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Abstract

To evaluate the lateral resistance of rigid monopiles for wind turbines in dense sand under lateral cyclic loading, centrifuge model tests
are performed, focusing on the base resistance and degradation of the soil resistance under two-way lateral cyclic loading in the short-
term. The slenderness ratio (embedded pile length to diameter) is varied from 3.75 to 8 and the loading frequency is in the range of 0.002
to 0.4 Hz in the prototype scale. Under cyclic loading with a maximum horizontal displacement of 5% of the pile diameter, the build-up
of excess pore water pressure is observed, but the maximum value of the average excess pore water pressure ratio is around 50% in the
steady-state for dense sand whose relative density is 80%. A simple analytical model for the rigid piles, considering the base resistance, is
derived and then used to quantify the significance of the resistance at the pile base and the degradation of the soil resistance under cyclic
loading. When the slenderness ratio is less than 5, a significant contribution of the moment resistance at the base is confirmed. The esti-
mation of the degradation of the horizontal subgrade reaction coefficient using the simple analytical model suggests that, through cyclic
shear tests for the determination of the deformation properties of the soil in a laboratory, it is possible to estimate the degradation of the
soil stiffness and the parameters for the reduced sway-rocking type of foundation model.
� 2022 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Fixed foundations are the most common type of foun-
dations for offshore wind farms. To reduce the cost of these
https://doi.org/10.1016/j.sandf.2022.101148
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foundations, the capacity of the turbine increases rapidly
(IRENA, 2021). It has been reported that turbines
15 MW in size will be tested for the first time in 2022
and are scheduled for production in 2024 (Hanley, 2021).
Given the recent progress, the size of turbines could reach
up to 20 MW in a decade or two (IRENA, 2019). To sup-
port such giant turbines, the foundation size also has to be
large. The most common type of fixed foundations uses
monopiles, whose diameter can be over 10 m for a tower
supporting these turbines. With such a large diameter,
the slenderness ratio (L=D, where L = embedment length
of the pile and D = pile diameter) of each monopile
Japanese Geotechnical Society.
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becomes smaller and the monopile behaves as a semi-rigid
or rigid pile. Due to this trend, the behaviour of short piles,
i.e., piles with a small slenderness ratio, has been exten-
sively studied and knowledge that contributes to evaluating
the performance of short piles has been accumulated.

For short or rigid piles, since the relatively large dis-
placement of the pile base or tip is expected under laterally
loaded conditions, the horizontal and rotational resistance
at the base, which is negligible in long piles, needs to be
considered in the performance evaluation of the founda-
tion. In the analytical studies on short piles in elastic
media, solutions based on the analysis of beams in the Win-
kler type of foundation are available (Hetenyi, 1946;
Barber, 1953; Poulos and Davis, 1980; Scott, 1981). These
solutions can be used to assess the serviceability limit
states, e.g., the limits in the tilt of the foundation, and
are used to estimate the natural frequency of the whole
wind turbine system. However, they do not consider the
horizontal and rotational resistance at the base as their tar-
get slenderness ratios are relatively large. Other solutions,
based on finite element analyses (Carter and Kulhawy,
1992; Higgins et al., 2013; Kamata and Takahashi, 2021
among the others), consider the existence of the ground
below the base, but the contribution of the resistance at
the base is not very clear. Shadlou and Bhattacharya
(2016), on the other hand, explicitly considered the ground
below the base in their dynamic analysis; their study is one
of the few that addresses the effect of the ground below the
base in the simplified modelling of the foundation stiffness.

Apart from the above analytical studies on elastic
grounds, some studies have considered the horizontal and
rotational resistance at the base up to the plastic deforma-
tion range. Page et al. (2018) modelled a force–displace-
ment relation at the seabed, based on the macro-element
approach. Lai et al. (2021) modelled the region below the
pivot of the pile using the macro-element approach and
combined it with a pile that was laterally supported by
p � y springs proposed by Zhang and Andersen (2017).
These models are for clayey grounds, but they may have
the potential to be extended for use in sandy grounds.

