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Abstract

The offshore wind energy industry has grown rapidly, with large-diameter monopiles becoming the primary foundation
choice for offshore turbines. Monopile designs emphasize serviceability and fatigue limits, enforcing strict rotation limits
set by manufacturers. These structures face considerable lateral cyclic loads from waves, currents, and wind. Existing
design codes such as APl and DNV GL are commonly used but do not sufficiently capture monopile behavior under cyclic
loading, particularly regarding load cycle count, amplitude, and type. Moreover, the dynamic response of the monopile-
soil system, which affects the foundation’s natural frequency, depends on the pile-soil interaction stiffness—an aspect
neglected in current standards. This research reports results from seventeen 1-g cyclic loading experiments and six
monotonic tests on monopiles installed in dry sand. Findings reveal that cyclic deformation is significantly influenced by
sand relative density, load cycle number, and cyclic load characteristics (magnitude and type). Cyclic loading also alters
the pile-soil stiffness. Accumulated rotation grows exponentially with increasing load cycles, while cyclic secant stiffness
increases logarithmically. The study further identifies asymmetric two-way cyclic loading as the most damaging load
pattern for monopile performance.

Keywords: Lateral Cyclic Loading; Monopile; Offshore Wind Turbines; Pile Accumulated Rotation; 1-g Test.

1. Introduction

Nowadays, vast areas around the world are suffering from the effects of climate change. So, governments must use
renewable energy to reduce carbon dioxide emissions. Wind energy is a promising solution for climate change problems
due to its low impact on the environment, cost efficiency, and sustainability. The contribution of wind energy increased
significantly in this decade by a 9% year-on-year growth. In 2022, 77.6 GW of wind power was added to the power
grids all around the world [1].

Onshore and offshore wind turbines can generate wind energy. Despite the high installation cost of offshore wind
turbines, there are many advantages to offshore wind turbines, such as high utilization of wind due to the high speed of
the wind, which exceeds 7 m/s and has a steadier flow compared to onshore wind turbines. Hence, the electric power
produced by offshore wind energy ranges between 1.5 to 2 times the electric power generated by onshore wind turbines,
which makes the use of offshore wind turbines more efficient in the long term. The added electric power by offshore
wind turbines is doubled every three years, according to the global annual wind energy report, and it is expected to
continue to grow at the same rate [2].

Monopile is the most preferred foundation system to support offshore wind turbines due to its sizeable lateral load
capacity, durability, and easy installation. It has been used for 81% of the currently installed offshore wind turbines
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worldwide [3, 4]. It is a substantial open-ended steel tube with a diameter ranging from 3 to 12 m, an embedded length
usually less than 50, and an aspect ratio (L/D) ranging between 3 and 8. It is often used in relatively shallow water depths
ranging from 20 to 40 m, and it is driven on sand and clay seabed by impact hammers and vibratory driving. It is not
clear whether it will be economical if it is used in deeper water. Over their operational lifespan, these monopiles can
undergo over one million cycles of loading due to wind, wave, and ice loads, which potentially causes permanent
deformation that impacts the efficiency of wind turbines [5]. Thus, precisely evaluating the behavior of monopiles under
lateral cyclic loads is crucial to maintain the stable functioning of wind turbines. Moreover, monitoring installed
monopiles indicates that the actual foundation stiffness is greater than the predicted stiffness by existing design methods.
More accurate design methods are required to reduce the installation cost by estimating more suitable stiffness, which
will reduce the weight and embedment length of monopile foundations [6]. Figure 1 represents a schematic of a typical
monopile foundation system for offshore wind turbines.

R

Figure 1. Typical monopile foundation system for offshore wind turbines [7]

1.1. Current Guidelines

Due to the rear of offshore wind turbine guidelines, the designers use the design approach, which has been used and
developed by the oil and gas industry over many years to design offshore piles of fixed offshore platforms. This design
approach is based on Winkler's theory, which models soil pile interaction using a series of uncoupled springs. These
springs are characterized by a nonlinear empirical behavior correlation between lateral pile deflection and soil resistance,
which is known as the p-y curve. Reese et al. a semi-empirical p-y curve based on a fully instrumented full-scale pile at
Mustang Island [8]. Murchison & O'Neill [6] developed a tangent hyperbolic formula to provide better results compared
to the original expressions formulated by Reese et al. The tangent hyperbolic formula, as shown in Equation 1, is adopted
in APl RP 2A-WSD [9] and DNVGL-ST-0126 [10] guidelines.

k.
Pxy) = Apu tanh (ﬁ Y) (1)
where A is a calibration factor and determined as follows:

A= { 3-0.8. (%) > 0.9 for static loading
0.9 for cyclic loading

where py is the ultimate bedding resistance, depends on the effective unit weight y and the angle of internal friction ¢.
APl and DNV proposed Equation 2 to determine the ultimate bedding resistance:

(Ci.x+ C,.D)yx for 0 < x < xg
C;.D.y. x for x > xg

pu = minof { 2
where Kk is the initial stiffness coefficient that depends on the angle of internal friction ¢ or sand relative density and is
specified from the curve presented by APl as shown in Figure 1; C1, Cy, and Cs are dimensionless coefficients depending

on the angle of internal friction as shown in Figure 2; x is soil depth y is pile lateral displacement.
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Figure 1. C1, Ca, Cs coefficients, and initial stiffness coefficient according to API [9]

1.2. Limitations of Current Design Methods
There are some limitations of the current design approach, as stated as follows:

e Current design p-y curve methods are based on empirical data obtained from full-scale pipe pile tests at Mustang
Island, where the pile diameter is 0.61 m, wall thickness, and embedded length 21 m, which corresponds to an
aspect ratio of L/D = 34.4. Therefore, the tested pile behaves as a long flexible pile while the monopile of a large
diameter from 3 to 12 m and aspect ratio of L/D = 3-8, behaves as a short rigid pile. Rigid piles behave differently
compared to flexible piles due to under lateral loading and moment; rigid piles rotate about a "zero kick™ point
without significantly flexing, as shown in Figure 1. This behaviour significantly affects the pile-soil response
[11]. A criterion developed by Polous and Hull to distinguish between flexible and rigid piles relies on the relative
stiffness between soil and pile and is presented in Equation 3 [12]:

Eg.L* C g
<48 Rigid pile
Eplp (3)
4
= > 388.6 Flexible pile
p'p

Current standards recommended a cyclic p-y curve by degrading the ultimate by degrading bedding resistance
by 10% due to cyclic loading. So, cyclic p-y curves are obtained by using a calibration coefficient (A) equal
to 0.9. This recommendation is based on full-scale tests where the pile is subjected to load cycles up to 25,
while the typical offshore wind turbine is designed for fatigue with 107 cycles. On the other hand, this design
approach does not consider essential design issues such as accumulated rotation and change of pile-soil
stiffness due to long-term cyclic loading during the offshore wind turbine lifetime. According to DNVGL,
the allowable rotation of offshore wind turbine rotor is 0.5°, which is divided into 0.25° due to installation
effects and 0.25 due to serviceability. Therefore, the serviceability limit state (SLS) governs the design of
monopiles, and accumulated rotation due to long-term cyclic design is a key design driver. Although current
standards show that the pile-soil stiffness decreases due to cyclic loading, other researchers, such as Leblanc
et al. [7], found that the pile-soil cyclic secant stiffness increases due to cyclic loading. Pile-soil stiffness is a
primary design parameter due to modern offshore wind turbines being designed as soft-stiff structures, which
means that its natural frequency ranges between the excitation frequency bands 1P and 3P to avoid resonance.
1P and 3P refer to rotor and blade passing frequencies, which are 0.3 HZ and 1 HZ, respectively. Therefore,
any change in the initial stiffness of pile-soil will affect the first natural frequency, which affects the dynamic
stability of offshore wind turbines [7].

Based on a numerical calculation (3D finite element), the p-y curves recommended by API underestimate the
lateral displacement of the monopile, which is subjected to lateral monotonic loading. The expected reason for
these results may be an overestimation of the initial stiffness of monopiles in large depths by API. However,
recent data obtained from monitoring full-scale wind turbines at Walney offshore farms demonstrate that the p-y
curve adopted by API significantly underestimates the foundation stiffness [13].

o Previous researchers such as Davidson [14], Gerolymos & Gazetas [15] and Lam & Martin [16] found that further
soil reactions influence monopile pile behaviour in addition to the lateral load resistance. These additional soil
reactions are the vertical shear traces on the external pile surface, base moment, and horizontal base shear force.
A new model known as the PISA model was developed by an academic work group lad and management at
Oxford University. This model takes these additional soil reactions into account [17].
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1.3. State of the Art for Predicting Pile Response due to Long-Term Lateral Cyclic Loading

Little & Briaud [18] conducted six full-scale tests and pressure meter tests to investigate factors affecting pile cyclic
behavior. The results demonstrated that factors such as soil relative density, installation method, pile type, and cyclic
load type significantly influence pile performance under cyclic loading. Based on these findings, the authors proposed
a form to represent accumulated displacement due to cyclic loading, as shown in Equation 4, and introduced a correlation
to quantify the cyclic degradation of secant stiffness, presented in Equation 5. However, it is important to note that the
tested piles were subjected to a limited number of cycles, up to 25, which is relatively low compared to the actual number
of cycles that typically affect monopiles. Additionally, the tested piles had a high aspect ratio (L/D) ranging from 32 to
37, while monopiles typically have an aspect ratio (L/D) ranging between 3 and 8, highlighting a key difference in the
geometry of the tested piles versus typical offshore monopiles. These discrepancies suggest that further research is
needed to better understand the behavior of monopiles under more realistic cyclic loading conditions.

yn = y1- N? (4)
Ks,N = Ks,l- Na (5)

where Y1 is lateral displacement determined from the monotonic response at the same cyclic amplitude, yn is lateral
displacement after N of cycles, a is cyclic degradation parameter, and its value equals 0.072 (overall average determined
from the full-scale test) or 0.064 (overall average determined from pressure meter tests), K1 is initial secant stiffness,
Ks, n is secant stiffness after N of cycles.

Lam & Martin [16] conducted thirty-four cyclic lateral load tests and introduced two methods to assess the effects
of cyclic loading on pile behavior. The first method, the Linear Subgrade Modulus Method (LISM), employs a closed-
form solution based on beam-on-elastic-foundation analysis. In this method, the subgrade modulus increases linearly
with depth, as shown in Equation 6, and the coefficient of subgrade modulus degrades with the number of cycles,
according to Equation 7. The second method, the Deteriorated Soil p-y Curves Method (DSPY), involves modifying the
current static p-y curve to account for soil deterioration under cyclic loading, with corresponding Equations 8 and 9 for
the deterioration procedure. Additionally, Equation 10 describes how the soil stiffness decreases over the number of
cycles. Both methods take into account various factors affecting the cyclic loading response, such as soil density,
installation method, and load type. These methodologies provide a more comprehensive framework for understanding
the impact of cyclic loading on the behavior of piles, contributing valuable insights into the modeling of pile-soil
interaction under repeated loading conditions.

Kh = Ny.Z (6)
npy = Ny N7° (7)
py = p;. NI (8)
yn =y N 9)
Kh,N = Kh,l' N_t (10)

where Kj is horizontal subgrade modulus, ny is the horizontal coefficient of subgrade modulus, pn is bedding resistance
after N of cycles, p: is bedding resistance determined from static p-y curve, yn is pile lateral displacement after N of
cycles, yi is lateral displacement determined from static p-y curve, Kn is horizontal subgrade reaction modulus after N
of cycles, Kn1 is horizontal subgrade reaction modulus determined by static p-y curve, o is a parameter to control relative
contribution between soil resistance and deflection to decrease the soil modulus, and t is a cyclic degradation parameter
that function of load type, installation method, and soil density as presented in Equation 11.

where F, Fi, and Fp, are factors based on details of the cyclic load ratio, pile installation, and soil density, respectively.

