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Abstract: Fixed-bottom foundations of offshore structures, mainly monopiles, are subject to extreme
events and other critical cyclic nature loads. Since offshore wind turbine structures are slender, the
manufacturers of offshore wind turbines give a range of frequencies for safe operation during a
structure’s life cycle. Highly reliable measurements and accurate determination of shear moduli
and damping ratios are crucial to ensure the stability of these structures, for example, to avoid the
resonance of the structures. Because foundation–soil properties change over a period of time due
to various environmental factors, this should be taken into consideration for designs. In the current
investigation, behaviours of dry sand under dynamic loads were explored. Cyclic loads of strain
amplitudes of 0.05%, 0.1%, 0.25% and 0.5% were carried out in a cyclic simple shear apparatus to
explore the evolution trend of the stiffness and damping ratio of the soil. Attempts were made to
simulate varying weather conditions by conducting cyclic tests with different strain amplitudes
representing normal weather conditions and extreme weather conditions. It was found that soil
dynamic properties vary remarkably at first and then tend to stabilise under cyclic loading with
the same strain amplitude. However, with varying strain amplitude, property variations continue
further. From numerical analyses using the discrete element method, it was found that this is due to
the disturbance of soil, causing further particle rearrangements and soil compactions, following a
sudden change of strain amplitude, which leads to further property variations.

Keywords: offshore wind foundation; soil–structure interactions; resonance; damping ratio;
cyclic simple shear; varying weather conditions; discrete element method

1. Introduction

Offshore wind turbine structures are subject to complex dynamic loads, including
the cyclic loading from waves, wind and blade rotations. These loads act in conjunction
with one another at different frequencies, magnitudes and directions. This irregularity
makes the analysis of dynamic behaviour on the foundation and soil difficult. For this
reason, there are no standardised methods that can be implemented to ascertain the cyclic
load-bearing capacity [1] for OWTs. Offshore structures are sensitive to dynamic loads and
can become excited due to resonance. The calculation of the first mode of frequency is most
important to check whether it is close to the excitation frequency to avoid fatigue failure
of the system. However, the soil–structure interaction (SSI) can influence the calculation
of frequency of the system, particularly for the case of a stiff structure founded on soft
subsoil [2]. Amendola et al. [3] found from full-scale SSI tests and back-calculations that
the impedance function (consisting of parts representing dynamic stiffness and damping)
varies if considering or neglecting the foundation swaying in the dynamic equilibrium
of the soil–structure system at frequencies different from natural frequency. Mina and
Forcellini [4] confirmed that the soil may cause several spectral amplifications under free-
field conditions and that a rigid structure is sensitive to SSI effects. Simplified approaches
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have been proposed to consider the SSI in stiffness calculation, e.g., the 4 DOF macro-
element model [5] and numerically explicit stiffness matrix formulation for multi-element
shallow foundations [6].

However, long-term cyclic loading can change the soil properties and thus the soil–
structure interactions due to various factors, causing either a reduction or increase in
soil stiffness, altering the system’s natural frequency of vibration, which might set the
system into resonance [7–9]. The properties of soil, mainly stiffness and damping, are
fundamental in this context. Soil is a complex material, and it is affected by particle
size distribution, voids ratio, specific gravity, relative density, groundwater table, degree
of saturation, overburden pressure, frequency of loading, number of cycles of loading
and plasticity index of soil. Many previous studies have investigated the soil responses
under constant cyclic strain or stress amplitude, e.g., [10–12]. It was confirmed from these
studies that both the stiffness and damping properties vary under constant cyclic loading,
while the variation magnitude tends to reduce and soil gradually reaches a dynamically
stable condition. However, soil responses under random load conditions have not been
fully studied. Therefore, it is essential to understand the soil responses and soil–structure
interactions under complex dynamic loads.