Experiments are essential for the validation of analytical
solutions. In the industry-led PISA (Pile–Soil Analysis)
Project, large-scale pile loading tests were performed and
then evaluated by a three-dimensional finite element analy-
sis and a one-dimensional pile model, supported by several
soil-pile interaction springs, including the horizontal and
rotational resistance at the base. The tests were performed
for a sandy ground at Dunkirk, northern France (McAdam
et al., 2020; Taborda et al., 2020). They are of value for the
evaluation of the horizontal and rotational resistance at the
base, but are limited in terms of monotonic loading. Phys-
ical model tests on short piles in sand have also been per-
formed in a laboratory using the geotechnical centrifuge
(Choo et al., 2014; Choo and Kim, 2016; Zhu et al.,
2016; Baek et al., 2017). These tests were all conducted
under drained (or dry) conditions; unfortunately, the resis-
tance at the base was not explicitly considered.
2

Given the characteristics of offshore wind turbine tow-
ers, the effects of vibrations, i.e., cyclic loading, have to
be properly considered (DNVGL-ST-0126, 2018;
DNVGL-RP-C212, 2019). Monopiles are exposed to cyclic
lateral loads due to the rotation of the blades and environ-
mental loads such as wind and waves. Among the many
cyclic loading effects, a permanent accumulated tilt of the
foundation over the long term is one of the major concerns,
and many physical model tests have been performed to
examine this tilt (Leblanc et al., 2010; Nanda et al., 2017;
Abadie et al., 2019; Xiao et al., 2021; Richards et al.,
2021; Rathod et al., 2021 among others). The tests were
performed on rigid piles in sand under drained (or dry)
conditions. Many of them were one-way cyclic loading
tests, as a large accumulation of displacement was
expected, while some of them were two-way or multi-
directional loading tests.

As for the performance of offshore wind turbine towers
during a single storm, normally the most severe storm in
the design life, the relevant frequency range in cyclic load-
ing may be determined by the range in wave loading and
the natural frequency of the whole wind turbine system.
Typically the latter is higher than the former and falls in
the range of 0.1 to 1 Hz, depending on the ground condi-
tions and the size of the wind turbine. In this situation,
because of the relatively larger loading frequency, partially
drained conditions or nearly undrained conditions are
expected, i.e., the build-up of excess pore water pressure
during cyclic loading. Consequently, degradation of the
soil stiffness is expected. Cyclic loading tests on rigid piles
with the build-up of excess pore water pressure are rare,
with the work by Zhu et al. (2021) being one of the excep-
tions. However, the loading frequency in their tests covered
only that for wave loading (0.0005 to 0.05 Hz).

In this study, to evaluate the lateral resistance of rigid
monopiles for wind turbines in dense sand under lateral
cyclic loading, physical model tests in a geotechnical cen-
trifuge are performed. This study focuses on the resistance
at the pile base and the degradation of the soil resistance
under two-way lateral cyclic loading in the short term.
Slenderness ratios of L=D = 3.75, 5 & 8 are considered
for the former, while loading frequencies of f = 0.002,
0.2 & 0.4 Hz in the prototype scale are considered for the
latter. In the tests with loading frequencies of f = 0.2 &
0.4 Hz, as the loading rates are relatively large compared
to the hydraulic conductivity of sand, the ground is under
partially drained conditions and the build-up of excess pore
water pressure during cyclic loading is expected. To quan-
tify the significance of the resistance at the pile base and the
degradation of the soil resistance under cyclic loading, a
simple analytical model is used for the rigid piles by consid-
ering the moment resistance at the pile base.

2. Overview of centrifuge model tests

The centrifuge model tests are carried out on three dif-
ferent models at 50 g using the Tokyo Tech Mark III cen-



Table 1
Scaling factors.

Parameter Prototype/Model

Length 50
Strain 1
Displacement 50
Acceleration 1/50
Time 50
Frequency 1/50
Stress 1
Soil stiffness 1
Bending stiffness of pile 504

Table 2
Properties of Toyoura sand.

Parameter Value

Specific gravity, Gs 2.655
Maximum void ratio, emax 0.916
Minimum void ratio, emin 0.593
Mean diameter, D50 (mm) 0.19
Dr = 80%
Coefficient of permeability, k (m/s) 3.87 � 10-5

Shear modulus, G0 (r0m0 = 25 kPa) (MPa) 62.3
Shear modulus, G0 (r0m0 = 50 kPa) (MPa) 70.4
Shear modulus, G0 (r0m0 = 100 kPa) (MPa) 95.2
Cyclic shear stress ratio for cDA = 7.5% in 20 cycles 0.442
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trifuge (Takemura et al., 1999). The three tested models in
the prototype scale are shown in Fig. 1. All the test condi-
tions and results hereafter are shown in the prototype scale
unless otherwise mentioned. Each model monopile is
placed near the centre of a rigid box with inner dimensions
of 500 � 300 � 360 mm in the model scale (25 � 15 � 18 m
in the prototype scale.).

