saturated sandy site—therefore, with no gapping effects under
lateral loading. The fictitious site was characterized by averaging the
qc and Vs profiles associated with the IH and GDP1 pile locations
(Fig. 1); then 1D model parameters were calibrated for the two piles
by setting Ke ¼ 7G0, while α, m, and μ0 were obtained through
correlation to the fictitious Vs and qc profiles; Cμ0 ¼ 296 was de-
termined as a representative value for the assumed average qc profile

[Fig. 19(a)]. In agreement with the analysis in “Quantitative 1D FE
Studies,” all installation effects were lumped into the calibrated pu

profiles, which ware determined using Eq. (5) with the Cpu values
reported in Table 3 (an average Cpu ¼ 0.414 was selected for the
GDP method). Both piles were monotonically loaded up to their
conventional lateral capacity (U ¼ 0.1D ¼ 0.0762 m); then sepa-
rate cyclic simulations were performed considering cyclic loading
program in Fig. 4.

The simulated monotonic behavior of impact-hammered and
GDP-installed piles is shown in Fig. 20(a). As expected, the differ-
ences in the corresponding pu profiles determine a stiffer response
of the GDP pile, with a larger load (conventional capacity) neces-
sary to achieve a displacement at ground surface equal to U ¼
0.1D − F ¼ 1,740 kN and F ¼ 1,514 kN for the GDP- and the
impact-driven piles, respectively. The ratio between (conventional)
capacities for the two piles (1,740=1,514≈ 1.15) is slightly larger
than the ratio between the respective values of the soil resistance
parameter Cpu (see “Quantitative 1D FE Studies”).

(a) (b)

Fig. 19. (Color) (a) Values ofCμ0
versus qc;av from Eq. (8) set to fit the measured monotonic and cyclic lateral pile responses at the Maasvlakte II site.

The observed trend further supports that the VH data are less suitable for comparison purposes (see discussion in “Comparative Analysis of Pile
Installation Effects”); and (b) force versus normalized displacement response of the MTPs under the cyclic loading program in Fig. 4. Normalization
is by the value Umon of lateral pile deflection at the end of the initial monotonic branch (i.e., prior to Parcel a cycling).

(b) (c)(a)

Fig. 20. (Color) Simulated force–displacement response of impact- and GDP-driven piles at a fictitious saturated sandy site. Response to
(a) monotonic loading (up to conventional capacity); (b) the cyclic loading program in Fig. 4; and (c) simulated GDP-to-IH ratio of lateral cyclic
stiffness versus number of loading cycles.
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As for the simulated cyclic response, the two piles are predicted
to accumulate significantly different lateral deflection [Fig. 20(b)].
In particular, the final deflection associated with the impact-driven
pile is almost 30% larger at the ground surface, notwithstanding the
use of the same ratcheting control parameter μ0 [due to identical qc
profiles and Cμ0

values for the two piles; see also Eqs. (4) and (8)].
Regarding the cyclic evolution of the Kcyc

av stiffness, the 1D
model predicts a similar homogenization effect of cyclic loading
as suggested by the preceding field data. This statement is sup-
ported by Fig. 20(c), which displays the evolving GDP-to-IH Kcyc

av

ratio. According to the 1D model, while the cyclic stiffness of the
GDP pile is initially ≈10% larger, a tendency toward very small
differences is obtained as more loading cycles are applied. After
a few thousand cycles, an approximately steady difference of
≈3% − 4.5% results for all load parcels.

Conclusions

To compare the novel GDP driving method to more traditional
approaches, four piles (MTPs) were driven in sandy soil via impact
hammering (one pile), axial vibro-driving (one pile), and the GDP
method (two piles). In this study, the postinstallation lateral loading
test results from the GDP field campaign were analyzed and mod-
eled in detail to assess the impact of the pile installation method.