Byrne et al. [17] proposed an empirical method to predict lateral accumulated strain due to cyclic loading, based on
data from twenty full-scale cyclic tests. The model identifies key factors influencing cyclic loading, including soil
density, installation method, cyclic load type, and pile-soil relative stiffness. To estimate the accumulated lateral strain
under variable amplitude cyclic loading, the authors employed the superposition method. The model showed good
agreement when calibrated with data from six additional full-scale tests. However, caution is advised when using this
model to predict the effects of cyclic loading on monopiles, as the parameters were derived from cyclic loading tests
with a maximum of 50 cycles. These parameters may not fully represent the long-term behaviour of monopiles under
repeated loading. The proposed accumulated strain model is presented in Equation 12, which captures the relationship
between cyclic loading and accumulated lateral strain, though its application should be limited to conditions similar to
those of the tests conducted.
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Rszi—N=1+tlnN (12)
1

where R; is accumulated strain due to cyclic loading, €; is strain after the first cycle or obtained from monotonic loading
at the same cyclic amplitude, ey is strain after N of cycles, N is a number of cycles, and t is cyclic degradation parameter
that function of all the before mentioned factors affecting cyclic loading and determined by Equation 13.

t=0.032x%xBxEx¢ (13)

where L is pile embedment length, and T is pile-soil relative stiffness, which equals ° /:—1 B is the soil density factor, &
h
is the pile installation factor, and @ is the cyclic load type factor.

Little & Briaud [18] developed a numerical model based on explicit analysis to estimate accumulated displacement
due to cyclic loading. Known as the Stiffness Degradation Model (SDM), this model accounts for the effects of cyclic
loading by degrading the soil's secant stiffness. The authors adapted Hurman’s cyclic stiffness degradation formula,
initially used to estimate plastic axial strain in cyclic triaxial tests, to include anisotropy in initial stress conditions and
changes in principal stress directions after load application. This formula, as presented in Equation 14, can be
incorporated into a finite element method (FEM) subroutine to deteriorate soil secant stiffness over successive cycles,
enabling the calculation of accumulated displacement resulting from this stiffness degradation. The model showed
strong agreement with existing experimental results. However, it does not take into account factors such as pile
installation methods or cyclic load types. Additionally, Little & Briaud [18] demonstrated that the “zero-toe-kick™ or
"vertical tangent" criteria, commonly used in offshore wind turbine design guidelines to determine pile embedment
length, are not appropriate for large-diameter monopiles, highlighting the need for revised criteria to better represent
monopile behaviour.

EsN _ EcpN=1 _ )\ -by(Xo)P2 (14)
Es1 €cp,N
where Eq is secant stiffness after the first cycle, Esn is secant stiffness after N of cycles, gcpn = 1 is axial plastic strain
after the first cycle, e is axial plastic strain after N of cycles, by, and b, are material regression parameters that
determined from drained cyclic triaxial tests(For medium dens sand by =0.16, b= 0.38 and for dense sand b;= 0.2, by=
5.76), X. is cyclic stress ratio and determined according to Equation 15.

x1— X0

X = 1-X0
0

0_ 01

X0= - (15)
1f
1

1_ 01

X = zlf

where, o is major principal stress at initial stress condition (zero loading condition), crlof is major principal stress at
static failure state of initial stress condition, o is a major principal stress after applying the first load cycle and crff is
major principal stress at static failure state after applying the first load cycle.

Leblanc et al. [7] developed a non-dimensional framework and conducted a series of 1-g experimental tests to predict
the behaviour of monopiles subjected to cyclic lateral loading. From these tests, they presented an exponential formula
to predict the accumulated rotation of monopiles due to cyclic loading and a logarithmic function to estimate changes
in soil cyclic secant stiffness. While the API guidelines suggest that soil stiffness degrades by 10% due to cyclic loading,
their test results indicated that, contrary to this recommendation, soil stiffness actually increases logarithmically with
the number of load cycles. The model parameters, including soil density, cyclic load amplitude, and load type (one-way
or two-way), were found to be critical in influencing the results. Notably, the type of cyclic load had a significant impact
on the results; it was observed that the accumulated rotation induced by asymmetric two-way loading ({c = -0.6) was
four times larger than that induced by one-way cyclic loading (£ = 0). Equations 16 and 17 illustrate the relationship
between accumulated rotation and the change in cyclic secant stiffness due to cyclic loading, providing valuable insights
for modelling monopile behaviour under real-world loading conditions

2= Ty(% D). Te(@). N (16)
k =ky+ Ay In(N) (17)

where Ty, is a nondimensional parameter, the function of cyclic load magnitude ({,) and soil relative density, T¢ is a
nondimensional parameter, a function of cyclic load type ({.). Figure 3 shows curves of Ty and T as presented by
Leblanc et al. [7], o is an accumulation coefficient with a constant value of 0.31, K, is nondimensional initial cyclic
secant stiffness and function of dimensionless functions Ky, K¢ as presented in Equation 18, and A is a nondimensional
constant and equals 8.02.
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Ry = Kp(Gp)Kc(Gc)

_ Mnmax
&= g (18)

Mmin

Zc - Mmax

where, Ky is a nondimensional function that depends on cyclic load magnitude ({), K¢ is a nondimensional function that
depends on cyclic load type (£p). Figure 4 shows curves obtained based on the tests results for Ky and K. Leblanc et al.
[7] defined the cyclic load characteristics as follows and as shown in Figure 5

where Mmax is the maximum applied moment in a load cycle, and M, is the minimum applied moment in a load cycle,
and Mg is the static moment capacity, which was defined by 8 = 4° in the nondimensional monotonic moment-rotation
curve. The parameter ¢, measure the amplitude of the cyclic load with respect to static moment capacity. Its value
follows 0 < ¢, < 1. The parameter {. describes cyclic load type and its value € [1,—1] and takes a value of 1 for
monotonic loading, a value of 0 for one-way cyclic loading, a value of -1 for symmetric two-way cyclic loading, and a
value between 0 and -1 for asymmetric two-way cyclic loading.
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Figure 3. Non-dimensional parameters Th and Tc according to Leblanc et al. [7]
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Figure 4. Non-dimensional functions Kb and K¢ according to Leblanc et al. [7]

Figure 5. Cyclic load characteristics according to LeBlanc et al. [7]
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Based on the results of 1g experimental investigations conducted by Peralta et al., it was demonstrated that the power
law originally developed by Little & Briaud [15] in Equation 4 is effective in predicting the accumulated cyclic
displacement of laterally loaded rigid piles, with a cyclic degradation parameter value of 0.12 [19-22]. This finding was
corroborated by several authors, including Klinkvort et al. [23], Nicolai, & Ibsen [24], and Li et al. [25], through centrifuge
and field tests. The field test results from Li et al. [21] indicated a slightly larger cyclic degradation parameter value of
0.085, compared to that found by Little & Briaud [15]. Additionally, centrifuge test results from Klinkvort et al. [23]
and Li et al. [25] showed that the cyclic degradation parameter is influenced by the cyclic load magnitude ratio ({p) and
cyclic load type ratio ({c), leading to the introduction of Equation 20 to represent this parameter. However, the results
of centrifuge tests also indicated that the cyclic degradation parameter depends solely on soil density and the cyclic load
type ratio ({c), suggesting that it is not affected by the cyclic load magnitude ratio (). Thus, Equation 20 was proposed
to describe the cyclic degradation parameter with this updated dependency.