Since the target monopile is a large-diameter pile, tests
on piles with a diameter of 5 to 10 m are desirable when
considering the possible application of the monopiles to
giant turbines planned for the future. Owing to the limita-
tion of the centrifuge used here, however, the pile diameter
in the prototype scale had to be reduced. The application of
the generalised scaling law (Iai et al., 2005) is one of the
choices for accommodating this situation. However, as
the application of the generalised scaling law to pile load-
ing tests has not been validated, especially in terms of the
incompatibility of the strain in the soil and the structural
members, it was decided that the generalized scaling law
would not be used in this study. Instead, quarter models
are made to be dimensionally similar to the target mono-
piles, and used as the prototype monopiles, and the ordi-
nary scaling law is applied for the centrifuge modelling.
Thus, monopiles with diameters of D = 1.25 & 2 m in
the prototype scale are used in this study. The scaling fac-
tors for the important parameters are tabulated in Table 1.

The dense sand layer is modelled by Toyoura sand with
a relative density of Dr = 80%. The properties of Toyoura
sand are tabulated in Table 2. The air pluviation method is
used to prepare the model ground. In reality, the piles are
Fig. 1. Model configuratio

3

usually driven into the ground, whereas the model mono-
piles are placed inside rigid boxes after making the sand
layer below the base of each pile. The sand is then depos-
ns in prototype scale.
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ited to the designated ground level, i.e., the mudline, in
order to avoid the excessive densification of the surround-
ing soil during the preparation at 1 g. This means that the
monopiles in this study are embedded piles. During the
preparation of the model ground under dry conditions,
pore water pressure cells are placed at the designated loca-
tions shown in Fig. 1. Once the preparation of the model
ground under dry conditions is completed, the models are
saturated with a de-aerated Metolose solution (60 SH-50,
hydroxypropyl methylcellulose made by Shin-Etsu Chemi-
cal Company) under 760 mm Hg of vacuum pressure. The
viscosity of the pore fluid is 50 times that of water, but the
density and surface tension are nearly identical to those of
water.
Fig. 2. Drawings and photos of model monopiles.

4

The three model monopiles used in this study are made
of stainless steel. They are shown in Fig. 2 and their prop-
erties are tabulated in Table 3. Photos of the top and base
of model monopile D2-L7.5 are also shown in Fig. 2. Inside
the stainless steel tubes, strain gauges are placed at many
elevations to estimate the bending moment profile of each
monopile. To protect the strain gauges, the base of each
monopile is closed with a circular cylinder made of brass
so that no soil can enter the pile. In the case of the pile
diameter of 2 m, two earth pressure cells are embedded
at the bottom of the circular cylinder, as shown in Fig. 2,
to estimate the moment resistance at the base. The eleva-
tion of the loading height is the same for all the cases
(7.05 m) and a hollow circular cylinder made of aluminium
is placed at the top of each monopile to prevent local defor-
mation around the loading point.

Two-way lateral loading is created with a hydraulic jack
(loading capacity = 7 kN, maximum displacement
amplitude = 10 mm, and maximum loading frequency =
20 Hz in the model scale) in the displacement control. To
make the bending moment of the pile at the loading point
zero, the loading is performed through two half-section
brass-made circular cylinders clamping the monopile, as
shown in Figs. 1 and 2(d). During the loading, the horizon-
tal displacements of the monopiles are measured at the
loading point and at the two elevations shown in Fig. 1
using laser displacement transducers.

The loading tests are performed at 50 g on the three dif-
ferent models shown in Fig. 1. Six loading tests are con-
ducted for each model. The test conditions and some
results are tabulated in Table 4. The loading conditions
and sequences are summarised in Fig. 3. For all the models,
the first three cyclic loadings are performed at a loading
frequency of f = 0.2 Hz by increasing the loading displace-
ment amplitude in stages, followed by two cyclic loadings
at f = 0.002 Hz and one cyclic loading at f = 0.4 Hz. Since
the typical natural frequency of a whole wind turbine sys-
tem lies in the range of 0.1 to 1 Hz, depending on the
ground conditions and the size of the wind turbine, at least
it can be said that the loading frequencies of f = 0.2 &
0.4 Hz are in the same order as the natural frequency
range. As for the displacement amplitude, the displacement
amplitude at the loading point lies in the range of 3.2 to
10.3% of the pile diameter. The horizontal displacement
at the mudline is around 40 to 50% of that at the loading
point; thus, the horizontal displacement amplitude at the
mudline is in the range of 1.4 to 4.9% of the pile diameter,
which is good enough for performing an assessment in the
serviceability limit state.