The repetitive real loading from the wind and waves is irregular, and the magnitudes
of loading vary significantly between normal operational conditions and extreme loading
conditions. This can occur as either one-way cyclic or two-way cyclic loading [13]. There
are intensive studies on estimations of wind and wave loads, e.g., [14,15], and also recom-
mendations in Standards DNVGL-ST-0437 [16] and IEC-61400 [17]. The cyclic load can be
applied to the structure using force or displacement. Thus, it is possible to generate various
categories of cyclic loading by combining the possibilities. There are investigations on
wind turbine tower and blade responses under random wind and wave excitations [18,19].
However, these studies did not consider the soil property changes due to environmental
loading. Many other investigations examined the soil–structure interactions under cyclic
lateral loading in field tests [20], scaled model tests [21–24], FEM simulations [10] and
DEM simulations [25,26]. However, these studies only considered regular cyclic loading
with fixed loading magnitude. An analysis with only one single loading amplitude cannot
represent real situations accurately.

In the current study, cyclic loading combining operational loading scenarios and
extreme loading scenarios such as storms were applied on soil samples to explore the soil
responses under more realistic conditions. Both experimental tests and discrete element
modelling of cyclic simple shear tests were performed and are detailed in this paper.
Dynamic soil properties were examined under various combinations of load scenarios.
Micromechanics were also explored to find the underlying reasons for the different soil
responses. This study addresses the limitations of existing work in two aspects: examination
of soil–structure interactions under combined operational and extreme loading scenarios
instead of constant operational load condition only; and advanced understanding of the
underlying mechanism for complex soil–structure interactions.

2. Materials and Methods
2.1. Experimental Test Program

As described by Cui et al. [7], the interaction between the monopile and the soil
element in front of the monopile is analogic to a cyclic simple shear scenario with constant
vertical stress. Cyclic simple shear tests were also performed in the current study. A
commercially produced silica sand, RedHill 110, which has been used by many other
researchers [23,27], was selected for current experimental tests. A cyclic simple shear
apparatus manufactured by VJ Tech Ltd. was used for testing cylindrical soil samples that
were 50 mm in diameter and 20 mm in height, as suggested in ASTM D6528 [28]. RedHill
110 sand has a specific gravity of 2.65, minimum and maximum void ratio of 0.608 and
1.035, respectively, and d50 = 0.18 mm. Its particle size distribution (PSD) curve is shown in
Figure 1. The experimental test program is provided in Table 1. All tests were performed
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on samples with a relative density of 50% and vertical stress maintained at 100 kPa. All the
tests were conducted at a frequency of 1 Hz. Four cyclic simple shear tests (Series A) with a
single shear strain amplitude of 0.05%, 0.1%, 0.25% or 0.5% were performed to simulate
steady weather conditions. To simulate varying weather conditions, a series of cyclic simple
shear tests (Series B) with combined shear strain amplitudes were conducted; each test
included four normal weather events with 1000 cycles of lower strain amplitude (LSA)
and three extreme weather events with 1000 cycles of higher strain amplitude (HSA), with
normal weather events sandwiched by extreme weather events, as illustrated in Figure 2.
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Figure 1. Particle size distribution (PSD) of RedHill 110 sand in experiments and PSD of DEM samples.

Table 1. Experimental test and DEM simulation program.

Series Name Test No. Shear Strain % Cycles

Ex
pe

ri
m

en
ta

lt
es

ts

A

A1 0.05 30,000

A2 0.1 30,000

A3 0.25 30,000

A4 0.5 30,000

B

B12 * 0.05 + 0.1 1000/event

B13 0.05 + 0.25 1000/event

B14 0.05 + 0.5 1000/event

B23 0.1 + 0.25 1000/event

B24 0.1 + 0.5 1000/event

B34 0.25 + 0.5 1000/event

D
EM

si
m

ul
at

io
ns C

C1 0.21 6000

C2 0.52 6000

C3 0.92 6000

D
D12 0.21 + 0.52 1000/event

D13 0.21 + 0.92 1000/event
* Index “12” in “B12” means B12 is a combination of A“1” and A“2”.
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2.2. DEM Simulation Program