(T, §c) = Te(Co). Ty (Tp) (29)
o, = (0.3 —0.22D,)[1.2(1 - Z)(1 - 03)] D, > 05 (20)

Previous studies (e.g., Nicolai et al. [24], Li et al. [25], Frick et al. [26], Albiker et al. [27], Truong et al. [28] Li et al.
[29]) performed 1g experimental tests on piles embedded in sand, and their findings confirmed that the power formula
proposed by Leblanc et al. [7] aligns well with experimental results. These studies also reinforced Leblanc's observation
that the most damaging cyclic loading is asymmetric two-way cyclic loading. According to particle image velocimetry
(PIV) observations by Frick et al. [26], the increased accumulation rate under asymmetric two-way cyclic loading is
attributed to minimal net soil densification around the pile. Richards et al. [30] found that the cyclic accumulation
parameter is primarily dependent on soil density and the cyclic load type ratio (c) and is not sensitive to the cyclic load
magnitude ratio ({p). Furthermore, the maximum values of the nondimensional parameter Tc were lower than those
reported by Leblanc et al. [7], with the highest values occurring for very loose sand. It was also noted that the strain type
variable influences the critical response to asymmetric two-way cyclic loading. These findings emphasize the
importance of soil density and load type in influencing cyclic displacement and underline the specific impact of
asymmetric loading on pile behaviour.

Arshad et al. [26] conducted a series of 1-g experimental tests on a monopile embedded in dense sand, revealing
significant findings regarding the effects of cyclic loading on accumulated displacement. The results demonstrated that,
at a constant cyclic amplitude ({p = 0.42), asymmetric two-way cyclic loading ({; = -0.5) induced an accumulated
displacement 1.55 times greater than that caused by one-way cyclic loading. Furthermore, at a lower constant amplitude
(& = 0.28), asymmetric two-way cyclic loading resulted in an accumulated displacement 4.5 times larger than that from
one-way cyclic loading. The tests also showed that the cyclic secant stiffness of the pile-soil system consistently
increased with the number of loading cycles due to soil densification around the pile. However, the secant stiffness
decreased as the number of loading cycles increased due to the continuous accumulation of rotation. The proposed
logarithmic formula was found to fit the experimental data more accurately than the power law. Additionally, it was
observed that the lateral soil resistance distribution, derived from bending strain data, could be misleading. Equations
21 present both the logarithmic and power formulas developed from the experimental results.

A:—ON=0(11nl\1+B1 (21)
where a; and f; are nondimensional model parameters that are generalized as a function of cyclic load amplitude ({p)
and cyclic load type ({c), respectively.

Contrary to current guidelines that suggest a degradation of the secant stiffness of the pile-soil system due to cyclic
loading, several studies (e.g., Klinkvort et al. [23] and Nicolai et al. [24]) have supported Leblanc’s finding that the
cyclic secant stiffness of the pile-soil system actually increases logarithmically with the number of cycles, as proposed
in equation 17. Li et al. [25] observed that the cyclic secant stiffness increases exponentially with the number of cycles,
as described in Equation 22. Furthermore, they noted that the rate of increase in secant stiffness accelerates when the
load type transitions from one-way to two-way cyclic loading. Additionally, increasing the cyclic load amplitude ({c)
was found to enhance the accumulation rate of the secant stiffness, further emphasizing the significant impact of loading
conditions on the pile-soil interaction. These findings suggest that the pile-soil system exhibits a more complex response
to cyclic loading than traditionally assumed, with the secant stiffness showing a tendency to increase under certain cyclic
conditions.

Kn _ nB
KN (22)

where Kj is the initial cyclic secant stiffness, and g is the accumulation rate of cyclic secant stiffness, dependent on
cyclic load magnitude ratio {b and cyclic load type ratio ((c) as described in Equation 23.

2846



Civil Engineering Journal Vol. 11, No. 07, July, 2025

B(%b: %) = Re(@)- Ry (Gp) (23)
Rp(Zy) = 0.023 — 0.1117, + 0.2663 (24)
Re(q) = 1.31 — 1.1¢, (25)
Ky = K30 Ks(G) (26)
Ky = (72 — 56;) X 100 kN/m from monotonic test @7)
Kc(le) = 0.057¢ + 1.25 from cyclic tests (28)

where Ks and K. are not relative density-dependent.

A large-scale 1g model test was conducted on an open-ended monopile subjected to unidirectional, one-way lateral
loading with 2000 load cycles in saturated, very dense sand. The results showed that pile head displacement and rotation
progressively increased with the number of loading cycles. Moreover, the lateral secant stiffness decreased as the number
of cycles increased, indicating stiffness degradation. These findings demonstrate that pile head displacement, rotation,
and lateral stiffness are significantly influenced by the cyclic loading history, underscoring the importance of accounting
for load cycles in the analysis of monopile behaviour under lateral loading [19].

The bearing and deformation behaviour of piles under both monotonic and cyclic loading have been investigated
through 1g model tests and numerical simulations. This study examined the effects of loading height, soil relative
density, and displacement amplitude on the lateral performance of piles, as well as deformation of the surrounding soil.
The monotonic load-displacement and bending moment curves showed similar patterns across varying loading heights
and soil densities. Specifically, increasing the loading height from 1D to 4D reduced the horizontal bearing capacity by
approximately 1.63 to 1.9 times, while peak bending moment increased by 22.9% to 36.8%. The influence of loading
height diminished with increasing soil relative density. Under cyclic loading, the peak load at the pile top increased by
31.7% to 56.1% for each 1 mm increase in displacement amplitude. Soil stiffness around the pile initially decreased then
gradually increased with load cycles; after 10,000 cycles, stiffness rose by 23.1% at 50% relative density but did not
fully recover at 70% and 90%. Pile displacement increased with both horizontal load and number of cycles but decreased
as soil relative density increased. Displacement approached nearly zero at a depth of 14.6D, typical of flexible piles.
With greater load and cycles, the soil displacement zone extended downward, eventually covering the entire lower
portion of the pile model. These findings emphasize the significant impact of loading conditions and soil properties on
pile behaviour under lateral loads [20].