3. Test results

3.1. Load-displacement curves

Firstly, as typical load–displacement curves, those at the
loading point in Model D2-L10 (D = 2 m, L = 10 m, and
L=D = 5) with a loading frequency of f = 0.2 Hz, are



Table 3
Properties of model monopiles.

D2 D1.25

Model Prototype Model Prototype

Scale factor 1/50 1 1/50 1
Material SUS 304 SUS 304 SUS 304 SUS 304
Diameter, D (mm) 40 2000 25 1250
Thickness, t (mm) 0.5 25 0.5 25
Area, A (mm2) 62.0 1.55 � 105 38.5 9.62 � 104

Geometric moment of inertia, I (mm4) 1.21 � 104 7.56 � 1010 2.89E � 103 1.81 � 1010

Young’s modulus, E (kN/mm2) 193 193 193 193
Bending stiffness, EI (kN.mm2) 2.34 � 106 1.46 � 1013 5.58 � 105 3.48 � 1012

Loading frequency, f (Hz) 0.1 0.002 0.1 0.002
10 0.2 10 0.2
20 0.4 20 0.4
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shown in Fig. 4. The results of the three different horizontal
displacement amplitude levels are plotted in the figure.
With this loading frequency, due to the build-up of excess
pore water pressure, the degradation of the soil resistance
with the loading cycle occurs and the peak horizontal load
at the loading point decreases with the cycle at the begin-
ning of loading, as will be explained later. After around five
cycles of loading, the load–displacement curve converges to
the same loop and reaches a steady-state for all three cases.
These results suggest that degradation of the soil resistance
occurs even with a foundation ground that is comprised of
dense sand when the monopile is excited at a level of fre-
quency that is the same as that of the natural frequency
of the whole wind turbine system.

Similar plots, but for the different loading frequencies in
Model D2-L10, are shown in Fig. 5. With the fast loading
(f = 0.2 & 0.4 Hz, M-2 & F-1), the degradation of the soil
resistance with the loading cycle occurs and the curve
reaches the steady-state, while the soil resistance increases
with the loading cycle with the slow loading
(f = 0.002 Hz, S-2). The latter is attributed to the densifi-
cation of the surrounding soil due to the cyclic loading
under nearly drained conditions. For the loading with
f = 0.4 Hz (F-1), it is performed after two slow loadings
with f = 0.002 Hz (S-2 & S-3), the resistance in the first
loading and at the steady-state being larger than that in
the loading with f = 0.2 Hz (M-2). In all the models, the
effects of the densification of the adjacent soil in the slow
loading may have a certain impact on the resistance in
the loading with f = 0.4 Hz, which is performed at the very
end of the tests. In Model D2-L10, after all the loadings,
the settlement of the ground surface adjacent to the pile
is around 300 mm.

Next, typical load–displacement curves for different
slenderness ratios with the slow loading (f = 0.002 Hz,
S-2) are compared in Fig. 6(a) and (b). One shows the plots
for the normalised horizontal force at the mudline against
the normalised horizontal displacement at the loading
point, while the other shows the plots for the normalised
moment at the mudline against the normalised horizontal
displacement at the loading point. Here, the horizontal
5

force (shear force), H , and the moment, M , at the mudline
are estimated from the bending moment distribution esti-
mated by the strain gauges attached to the model mono-
pile. It should be noted that the horizontal force
estimated by the strain gauges on the monopile is the same
as that measured using a load cell at the loading point (P ),
while this is not the case for the bending moment. The lat-
ter is attributed to the slight shift in the loading point dur-
ing the cyclic loadings. For this reason, the bending
moments estimated by the strain gauges on the monopile
are used for the plots and the analysis in the following.