The discrete element method (DEM) is a powerful tool to simulate and analyse the
soil responses from particle scale and reveal the underlying micromechanics [29]. DEM
simulations of cyclic simple shear tests were also performed on spherical granular soils
with the same d50 but narrower PSD, as shown in Figure 1. The same PSD was not adopted
as it would require unrealistic computational costs for cyclic tests. The Series C simulations
were only run up to 6000 cycles, not 30,000 cycles as in the physical experiments, also
due to high computational costs. The purpose of the DEM simulations is to analyse
the underlying micromechanism for soil responses, not to reproduce the physical test
quantitatively. Therefore, two-dimensional simulations were performed to model a thin
middle slice of the physical sample. This can be justified by the fact that the major and
minor principal stresses in a simple shear test lie in the loading plane, which is considered
in a 2D simulation. In the current study, a commercial DEM code PFC2D [30] was used to
perform the simulations. Each numerical sample is 50 mm in width and 20 mm in height,
containing 8000 disks with sizes ranging from 0.1 mm to 0.3 mm, with a void ratio of 0.227
when vertically consolidated to a vertical stress at 100 kPa, the same as that in experiments.
Parameters used in the DEM simulations are listed in Table 2, the same as those adopted
and validated in the previous study, where the particle stiffness was calibrated to achieve a
similar shear modulus for RedHill 110 sand (1–10 MPa) at 0.5% shear strain under vertical
stress of 100 kPa, and the boundary stiffness was set at a higher value to represent the
stiffer steel confining rings [7]. The frictional coefficient between sand particles was set to
be 0.5, based on the particle characteristics study performed by Cavarretta [31].

Table 2. DEM simulation parameters.

DEM Parameter Value

Particle density 2650 kg/m3

Frictional coefficient 0.5

Normal stiffness of particle 8.0 × 107 N/m

Shear stiffness of particle 4.0 × 107 N/m

Normal and shear stiffness of boundary 4.0 × 109 N/m

In the modelling of the cyclic simple shear test, a drained condition was maintained,
i.e., the vertical normal stress was kept at a prescribed value by stress-controlled top and
bottom walls (moving in or out to maintain the vertical stress at 100 kPa). The left and right
walls were rotated about their midpoints to meet the simple shear condition. A monotonic
simple shear test of this sample showed that it behaves like a loose sand [7]. The DEM
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simulation program is also provided in Table 1. Three cyclic simple shear simulations
(Series C) with shear strain amplitudes of 0.21%, 0.52% and 0.92% were performed, and
two combined cyclic simple shear simulations (Series D) were conducted to simulate the
varying weather conditions. Note that the tolerance for the total rotation of monopile at
seabed is suggested as low as 0.5◦ in Standard DNV-OS-J101 [32], which is equivalent to
0.9% shear strain.

A configuration of the DEM sample is shown in Figure 3. Twelve measurement
circles, also indicated in Figure 3, were defined within the sample to calculate the average
stress and other microscale parameters. The average stress, void ratio and coordination
number presented in the following sections are the average values from these twelve
measurement circles.
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3. Results
3.1. Experimental Results

The shear stress–strain curves of representative cycles (1st, 10th, 100th, 1000th, 10,000th
and 30,000th) of the experimental test, A4, with a single strain amplitude of 0.5% are shown
in Figure 4. The shear stress and shear strain in each loading cycle forms a hysteresis loop,
indicating the energy dissipations during cyclic loading. The hysteresis damping ratio, α,
can be determined by the expression described by [33]:

α =
A

4πA∆
(1)

where A is the area of the hysteresis loop and A∆ is the area of the triangle indicated in
Figure 4 representing the elastic energy stored in the soil during one load cycle. Note that
although γmax and γmin have the same magnitude in one cycle, the corresponding τmax and
τmin have quite different magnitudes; therefore, triangular areas were calculated based on
both positive stress and negative stress (see Figure 4) and the average area was used for the
damping ratio calculation. The shear modulus (G) of the sample can be calculated as

G =
τmax − τmin
γmax − γmin

(2)

where γmax and γmin are the maximum and minimum shear strain in each cycle, respectively,
while τmax and τmin are the corresponding shear stresses, respectively. It can be observed
from these hysteresis loops that with the nearly constant shear strain amplitude, maximum
shear stress increased from 30 kPa in the 1st cycle to 89 kPa in the 30,000th cycle, while the
minimum stress decreased from −51 kPa in the 1st cycle to −113 kPa in the 30,000th cycle
(as indicated by arrows in Figure 4), which leads to an increase in the shear modulus. It is
also clear that the area of the triangle increases significantly, which leads to a decrease in
damping ratio as the loading cycle continues.
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triangles for calculations of damping ratio (Red arrows indicate increasing number of cycles).