A comprehensive series of 1-g cyclic tests on monopiles embedded in medium-dense sand has provided deep insight
into their response under lateral cyclic loading, examining accumulated displacement, cyclic stiffness, bending
moments, and reloading behaviour. From the cyclic load-displacement curves measured at the mudline, a theoretical
framework was developed to describe the monopile’s hysteresis characteristics, leading to the proposal of a novel model
for predicting accumulated displacement. Results indicate that accumulated displacement grows with the number of load
cycles following a power law, with the rate influenced by key loading parameters but largely unaffected by certain soil
stiffness ratios. The normalized cyclic secant stiffness evolves logarithmically, increasing with some loading factors
while decreasing with others. The maximum bending moment is primarily governed by the ratio of loading period to
pile length, increasing substantially when this ratio nears two, but decreasing when it is below one. Reloading curves
typically reconnect with the initial backbone curve beyond the maximum historic cyclic load, with the elastic segment
lengthening as specific stiffness parameters increase, though some reloading effects remain not fully understood.
Validated against experimental data, the proposed analytical model, which incorporates loading conditions and pile-soil
stiffness interactions, enhances the prediction accuracy of accumulated displacement and provides improved guidance
for the preliminary design of offshore monopile foundations in sandy soils [21].

Table 1 concludes some of the empirical models proposed based on 1g, centrifuge, and field tests of cyclic laterally
loaded piles by after-mentioned researchers:
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Table 1. Empirical models based on 1g and centrifuge investigations
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Authors Test type Nuggi; of Model Parameters Critical cyclic load Te max
T, ({y, Dr = 0.04) = 0.414, — 0.023
AG Ty ({p, Dr = 0.38) = 0.414{, — 0.023 Asymmetric two-way
Leblan70 etal. 1g 2400 65370 80 @, D). TN b (S ) b A
[7] O T.({.) =x a(f +x b{g +% CZCZ +xd{, +xe (¢=-0.6)
a =031
* For rigid piles:
yv = yi-NT
Pera"zazet al. 1g 5000-10000 N m=012,t = 0.21 - -
[22] * For flexible piles:
v = y1.(1+tInN)
) a((bjzc) = Tc((c)-Tb ()
K'gl‘kéosr]t et 25-75¢ 250-10000 Vmaxn = Ymaxs X N T,(3,) = 0.617, — 0.013 One-way 1
Tc((c) = ((c + 063)({6 - 1)((6 - 164)
; ; AG a=0.13 Asymmetric two-way
N'Co'gjlet al. 1g 50000 & . roNe 14
[24] 6o T, ,& T, from curves (L=-0.5)
= .N¢
Li etal. [25] field 5017- 3173 IN=N a= 0.085, b= 0.125 ; ;
yn =¥1-(1+bIn(N))
40 a,(.), B1({p) from curves Asymmetric two-way
Arshad et . 1g 6000 ZN g In N+ B, e -
0 a = 2. =-0.
[26] 6 \max = 2.5 (&=-05)
AB Asymmetric two-wa
Ibiker et al 9, = TG D). TN Hymimee Moy 25
Albiker et al, 19 2500 s o= 0.23 for rotation & displacement (&=-0.5) for rotation )
[27] Ay 1.86

— = Ty, D). Te. N®
Vs

(¢=-0.33) for displacement

* Polynomial coefficients of: T¢ ({c <-0.3): a= 113.33; b= 288.5; c=238.88; d= 73.48; & Tc ({c > -0.3): a= 3.06; b= -6.5; ¢=5.22; d=-2.76 ; = 0.99 .
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Table 1. Empirical models based on 1g and centrifuge investigations

Vol. 11, No. 07, July, 2025

Authors Test type Number of cycles Model Parameters Critical cyclic load Te, max
60g Asymmetric two-way
Truong et al. [28 50-1500 = y,.Nw a, = (0.3—0.22D,)[1.2(1 — {3)(1 — 0.3{,)] -
g [ ] 2509 In Y1 y T ( c)( c) ((;c:—O.S)
(G, 8e) = Te(Ge)- Ty (Gp)
T({,) = 0.07335
Vi T.({.) = —=1.707({, + 0.31)% + 0.949 Asymmetric two-way
Li et al. [29] 100g 42-152 S =N¢ 1.25
Ynaxa (D, = 80%) (&=-0.4)
T.({.) = —=1.14({, + 0.323)* + 1.263
(D, = 50%)
€= A.N®
* Rotation: for 0. = 0.26 Asymmetric two-way
i AByy or ' =-0.6) for rotation
Richards et al. 1 1000-10000 Mort _ p (2 DY), T.(0). N for 0p, o= 0.3 (G ) 29
[30] b _ (L=-0.5 for
* Displacement: ay is the same as Troung et al. (2018). displacement
Ynv = y.N%
) a({,) = 0.0958 — 0.0858, — 0.1576{2 + 0.14763,** LB Asymmetric two-way
Fick etal. [31] 19 2500-10000 Yy = v NG -

a(g,) = 0.14 — 0.1466{, — 0.1176¢2 + 0.1238¢3 ,+ UB

(-0.15<¢<-0.4)

** LB means the lower boundary of accumulation coefficient a(Cc); ** UB means the upper boundary of accumulation coefficient a(Cc).
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Due to significant discrepancies in the literature regarding changes in pile-soil stiffness caused by cyclic loading and
the most damaging cyclic load type (one-way or asymmetric two-way), this paper presents 1-g experimental tests on a
small-scale monopile model to provide deeper insight into the changes in accumulated pile rotation and pile-soil stiffness
resulting from cyclic loading.

2. 1-G Experimental Small-Scale Tests

Figure 6 illustrates the flowchart of the research methodology.

Scaling down monopile
Scaling down ratio =50

)

Soil & model pile characterization Design and installation of load rig

\ )
|

‘ Monotonic tests

Determination of monotonic
pile response, (MR)

‘ Determinations of ¢}, . ‘

l

‘ Cyclic load tests

‘ Determination of accumulated
rotation, cyclic secant stiffness

Figure 2. Methodology flow chart

2.1. Load Rig

The load rig is the same as that installed initially by Rovere et al. [32] and used by Leblanc et al. [7]. The load rig is
stable and can generate millions of load cycles. As shown in Figure 7, the load rig consists of the following:

o Steel frame and rectangular tank with dimensions (90x90x%80 cm).
¢ Bin loading arm oscillates vertically [6].
¢ pulleys and high tensile wires [4, 5].

e AC gear motor rotates 6 Rev/min (frequency = 0.1 cycle/s) [1].