When the horizontal force at the mudline is normalised
by the weight of the soil column, whose volume is nearly

the same as the pile volume (c0D2L), the normalised initial
stiffness in the first cycle becomes almost the same for all,
while the moment at the mudline is normalised by the
weight of the same soil column times the embedment length

of the pile (c0D2L2), and the normalised initial stiffness in
the first cycle becomes almost the same for all within the
scope of this study. Richards et al. (2021) compared vari-
ous normalisation methods in order to discuss the effects
of the stress level, but no concrete conclusions were
obtained. Further comparisons may be needed to justify
the normalisation here, but these normalised load–dis-
placement curves allow us to visually grasp the changes
in the hysteresis loop depending on the slenderness ratio.
When the stored energy at the maximum loading point is
W and the area of the load–displacement hysteresis loop,
i.e., dissipated energy in one cycle, is DW , the hysteresis
damping ratio, h, is defined by h ¼ 1

4p
DW
W . Detailed compar-

isons will be made later, but comparisons of the area of
these load–displacement loops in the figure reveal that
the larger the slenderness ratio, the smaller the hysteresis
damping ratio.

Up to now, all the figures have displayed plots against
the horizontal displacement at the loading point. However,
for a stability assessment of a wind turbine tower, the hor-
izontal displacement and rotation (or tilt) of the monopile
at the mudline are needed. Similar plots to those in Fig. 6
are plotted in Fig. 7, but they show the relationships
between (a) the horizontal force and the displacement at



Table 4
Test conditions and some results.

Test code Loading
pattern

D (m) L (m) Dr (%) c0

(kN/m3)
e (m) f (Hz) N (-) dmax (mm) dmax

D umax (mm) umax

D P 1 (MN) hH (%) hM (%) nh1
(MN/m3)

nhmin

(MN/m3)

nhmin

nh1
ruave g1L

D2-L10-01 M-1 2 10 77% 9.74 7.05 0.2 20 68 3.4% 36 1.8% 0.28 26% 21% 3.1 1.9 0.61 0.47 1.8
D2-L10-02 M-2 2 10 77% 9.74 7.05 0.2 20 136 6.8% 67 3.4% 0.64 22% 18% 3.3 1.8 0.54 0.50 1.9
D2-L10-03 M-3 2 10 77% 9.74 7.05 0.2 20 203 10.1% 89 4.5% 0.89 19% 15% 3.6 2.1 0.57 0.50 1.9
D2-L10-04 S-2 2 10 77% 9.74 7.05 0.002 3 137 6.8% 55 2.7% 0.55 22% 18% 3.4 3.4 1.00 0.06 1.9
D2-L10-05 S-3 2 10 77% 9.74 7.05 0.002 3 205 10.2% 82 4.1% 0.87 23% 17% 3.6 3.6 1.00 0.08 1.9
D2-L10-06 F-1 2 10 77% 9.74 7.05 0.4 20 81 4.1% 35 1.8% 0.41 24% 18% 4.1 3.0 0.74 0.36 2.0
D1.25-L10-01 M-1 1.25 10 80% 9.79 7.05 0.2 20 40 3.2% 18 1.4% 0.14 16% 7.8% 3.0 2.4 0.79 0.29 2.4
D1.25-L10-02 M-2 1.25 10 80% 9.79 7.05 0.2 20 80 6.4% 39 3.1% 0.30 20% 12% 3.1 1.6 0.50 0.37 2.5
D1.25-L10-03 M-3 1.25 10 80% 9.79 7.05 0.2 20 126 10.1% 62 4.9% 0.39 19% 12% 2.4 1.4 0.57 0.41 2.3
D1.25-L10-04 S-2 1.25 10 80% 9.79 7.05 0.002 3 80 6.4% 35 2.8% 0.23 17% 9.4% 2.2 2.2 1.00 0.04 2.3
D1.25-L10-05 S-3 1.25 10 80% 9.79 7.05 0.002 3 126 10.0% 51 4.1% 0.36 18% 8.9% 2.4 2.4 1.00 0.05 2.3
D1.25-L10-06 F-2 1.25 10 80% 9.79 7.05 0.4 20 83 6.6% 35 2.8% 0.27 20% 11% 2.9 2.2 0.76 0.22 2.4
D2-L7.5-01 M-1 2 7.5 79% 9.77 7.05 0.2 20 69 3.4% 31 1.6% 0.22 22% 26% 4.4* 2.6* 0.60 0.39 1.5
D2-L7.5-02 M-2 2 7.5 79% 9.77 7.05 0.2 20 137 6.8% 62 3.1% 0.40 22% 18% 4.2* 2.1* 0.50 0.36 1.5
D2-L7.5-03 M-3 2 7.5 79% 9.77 7.05 0.2 20 206 10.3% 94 4.7% 0.54 21% 15% 3.9* 1.9* 0.50 0.42 1.4
D2-L7.5-04 S-2 2 7.5 79% 9.77 7.05 0.002 3 137 6.9% 59 2.9% 0.33 25% 23% 3.3* 3.3* 1.00 0.05 1.4
D2-L7.5-05 S-3 2 7.5 79% 9.77 7.05 0.002 3 206 10.3% 89 4.4% 0.50 25% 22% 3.4* 3.4* 1.00 0.07 1.4
D2-L7.5-06 F-1 2 7.5 79% 9.77 7.05 0.4 20 82 4.1% 35 1.8% 0.24 22% 23% 4.6* 3.2* 0.71 0.17 1.5