The shear stress–strain curves of one example of varying weathering conditions, Test
B34, are shown in Figure 5. It can be observed in Figure 5a that for the first low strain
amplitude (LSA) event, the maximum shear stress increases significantly from 27 kPa to
62 kPa and the minimum shear stress decreases from −32 kPa to −70 kPa. Therefore, the
gradient of the line joining the two ends of the hysteresis loops increases remarkably, which
leads to an increasing shear modulus and a decreasing damping ratio (due to increasing
triangular area). However, in the following events, the change of the gradient is less
remarkable, thus there is less variation in the damping ratio and shear modulus.
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Figure 6 shows the evolution trends of the shear modulus and damping ratio during
the cyclic loading for Series A. First, it can be seen clearly that the value of the shear
modulus decreases with the strain amplitude, as would be expected for soils. The shear
modulus reduces from 28 MPa for 0.05% strain to 8 MPa for 0.5% strain in the 1st cycle,
while in the 30,000th cycle, shear stress increases to 45 MPa and 20 MPa for 0.05% and
0.5% strain amplitude, respectively. It is also observed that the shear modulus increases
significantly in the first 10 cycles for all strain amplitudes. The increase continues but
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slows down in the following cycles, and for 0.05% strain amplitude it even reduces. The
damping ratio increases significantly with increasing strain amplitude, as the higher the
strain amplitude, the more there was soil disturbance and thus more energy dissipation.
The sand behaves like a loose sand as confirmed in the previous study [11]; thus, the cyclic
loading densifies the soil significantly, leading to increasing soil stiffness and decreasing
damping ratio.
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The comparisons of the variations of shear modulus and damping ratio between
the single strain amplitude tests and combined strain amplitude tests are illustrated in
Figures 7 and 8, respectively, where each test of combined weather events is compared with
its corresponding two single weather events. The evolution trends of shear modulus in
Figure 7 confirms the trends in Figure 6. With the switches between a low strain amplitude
(LSA) event and a high strain amplitude (HSA) event, the shear modulus varies between a
higher value and a lower value. In the first cycle after the amplitude increase, the shear
modulus drops immediately to a relative low value for the corresponding strain level. In
the following few cycles, the shear modulus increases but then stabilises quickly. Moreover,
in most cases, in the combined weather events, the shear modulus increases to much
higher values than those in its corresponding single weather event, particularly for low
strain amplitude events. It is inferred that the variation of strain amplitude could give
soil extra disturbance and break the dynamic stabilisation built up during single strain
amplitude cyclic loading, which leads to more soil compactions and thus a greater increase
in shear modulus.

The damping coefficient follows a similar pattern to the shear modulus, as illustrated
in Figure 8. The damping ratio for a single weather condition drops quickly with the
increasing number of cycles and approaches an asymptotic value. These confirm the
observations in Figure 6. The damping ratio for combined weather conditions varies
between a low value and a high value, which are similar to the corresponding single
strain amplitude tests. Immediately following the variation of strain amplitude, there is a
sharp increase in damping ratio in the first few cycles, indicating greater amount of energy
dissipation. In most cases, the damping ratios for HSA events are higher than those for their
corresponding single strain amplitude tests, while the damping ratios for LSA events are
lower than those for their corresponding single strain amplitude tests. The higher damping
ratios for HSA events are mainly due to extra soil disturbance, while the lower damping
ratios for LSA events are probably because of the soil densification in the previous event,
leaving less capacity for soil rearrangements.
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3.2. DEM Results
3.2.1. Stress–Strain Relationships