Two LVDTs with an accuracy of 0.005 mm [3].

Load cell LP7141-200KG-C3 [2].

Instru-Net data acquisition system.

Loading hanger and weights [7, 8].
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The weight m3 is used to counterbalance the weight of the loading beam and AC gear motor, which is 67.5 kg.
The weights m1 and m2 are used to generate a sinusoidal cyclic load on the model pile according to Equation 29.
When the weight m1 rotates, the center of mass of the pin loading beam changes, so it oscillates sinusoidally in the
vertical direction. To apply a sinusoidal load to the pile, m1 and m2 are selected appropriately as presented in
Equations 30 and 31.

H(t) = Hy + H, sin(wt) (29)

m; = (£.H,).2 (30)
m, = (E.Ha - Ho) é (31)

2.2. Soil Properties and Preparation

The used soil is loose and medium-dense silica sand. A dry sieve analysis test is performed in the laboratory to
determine the grain size distribution curve. A Proctor test is performed to determine the maximum dry density, while
the minimum dry density is determined from a standard calibration jar by pouring the sand from a very low height. Four
direct shear tests were performed to determine the peak angle of internal friction for each soil state (loose and medium
dense). At each test, the sand samples are subjected to the following normal stresses: 0.0278, 0.0556, 0.0833, and 0.111
kg/cm?. Table 2 shows the soil properties investigated.

Table 2. Soil properties

Property Value
Particle size dio, d3o, dso, dgo mm 0.2,0.35,0.5,0.6
Specific Gravity Gy 2.65
Minimum dry unit weight ¥,,;,, (kN/m?) 15
Maximum dry unit weight ¥4, (KN/m®) 17.5
Peak angle of internal friction for loose sand (Dr =8%), @pe.x, degrees 30
Peak angle of internal friction for medium sand (Dr =34%), @yca, degrees 34

The required sand mass to fill the tank to reach the required density was weighed and put on three layers in the tank
and compacted by tamping to reach the required density. The loose sand (D, = 8%) was poured from a low height.

2.3. Model Pile

The mode pile used in the tests is an open-end steel tube, and according to Polous and Hull [12], this model pile is
classified as a rigid pile. The pile properties are illustrated in Table 3.
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Table 3. Model pile properties

Property Value
Pile diameter (d) mm 90
Wall thickness (t) mm 2
Penetration length (L) mm 450
Load eccentricity (h) mm 535, 385, 235
Pile Weight (W) N 47
Flexural stiffness (EI) KN. m? 58.14

Vol. 11, No. 07, July, 2025

Initially, the pile was aligned vertically in the center of the tank using two sides supports, as shown in Figure 8-b.
Then, the pile was driven in the soil mass using a hammer with a rubber head falling from a constant height, as shown
in Figure 8-a. The number of blows required to reach the required penetration depth in the medium dense state is 500 +
25, while the number of blows required to reach the required penetration depth in the loose state is 250 +25.

(a) (b)

Figure 8. Pile installation: (a) pile driving; (b) side supports

2.4. Monotonic Tests

The monotonic loading was performed incrementally without operating the AC motor. The mass m1 was increased
incrementally by 0.5 kg every 5 mins, but the mass m, was zero, and according to Abadie et al. [33], the creep effects

can be neglected during this time.

2.5. Cyclic Tests

The cyclic test was performed by operating the AC motor. When m; rotates, the main load beam oscillates vertically
and generates a later cyclic load on the pile head. The masses m; and m; are chosen according to the planned cyclic load

characteristics ({p & Cc). Figure 5 shows the cyclic load test of the pile.

2.6. Tests Program

Table 4 illustrates the tests program performed in the Future University geotechnical laboratory.

Table 4. Laboratory test program

System Type L (mm) h (mm) D, (%0) & & N
Monotonic 535 8 - - -
Monotonic 385 8 - - -
Monotonic 235 8 - - -
Cyclic 535 8 0.26 0 10000
Cyclic 535 8 0.34 0 10000
1 Cyclic 450 535 8 0.53 0 10000
Cyclic 535 8 0.6 0 10000
Cyclic 535 8 0.417 -0.23 10000
Cyclic 535 8 0.417 -0.5 10000
Cyclic 535 8 0.417 -0.6 10000
Cyclic 535 8 0.417 -0.7 10000
Cyclic 535 8 0.417 -0.98 10000
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Monotonic 535 34 - - -

Monotonic 385 34 - - -

Monotonic 235 34 - - -
Cyclic 535 34 0.248 0 10000
Cyclic 535 34 0.417 0 10000
2 Cyclic 450 535 34 0.58 0 10000
Cyclic 535 34 0.77 0 10000
Cyclic 535 34 0.417 -0.25 10000
Cyclic 535 34 0.417 -0.575 10000
Cyclic 535 34 0.417 -0.82 10000
Cyclic 535 34 0.417 -0.95 10000

2.7. Scaling Up Considerations

It is well known that the governing Behavior of sand is frictional, and this behavior is mainly governed by the
isotropic stress level [34]. In addition, the soil stiffness is stress-dependent. Due to all the tests being performed in the
1g lab, the isotropic stress is much lower than in the field. Therefore, the scaling-up method considered by Leblanc et
al. [7] is used here. This method is as follows:

e The sand sample in the lab is prepared at a lower relative density to ensure that the peak angle of internal friction
in the lab is similar to that of the field.

o The stiffness stress dependency is accounted for by expressing shear modulus as follows:

G 6\

= =C,. (X 32

Pa 1 (pa) ( )
where p, is the atmospheric pressure, C; is the nondimensional constant, n is the pressure coefficient with a
recommended value equal to 0.5, and g, is the effective vertical stress at depth C,L below the seabed.

6-17 = C2.L.)>

o Grain size effects on soil-structure interaction will be nonsignificant if the ratio between the pile diameter and the
mean diameter of sand particle (D/dsg) > 60 [35]. In this paper, the (D/dso) = 180; therefore, the grain size effect is
negligible.