All MTPs were subjected to the same complex cyclic loading pro-
gram comprisingN ¼ 82,000 loading cycles in total, 5,000 of which
featured low frequency (0.1 Hz) and relatively large amplitude, the
main focus of this study. The results of the first GDP field campaign
indicated that, overall, GDP-driven piles responded to cyclic loading
better than the other IH- and VH-installed piles. At the same time, it
was important to recognize the inevitable impact of unsaturated soil
conditions (in the shallowest 4 m of the site) and geotechnical inho-
mogeneities, which altogether hindered a fair comparison of all mea-
sured pile responses on a pure data-analysis basis. To overcome this
difficulty, pile performances were indirectly (but more fairly) com-
pared through the parameters of an advanced cyclic p–y model cali-
brated for each MTP, specifically accounting for the differences in
cone resistance profile at the reference pile locations. Furthermore,
by using the same calibration settings obtained by fitting the pile
responses observed at the Maasvlakte II site, installation effects that
could be found at a marine site (i.e., with no gapping effects in water-
saturated soil) were reevaluated for impact- and GDP-driven piles,
based on the simulation of monotonic and cyclic lateral pile behavior
at a fictitious sandy site.

The main findings regarding pile installation effects in the re-
sponse to lateral loading may be summarized as follows:

postinstallation monotonic response
• Laterally loaded piles may exhibit significant installation effects

during loading phases that are immediately postinstallation, es-
pecially for relatively low lateral load amplitudes; data indicate
up to approximately 15% of the monotonic capacity (Fig. 15).
Despite differences in initial soil profiles, the GDP-installed
piles responded identically during this stage.

• Numerical simulations based on the calibrated 1D FE model
described in this paper indicate that, in medium-dense to dense
sand, the GDP method may result in a lateral capacity approx-
imately 15% larger than for a pile impact hammered at an iden-
tical soil location.
postinstallation cyclic response

• Noticeable differences are present in the residual accumulated
lateral deflection for piles installed via different installation
methods in different soil profiles (Fig. 6). The results of 1D
FE simulation suggest that such differences between installation

methods would still be observed at identical installation sites
(“Comparative Analysis of Pile Installation Effects”).

• After normalizing the cyclic response of all MTPs by the maxi-
mum monotonic displacement attained prior to cyclic loading
(in an attempt to filter our installation effects), the measured
trends of cyclic deflection accumulation correlate altogether
with soil profile features at the respective pile locations [compare
Figs. 1 and 19(b).] This finding is further supported by the
identified parameters of the adopted 1D numerical model.
Particularly, the ratcheting control parameter Cμ0 appears to be
more strongly correlated with the average cone resistance qc;av
[Fig. 19(a)] than with the specific pile installation method.

• Initial differences in lateral pile stiffness were attributed to the
joint effect of the installation method and initial soil conditions.
Such differences (in the cyclic lateral pile stiffness) were both
measured (field data) and simulated (1D FE model) to depend
on the particular loading parcel and to gradually diminish under
the application of an increasing number of loading cycles. The
two GDP-driven piles exhibited, on average, the largest cyclic
lateral stiffness in comparison with the other MTPs.
The preceding conclusions do not include observations regard-

ing the pile that was axially vibrated into substantially looser sand
(VH). Describing the interaction between initial sand density and
pile-driving method will require additional experimental data
and numerical modeling work. These and other open questions
are currently being investigated in the framework of the SIMOX
(GROW 2016) joint industry project.

Data Availability Statement

Some or all data, models, or code generated or used during the
study are proprietary or confidential in nature and may only be pro-
vided with restrictions.

Acknowledgments

This paper is associated with the GDP project in the framework
of the GROW joint research program. Funding from Topsector
Energiesubsidie van het Ministerie van Economische Zaken un-
der Grant No. TEHE117100 and financial/technical support from
the following partners is gratefully acknowledged: Royal Boskalis
Westminster N.V., CAPE Holland B.V., Deltares, Delft Offshore
Turbine B.V., Delft University of Technology, ECN, Eneco Wind
B.V., IHC IQIP B.V., SHL Offshore Contractors B.V., Shell Global
Solutions International B.V., Sif Netherlands B.V., TNO, and Van
Oord Offshore Wind Projects B.V. The important contribution to
the GDP field campaign of, in alphabetical order, Rob Atkinson,
Kees van Beek, Ahmed Elkadi, Sergio S. Gómez, TimoMolenkamp,
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