The representative cycles in the DEM simulation C2 with single strain amplitude
of 0.52% are shown in Figure 9. Similar to the experimental tests, the maximum shear
stress at γmax increases and the minimum shear stress at γmin decreases with an increasing
number of cycles, leading to an increase in shear modulus and decrease in damping ratio.
One difference between the experiments and DEM simulations is that the shape of the
initial part of the stress–strain curve in DEM is concave upwards rather than concave
downwards as in the experiments, i.e., the small strain stiffness first increases up to 0.2%
and then decreases. The other difference is that once the strain reaches the maximum value
and changes shearing direction, there is a delay in the reduction in stress: the stress first
increases slightly then starts to decrease, thus forming a small loop at both ends of the
hysteresis loop. These delays in stress reduction indicate the inertia effect of the particles
in DEM, because the shear strain rate is a constant with sudden direction inversions in
virtual simulations rather than the sinuous strain rate with smooth direction inversions
in experiments.
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Figure 9. Representative stress–strain loops for Simulation C2 with 0.52% strain amplitude (Red
arrows indicate increasing number of cycles).

The representative cycles in the combined weather events D12 are shown in Figure 10.
Obviously, the areas of hysteresis loops for HSA events are much larger than those for LSA
events. In the first LSA event (cycles 1–1000), an increase in shear modulus and a decrease
in damping ratio are very clear. In the first HSA event (cycles 1001–2000), an increase in
shear modulus and a decrease in damping ratio are also obvious, as the strain amplitude
in this event is much higher than in the previous event. However, from Event 3 (cycles
2001–3000) onwards, no matter the strain amplitude, both shear modulus and hysteresis
loop area only vary slightly. The DEM simulations show less variations than experimental
tests. Possible reasons for this difference include the wider particle size distribution, particle
breakage and interlocking between irregular shaped particles in physical samples, which
enable more capacity for continuous variations and slower stabilisation.

The variation of the shear modulus with the number of loading cycles for both single
weather conditions and combined weather conditions are illustrated in Figure 11. As
expected, shear modulus (G) reduces with increasing strain amplitude (γ), agreeing with
the typical G–γ degradation curve [34]. It is very clear that the shear modulus increases
quickly in the first 1000 cycles and is stabilised afterwards in single weather conditions. The
shear modulus for 0.21% (C1) and 0.52% (C2) approaches after 4000 cycles. In the combined
weather events D12 and D13, Event 1 is consistent with the single strain amplitude of 0.21%
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(C1), while in Event 2 with γmax = 0.52% (or 0.92%), the shear modulus reduced to 3.5 MPa
(or 2.5 MPa) in the first cycle, which is much higher than the initial shear modulus 2.8 MPa
(or 1.9 MPa) for the single strain amplitude in C2 (C3). This is due to soil compaction
during Event 1. At the end of Event 2, the shear modulus approaches the value for the
2000th cycle for the single strain amplitude, i.e., 4.1 MPa for 0.52% and 3.3 MPa for 0.92%.
The difference starts from Event 3. In Event 3, all strain amplitudes are 0.21%, but both
combined events have much higher shear moduli (5.2 MPa) than the single weather event
(4.7 MPa) in the 3000th cycle. In Event 4, the shear modulus for D13 is similar to the
modulus for C3; however, the shear modulus for D12 (4.2 MPa) is much lower than C2
(4.6 MPa). In Event 5 (γmax = 0.21%), the differences in the shear modulus for C1 and
D12/D13 are more pronounced, i.e., 4.7 MPa and 5.3 MPa/5.7 MPa, respectively. The two
consequent events replicated the observations in Event 4 and Event 5.
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3.2.2. Void Ratio

To understand the variations of the shear moduli, the average void ratios of the
samples were determined and are illustrated in Figure 12. It is clearly shown that the
void ratio reduces under cyclic loading, and the higher the strain amplitude, the more
the reduction in void ratio. Comparing Figures 11 and 12, it can be found that the void
ratio is another controlling parameter for the shear modulus for a single weather condition.
The similarity of the shear moduli for C1 and C2 is due to the combined effect of strain
amplitude and void ratio. In the combined weather conditions (D12 and D13), the void
ratios for Events 3, 5 and 7 with γmax = 0.21% are much lower than that for C1, indicating
denser soil conditions; thus the shear moduli are higher than that for C1. This also confirms
the hypothesis made for these experiments. The void ratios for Events 2, 4 and 6 for D12 are
always higher (soil is looser) than that for C2, therefore the shear modulus for D12 is lower.
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3.2.3. Coordination Number