The scaling-up ratio of the tested model piles is 50, which means that this model corresponds to a prototype of
diameter 4.5 m and 22.5 m embed length for scaling geometric and dynamic similarity, while kinematic similarity can
be neglected due to low cyclic loading frequency. The nondimensional products developed by Leblanc et al. [7], as
shown in Table 5, are adopted here.

Table 5. Nondimensional products adopted by LeBlanc et al. [7]

Nondimensional Parameters

Moment Loading M= L
L3.d.y

. - 14
Vertical Force V= Zdy

. ~ H
Horizontal Force H= Zdy
Rotation 5 Pa
(degrees) o= ej:y

. - M

Load eccentricity h= L

Aspect ratio n= %

3. Results and Discussion
3.1. Monotonic Response

As shown in Figure 9, for the two sand relative densities (Dr = 8% and Dr = 34%), the monopile rotation and moment
both increase continuously without reaching a plateau and it was found that the pile deformation response becomes
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stiffer with increasing sand relative density. The monotonic moment rotation response of the model pile is fitted well
by the power formula as described in Equations 33 and 34 for loose and medium-dense sand, respectively

M = 77.37 90408 (33)

M = 44.6 6°367 (34)

120

Mg=102.64 N.m

100 +

80 —

60

M (N.m)

40 H

@ Monotonic test

20 H 1h=0.535m,D=0.34
1®  Monotonic test

: h=0.535m ,D,=0.08

—+——Power Eq.

0+ T T T T T T T T T T

0.0 0.5 1.0 15 2.0 25

eo

Figure 9. Monotonic moment-rotation curve

3.2. Failure Criteria

It is so difficult to determine the point of failure of the model pile. Several failure criteria were adopted in previous
research, such as the change of slope criterion, which captures the point of failure at the point at which the slope of the
load-displacement curve starts to change [22]; deformation criteria, which define the failure point at certain displacement
or rotation [4] and lastly hyperbolic formula criterion which define the moment -rotation or load-displacement curve
into hyperbola and the point of failure can be capture by extrapolating [36]. Table 6 shows the failure criteria adopted
by previous authors. In this paper, the deformation criterion was adopted, which assumes that the pile fails after reaching
a 2° rotation. This criterion has been widely accepted by researchers such as Lee et al. [37], PISA [17], and Richards et
al. [30].

Table 6. Failure criteria adopted by previous researchers

Reference Failure criteria
Peralta et al. [22] Ymug= 0.1 L
Leblanc et al. [7] 6 = 0. % =4°
Klinkvort et al. [23] 0=4°
Truong et al. [28] 0=0.5°
Arshad et al. [26] 0=1.5°
Al biker et al. [27] 0=3°
Frick et al. [38] Hyperbolic formula (Manolui et al. [36])
Li etal. [29] Ymug = 0.075D
Lee et al. [37], PISA [17], Richards et al. [30] 0=2°

The lateral moment resistance (Mg) of the model pile increases with increasing sand relative density, as shown in
Figure 8. Specifically, the Mg was found to be 102.64 N-m in medium-dense sand (Dr = 34%) and 57.5 N-m in loose
sand (Dr = 8%).

2854



Civil Engineering Journal Vol. 11, No. 07, July, 2025

3.3. Cyclic Response
3.3.1. Accumulated Rotation

As seen in Figures 10 and 11, the pile lateral accumulated displacement increases with a number of load cycles in
medium dense and loose sand states, and the power formula proposed by Leblanc et al. [7] and introduced in equation
(16) fits the results well but with different nondimensional parameters (o, T and T¢) values. It was observed that most
of the drawings of accumulated rotation versus number of cycles are parallel so that the accumulation parameter (o)
can be considered constant with an overall average value equal to 0.09, which is lower than the value observed by
LeBlanc et al. [7] and may be the reason for this discrepancy that the accumulation parameter a is material dependent
but is still in the range between 0.074 and 0.31 which is provided in the literature.

10*

10*

10°

A6/Bg

107" 4 p
D,=0.08 ¢, =0 Pl D,=0.34 (. =0
¢, =0.417 o ¢, =0.417
—e— (¢, =0.53 —e— (¢, =0.58
—— (¢, =0.26 —— ¢, =0.77
—v—(,=0.34 —v—(,=0.348
= = Power law| - - Power Law|
10 T T T T T T T T T T 10 T T T T T T T T T T
10° 10t 10? 10° 10* 10° 10t 102 10° 10*
N N
(@) (b)
Figure 10. Accumulated displacement due to one-way cyclic load ({ =0): (a) Dr=8%0;(b) Dr=34%
10* 10*
10° 10° 5
2&’!
(<~} an
< =
<
10114~ 1014 I ' D= 034, §, =0.417
e eem=mm ) be=023 |} -7 - (. =-0.575
A—A/‘f‘* (=0
H\“#—‘—‘ —a— (. =-0.95
—v— (. =025
£ =07 ¢, =-0.82
- - - - Powerl
:I.O_2 T T T T 'Poyve'rlfi\?/'”l 10_2 T T e
10° 10t 10? 10° 10 10° 10* 10? 10° 10*
N N
(a) (b)

Figure 11. Accumulated displacement due to two-way cyclic load ({p =0.417): (a) Dr=8%;(b) Dr=34%

Notably, the pile accumulated rotation increases with increasing the cyclic load magnitude ratio ({p), as shown in
Figure 10. The effect of cyclic load magnitude load ratio was considered in the power formula by using the
nondimensional parameter (Ty). This parameter (Ty) is dependent on cyclic load magnitude ratio ((p); it linearly
increases with increasing cyclic load magnitude ratio ({p) with larger values in medium dense sand than loose sand as
seen in Figure 12 and Equations 35 and 19 provide correlations for this parameter in loose and medium dense sand

respectively.