Note: D = Pile diameter, L = Embedment length, Dr = Initial relative density of sand, c0 = Effective unit weight of sand, e ¼ M=H = Load eccentricity, f = Frequency of cyclic loading, N = Number of
cyclic loadings, dmax = Imposed horizontal displacement amplitude at loading point, umax = Horizontal displacement amplitude at ground surface, P 1 = Horizontal load in first cycle, hH = Hysteresis
damping ratio for H � u curve, hM = Hysteresis damping ratio for M � h curve, nh1 = Coefficient of subgrade reaction in first cycle, nhmin = Minimum coefficient of subgrade reaction in cyclic loading,
ruave = Average excess pore water pressure ratio, g1 = Relative stiffness of soil to pile in first cycle.
*Value is estimated with considering moment resistance at pile base with Rk ¼ kv=kh = 4.
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Fig. 3. Loading conditions and sequences.

Fig. 4. Load-displacement curves at loading point for different displace-
ment amplitudes (D2-L10).

Fig. 5. Load-displacement curves at loading point for different loading
frequencies (D2-L10).
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the mudline and (b) the moment and the rotation at the
mudline. A more detailed discussion on the degradation
of the soil resistance with the loading cycle will be given
later in Section 5 using the secant stiffness, i.e., the slope
of the line that passes through the peaks in the loop, in
these types of plots. Moreover, the hysteresis damping
ratios obtained from these types of plots are compared in
the next subsection.
3.2. Hysteresis damping ratios

Changes in the hysteresis damping ratios with the load-
ing cycle are calculated for all the models in all the load-
ings. The hysteresis damping ratios show some decrease
with the loading cycle in the early stage of loading, but
reach the steady-state soon after that. The hysteresis damp-
ing ratios at the steady-state are summarised in Fig. 8 and
7

Table 4. The average of the last 10 cycles of loading is
shown for the cases with 20 cycles, while the average of
the three cycles is shown for the slow loadings.

Although some decrease in the damping ratios with the
horizontal displacement amplitude at the mudline can be
seen for the moment-rotation curves with D = 2 m and
f = 0.2 Hz, the changes in the damping ratios with the dis-
placement amplitude are insignificant as a whole. The
condition-dependent difference is less and the damping
ratio is around 20% for the horizontal force–displacement
curve. On the other hand, the difference depending on the
slenderness ratio is significant for the moment-rotation
curve; the damping ratio for the case with L=D = 8 is
around 10%, while it is around 20% for the other cases.
Abadie et al. (2019) reported that the damping ratio was
around 30% for the cases with L=D = 4.7 and e=L = 1.2
where e = the load eccentricity at the mudline. Probably
the larger load eccentricity in their tests resulted in the lar-
ger damping ratio.

In the cases with fast loadings (f = 0.2 & 0.4 Hz),
because of the significant loading rate effects, e.g., degrada-
tion of the soil resistance due to the build-up of the excess
pore water pressure and partially drained conditions, com-
parisons are not easy. Although there are some analytical
studies on such effects, e.g., Bayat et al. (2016), further
studies may be needed to understand the soil–water cou-
pling effects on the hysteresis damping. If attention is paid
only to the cases with slow loading (f = 0.002 Hz), the ten-
dency is more simple, namely, the smaller the slenderness
ratio, the larger the hysteresis damping ratio, and the differ-
ence is significant for the moment-rotation curve.