Another microscale parameter, the coordination number, which is the average contacts
per particle, for all simulations are also plotted in Figure 13. The coordination number has
a strong relation with the stress level within the sample [29]. First, the coordination number
increases with cyclic loading. The coordination number for C1 is much lower than the
other simulations. The coordination number is shown to be the third controlling parameter
for shear moduli, as more contacts enable more transmissions of contact forces between
particles, thus increasing the average stresses and stiffness. As the coordination number
for C2 is much higher than that for C1, it is not surprising that its shear modulus rises to a
greater extent. The coordination numbers for D12 and D13 also give an explanation to the
observations of shear moduli: in Events 3, 5 and 7 where γmax = 0.21%, the coordination
numbers for D12 and D13 are obviously higher than that for C1, leading to a higher shear
modulus; in Events 2, 4 and 6, the coordination number for D12 is slightly lower than that
for C2, leading to a lower shear modulus; D13 and C3 have similar coordination numbers
and similar void ratios in Events 4 and 6, and thus similar shear moduli.

3.2.4. Damping Ratio

The variations in damping ratio for both a single weather condition and combined
weather conditions are illustrated in Figure 14. For a single weather condition, the damping
ratio drops significantly in the first few cycles and then mobilises at a steady value. For the
combined weather conditions, damping ratios in Events 1, 3, 5 and 7 for D12 match the
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values for C1 with the same strain amplitude, while the damping ratio for D13 is similar
to C1 in Events 1 and 3, but lower in Events 5 and 7. For Events 2, 4 and 6, the damping
ratio for D12 (D13) matches the value for C2 (C3) in most cycles; however, in the first few
cycles in Event 2, the damping ratio for D12 (D13) experiences a sharp increase, indicating
a big disturbance in the soil sample and lots of soil rearrangements due to a sudden strain
amplitude switch. Such sharp increases are not observed in Events 4 and 6, showing that
soil tends to adapt to the strain amplitude switch and becomes stabilised. By comparing
Figures 8 and 14, it is observed that the magnitudes of damping ratios in DEM simulations
are much lower than those in experimental tests. This is due to a number of factors: the
DEM sample has a narrower particle size distribution and rounded particle shape, thus
less capacity for smaller particles moving into voids or interlocking with each other and
dissipating energy; real sand particles may break under cyclic loading and thus dissipate
energy, but DEM particles are not breakable in current simulations. Nevertheless, DEM
simulations successfully captured the key characteristics of dynamic parameter evolutions.
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3.2.5. Incremental Particle Displacement

To confirm the hypothesis for the damping ratio, incremental particle displacement fields
for C2 (γmax = 0.52%) and D12 (γmax = 0.21% + 0.52%) are illustrated in Figures 15 and 16,
respectively. In the plots, each vector starts from the initial location of a particle, pointing to the
new location in each considered interval. Each vector is scaled by a factor of 3.0 to increase the
visibility. It is clearly shown in Figure 15a that, in the first 1000 cycles, particles along the top
and bottom boundaries mainly move inwards, leading to soil densification, consistent with
the observations in the evolution of the void ratio. In the middle of the sample, there are lots
of local convective flows forming granular vortices. Soil densification and soil convections are
both associated with energy dissipation. In the second 1000 cycles, no clear soil densification
can be observed, but local convective flows are still noticeable in the middle of the sample.
In the third 1000 cycles, particle movements are very small. For the combined weather
condition simulation D12, the first 1000 cycles are under 0.21% strain amplitude, thus the
particle displacements are much smaller than those for 0.52%. In the second 1000 cycles, strain
amplitude increased to 0.52%; consequently, the particle displacements increase significantly,
including soil densification and convective flow. In the third 1000 cycles, strain amplitude is
reduced to 0.21% again and very few noticeable particle displacements occur. In the fourth
1000 cycles, only convective flows can be observed under 0.52% strain amplitude.
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Figure 15. Incremental displacement field for C2 (Unit: m). (a) First 1000 cycles—0.52%. (b) Second
1000 cycles—0.52%. (c) Third 1000 cycles—0.52%.
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4. Discussion and Conclusions