D, = 0.08 (35)

T, = 0.022 + 0.477,

(36)

T, = 0.058 + 0.787, D, = 0.34
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T.= 1.013 — 6.47(; — 4.0422 + 3.1653 D, = 0.08 (37)
T. = 0.98 — 1.06{; + 3.302 + 5.580 D, = 0.34 (38)
4.0
0.7 1
" 3.5-
| /s
0.6 1 4 3.0+
] ’ S -~
/ - ~
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s " ©
= ] ’ 2.0+ ’ >
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Figure 12. Nondimensional constants: (a) Tb ; (b) Tc

For a constant cyclic load magnitude ratio ({y) of 0.417, corresponding to the extreme loading conditions of offshore
wind turbines [39], the maximum accumulated displacement occurs under asymmetric two-way cyclic loading with a
cyclic load type ratio ((c) of —0.6, as shown in Figure 12. This observation aligns with the findings of previous studies
(e.g., Leblanc et al. [7]; Nicolai et al. [24]; Albiker et al. [27]; Truong et al. [28]; Li et al. [29]; Frick et al. [38]) and may
be attributed to minimal soil compaction around the pile under this loading condition. Figure 12 illustrates that the
nondimensional constant T, depends on the cyclic load type. Specifically, T. increases as the cyclic load type ratio ({c)
changes from 0 to —0.6, reaching peak values of 2.7 and 1.7 for loose and medium-dense sand, respectively, before
decreasing again. This peak corresponds to the asymmetric two-way cyclic load. Furthermore, the maximum value of
(T¢) is higher for loose sand compared to medium-dense sand, indicating that T. is also dependent on soil relative density.
Based on curve fitting, a cubic polynomial describes the relationship between T and (., as provided in Equations 37 and
38 for medium-dense and loose sand, respectively.

As shown in Figures 13 and 14, the cyclic secant stiffness of the pile-soil foundation system increases with the
number of load cycles, likely due to soil densification around the pile caused by cyclic loading. The logarithmic
formula developed by LeBlanc et al. [7], as provided in Equation 17, is used to fit the results. However, the overall
average value of the nondimensional coefficient Ay equals 7.2, slightly lower than the value reported by LeBlanc et
al. [7].

This formulation fits the data only partially due to the large scatter in results, which may stem from the measurement
of very small changes in pile displacement between successive cycles. Such minimal variations can introduce
inconsistencies or noise, especially when displacement changes fall within the limits of measurement precision, making
it challenging to accurately capture the pile’s stiffness response during cyclic loading. It was also observed that cyclic
secant stiffness decreases with increasing cyclic load magnitude ratio ({p) and as the cyclic load type changes from one-
way to two-way cyclic loading. This behaviour may be due to the initial cyclic secant stiffness (Ko) decreasing with
increasing ({p) for one-way cyclic loading ({:=0), as shown in Figure 13, and further decreasing when transitioning from
one-way to two-way cyclic loading at a constant cyclic magnitude ratio ({,=0.417), as shown in Figure 14. According
to equation (20), the initial cyclic stiffness depends on non-dimensional functions Ky and K¢, which are mainly
influenced by cyclic load magnitude ratio ({p) and cyclic load type ratio (L), respectively, as presented in Equations 39
and 40 and illustrated in Figure 15.

K, = 1570 — 2637, + 202.73 (39)

K. = 0.5222 + 0.97C. + 0.97 (40)
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Figure 15. Non-dimensional functions: (a) Kp; (b) Kc
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4. Conclusion

This study investigated the lateral cyclic behaviour of monopiles through 1-g experimental tests, focusing on
accumulated displacement and cyclic secant stiffness under different loading conditions and soil densities. The results
show that the pile’s lateral accumulated displacement increases with the number of load cycles, following a power law
relationship like that proposed by LeBlanc et al. [7], but with a lower exponent constant (¢=0.09). The displacement
also increases with higher cyclic load magnitudes, with the nondimensional parameter (Tp) linearly related to the cyclic
load magnitude ratio (y). The maximum displacement occurred under asymmetric two-way cyclic loading ({&=—0.6),
consistent with previous findings in the literature, and was strongly influenced by sand relative density, with
nondimensional values of 2.7 and 1.7 for loose and medium-dense sand, respectively.

In terms of stiffness, the cyclic secant stiffness of the pile-soil system was found to increase with the number of load
cycles but decrease with rising cyclic load magnitude and when transitioning from one-way to two-way cyclic loading.
The logarithmic model by LeBlanc et al. [7] provided a reasonable fit to the stiffness data despite significant scatter.
These findings emphasize the importance of considering both cyclic load type and soil density when evaluating monopile
performance. Further experimental and numerical research is recommended to deepen the understanding of soil-pile

interaction effects and to enhance design standards for offshore monopile foundations.

5. Symbols
X Corrected cyclic stress ratio 6 Cyclic load magnitude ratio
¢ Cyclic load type ratio ov The effective vertical
E,l, Pile flexural stiffness Eg Soil young’s modulus
Pxy) Soil bedding resistance Pu Soil ultimate bedding resistance
X0 Cyclic stress ratio at initial stress condition Xt Cyclic stress ratio after applying first load cycle
V1 Pile lateral displacement after first cycle YN Pile lateral displacement after N of cycles
v Buoyant soil unit weight 0 Static rotation
o9 (l:\il)ar;jé)i;i;;:;lcipal stress at initial stress condition (zero loading ot Major principal stress after applying first load cycle
0 Majo_r.principal stress at static failure state of initial stress ol Major principal stress at static failure state after applying fist
if condition if load cycle
D, Sand relative density k Nondimensional cyclic secant stiffness
B, The accumulation rate of cyclic secant stiffness AB Accumulated rotation
A Calibration factor Ax A nondimensional constant
American Petroleum Institute recommended practice for
API Planning, Designing, and Constructing Fixed Offshore b;and b, Material regression parameters
Platforms-Working Stress Design
C1,C2,C3 Dimensionless coefficients D Pile diameter
Esn Secant stiffness after N of cycles G Soil shear modulus
K Initial stiffness coefficient Ki The initial cyclic secant stiffness
K, K¢ Dimensionless functions Kn, N Horizontal subgrade reaction modulus after N of cycles
Kh1 Determined by static p-y curve Kn Horizontal subgrade modulus
Ks, N Secant stiffness after N of cycles Ks1 Initial secant stiffness
L Pile embedded length Minax The maximum applied moment in a load cycle
Muin The minimum applied moment in a load cycle Mg The static moment capacity
n The pressure coefficient Nh Horizontal coefficient of subgrade modulus
Pa The atmospheric pressure Rs Accumulated strain due to cyclic loading
t a A cyclic degradation parameter T Pile-soil relative stiffness
To, Te,aq, B;  Nondimensional parameters X Soil depth
y Pile lateral displacement a, a, An accumulation coefficient
a A parameter to cont_rol relative contribution between soil B Soil density factor
resistance and deflection
€p, N Axial plastic strain after N of cycles €cp, N=1 Axial plastic strain after first cycle
& Pile installation factor ) Cyclic load type factor
I Nondimensional initial cyclic secant stiffness
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