A possible reason for the above observation is as fol-
lows: ordinarly the normalised horizontal displacement
with the pile diameter is used as an index for the soil stiff-



Fig. 6. Normalised horizontal force and moment at mudline against normalised horizontal displacement at loading point (S-2).

Fig. 7. Relationships between (a) horizontal force and displacement and (b) moment and rotation at mudline (S-2).
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ness since it is believed that the magnitude of the shear
strain in a plane normal to the pile axis is directly linked
to this index and that it governs the soil stiffness. However,
when the pile is rigid, even if the normalised horizontal dis-
placement at the mudline is the same, depending on the pile
length, the shear strain in a vertical plane parallel to the
loading direction can be different in the deeper portion; if
the pile is shorter, larger shear strain is expected in that
plane. For this reason, piles with smaller slenderness ratios
can experience larger plastic deformation of the soil in the
deeper portion; and hence, the hysteresis damping can be
larger.
8

3.3. Excess pore water pressure

With the fast loadings (f = 0.2 & 0.4 Hz), the build-up
of excess pore water pressure is observed. Fig. 9 plots the
time histories of the excess pore water pressure at depths
of z ¼ 1D and z ¼ 5D in Model D2-L10 during M-2 load-
ing (f = 0.2 Hz). In the shallower portion (z = 1D), the
quick build-up of excess pore water pressure is observed
in the first cycle, while eight loading cycles are required
to reach the steady-state in the deeper portion (z ¼ 5D).
As expected, the closer the monopile, the larger the excess
pore water pressure. Surprisingly, the maximum value in



Fig. 8. Hysteresis damping ratios at steady-state against normalised horizontal displacements at mudline.

Fig. 9. Time histories of excess pore water pressure (D2-L10-02, M-2).

Fig. 10. Time histories of excess pore water pressure near monopile (D2-
L10-01 � 03, M-1 � 3).
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the deeper portion is more or less the same as that in the
shallower portion. This means that the excess pore water
pressure ratio ru (excess pore water pressure Du normalised
by the initial overburden pressure at corresponding point
r0v0) is relatively large in the shallower portion, while it is
very small in the deeper portion.

As for the dissipation of excess pore water pressure,
unlike during an earthquake, since there is no change in
the pore water pressure in the far-field, dissipation after
loading is rather quick. Some decrease has already started
in the shallower portion during cyclic loading because of
the partially drained conditions, i.e., the rate of increase
in the pore water pressure due to cyclic shearing is not large
9

enough compared to the dissipation rate. Changes in the
excess pore water pressure near the monopile
(x ¼ 2D; z ¼ 1D&5D) are compared in Fig. 10 for the three
different horizontal displacement amplitude levels in the
same model (D2-L10). The maximum value per cycle is
maintained for the larger displacement amplitude loading
(M-3), while some decrease is observed in the smaller dis-
placement amplitude loadings (M-1 & M-2) in the shal-
lower portion. Such tendencies are rather moderate in the
deeper portion. In any case, the excess pore water pressure
reaches the steady-state in the 10 cycles of cyclic loading in
this study.

Fig. 11 plots the maximum excess pore water pressure
profiles near the monopile (x ¼ 2D) for all the models in
all the loadings. In the loading with f = 0.2 Hz, there



Fig. 11. Maximum excess pore water pressure profiles near monopile (x ¼ 2D).
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are some variations, but the values are more or less the
same throughout the depth irrespective of the imposed dis-
placement amplitude. In the slow loadings (f = 0.002 Hz),
there is almost no excess pore water pressure. As for the
fastest loadings (f = 0.4 Hz), the maximum values are
rather smaller even if the loading is the fastest. A possible
reason for this is the densification of the adjacent soil in the
slow loadings (S-2 & S-3) performed before the loading
with f = 0.4 Hz, as explained in Fig. 5.

Using the maximum excess pore water pressure profiles,
the average excess pore water pressure ratio for the founda-
tion ground, i.e., from the mudline to the monopile base,
ru ave, is estimated and summarised in Table 4. Even in a
dense sand layer, the build-up of excess pore water pres-
sure, i.e., a decrease in effective stress, occurs with cyclic
loading. In this study, the maximum horizontal displace-
ment of the monopile at the mudline, normalised by the
pile diameter, is around 5%, which is fairly large. However,
the soil is far from experiencing liquefaction and the max-
imum value of the average excess pore water pressure ratio
is around 50% within the scope of this study.