A summary of the average particle displacements for every 1000 cycles for all DEM
simulations is shown in Figure 17. The average displacement reduces quickly with loading
cycles for single weather conditions. For the combined events, the decay of particle
displacement slows down, as every time the strain amplitude is increased, soil experiences
extra excitation and has more rearrangements than that without the sandwich of low
strain amplitude loading cycles. This reveals that soil can easily reach a dynamically
stable state under regular cyclic loading, but with irregular cyclic loading, the excitation
can drive the particle rearrangements and evolutions of dynamic properties further. A



J. Mar. Sci. Eng. 2023, 11, 1222 16 of 18

combination of two strain amplitudes has led to a bigger change; one can believe that
if soil is excited by a real irregular dynamic loading signal, dynamic soil properties can
experience further changes.
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Figure 17. Average particle displacement in each event for all DEM simulations.

Although the DEM is limited to 2D simulations, i.e., a central slice of the cylindrical
specimen, the observed variation trends for the shear modulus and damping ratio agree
well with the experimental results. The percentage of increase in shear modulus is lower in
DEM simulations and the damping ratio is also lower in DEM simulations. DEM samples
tend to stablise quicker than physical samples. The main reasons are the narrower particle
distribution and non-breakable particles. With wider particle distribution in experiments,
fine particles can move into voids between coarse particles. In addition, with particle
breakage under cyclic loading, more fine particles can be generated, and more energy
dissipated, thus the particle rearrangements and increase in stiffness continue after more
loading cycles.

In the current paper, both experimental tests and DEM modelling of cyclic simple shear
tests were conducted to investigate the soil responses for soil–monopile interactions under
varying weather conditions. Cyclic simple shear tests with combined strain amplitudes
were considered to mimic the switches between normal weather conditions and extreme
weather conditions. Based on the investigations, the following conclusions can be drawn:

• The shear modulus of soil for loose sand increases quickly with cyclic loading initially
and then mobilises around a steady value. The higher the strain amplitude, the lower
the shear modulus, but the higher the increase.

• The increase in the shear modulus is a combined consequence of reduction in void
ratio and increase in coordination number due to particle movements.

• The damping ratio of soil decreases quickly with cyclic loading initially and then also
mobilises around a constant value. The higher the strain amplitude, the higher the
damping ratio.

• Soil becomes stabilised after thousands of loading cycles with a single strain amplitude.
• The switch of strain amplitude between a low value and a high value can break

the dynamic stabilisation of the soil and give soil more excitations, which lead to
further particle rearrangements and thus further variations in the shear modulus and
damping ratio.

The current study has a few limitations:

• Cyclic loading with single strain amplitude is an idealised situation for the offshore
loading environment. The current load patterns switching between two strain ampli-
tudes simulate very basic varying weather conditions. To understand the soil response
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and soil–structure interactions in real offshore environments, real load signals will be
considered in future experiments and numerical simulations.

• Dried soil samples were analysed in the current study to replicate a fully drained
condition because wind and wave load frequencies are relatively low and sandy soil is
mainly in drained conditions. Seismic conditions were not considered.

• The numerical simulations modelled the sand as an assembly of 2D rounded unbreak-
able disks with narrower particle distribution, which will not replicate all physical
sample responses. However, they have been verified to be able to capture the key
responses qualitatively. The purpose of numerical modelling is not to replicate the
physical tests but provide insight into the micromechanism and advance engineers’
understanding of soil behaviours under complex loading.

The variations of soil stiffness and damping of granular soils under irregular cyclic
loading can be used to develop/improve soil constitutive models (including p–y curves)
under long-term cyclic loading to be used in SSI modelling of offshore structures in future
studies. Future studies will consider the soil responses under real environment load signals
and seismic loads and their influences on SSI for offshore structures.
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