3.4. Bending moments

The bending moments of the model monopiles are esti-
mated by the strain gauges attached to them. Comparisons
of the bending moment profiles at the peak times in the
time histories of the imposed displacement for all the mod-
els in all the loadings reveal that the shapes of the bending
moment profiles are very similar to each other and show
typical bending moment profiles for the free-head rigid or
semi-rigid piles.

Fig. 12 plots the bending moment profiles at the selected
peaks for all the models in the loadings with the normalised
horizontal displacement amplitude of dmax=D = 6.7% at the
10
loading point. The top plots are for the fast loading
(f = 0.2 Hz, M-2), while the bottom plots are for the slow
loading (f = 0.002 Hz, S-2). As for the former, since the
degradation of the soil resistance occurs during the cyclic
loading, the profiles at the first cycle and at the cycle that
exhibits the minimum resistance at the peak are shown in
the figure. As for the latter, since the peak resistance
increases with cycles and three cycles of loading are
applied, the profiles at the first and third cycles are plotted.
It should be noted that the plots with markers show the
bending moments estimated by the strain gauges, while
the solid lines indicate the theoretical values that will be
explained in Section 4.

In Models D2-L10 and D2-L7.5, the moments at the
base estimated by the earth pressure cells are also plotted.
They are calculated by assuming that (a) the pressure
changes linearly in the loading direction and (b) the pres-
sure is the same if the distance from the neutral axis is
the same, i.e., the pressure is the same in the direction nor-
mal to the loading direction. Since it is very difficult to
measure the earth pressure in a sandy ground, especially
with a small cell because of the arching effects, the moment
estimated at the base using the earth pressure cell may be
underestimated. Unfortunately, this may be the case for
the earth pressure measurement in this study.

If a pile is categorised as a long pile, the bending
moment converges with zero at the pile tip and the shear
force at the tip is expected to be zero if the pile tip is not
socketed into the firm layer. None of the piles in this study
are long piles, but the bending moment profiles in Model
D1.25-L10 show such features. On the other hand, a cer-
tain moment resistance seems to be mobilised at the base
in the models with the larger diameter piles, especially in
Model D2-L7.5, as a larger bending moment is observed
near the base of the monopile. As is recommended for



Fig. 12. Maximum bending moment profiles (dmax=D = 6.7%).
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the PISA design model (Burd et al., 2020), consideration of
the moment and shear resistance at the base (and dis-
tributed moment resistance along the pile) may be needed
as they can be significant when the slenderness ratio,
L=D, is small. However, the extraction of these components
from the experimental results is not easy, since unreliable
extrapolation is needed to estimate such resistance at the
base. Thus, an attempt is made in the next section to esti-
mate the resistance at the base using a simple model on a
rigid pile. That model is also used to estimate the degrada-
tion of the soil resistance under cyclic loading.
4. Resistance at base of monopiles

To select an appropriate available analytical solution for
the interpretation of the behaviour of piles subjected to lat-
eral load, firstly, distributions of the bending moments in
11
the classic theories and the test results are compared.
Fig. 13 compares the bending moment distributions
obtained from the theories based on the beam on the elastic
Winkler foundation. In the calculations, it is assumed that
the length of the pile, L = 1, applied horizontal force H = 1
and that the load eccentricity at the mudline
e ¼ M=H = 0.7. These conditions are very similar to those
of Model D2-L10 in this study. The moments plotted with
markers are for the rigid beam. One is in the foundation
ground whose modulus of the subgrade reaction is constant
throughout the depth (filled circles), while the other
assumes that the modulus increases with depth, i.e., Gibson
soil is assumed (open circles). In these solutions, the distri-
bution has nothing to do with the absolute value of the
modulus. The solid lines in the figure are obtained by the
analytical solution for the finite flexible beam on the Win-
kler foundation with a constant subgrade reaction modulus



Fig. 13. Bending moment profiles by Winkler foundation models.

Fig. 14. Rigid pile model used.
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throughout the depth. Depending on the parameter for the
relative stiffness of the foundation ground to the beam,

b ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
khD=4EI4

p
, where kh is the modulus of subgrade reac-

tion, the shape of the bending moment distribution
changes. The distribution is almost the same as that for
the rigid beam with the uniform subgrade reaction modu-
lus when bL = 1, and even for bL = 2, the distribution is
closer to the rigid beam solution. This suggests that the
moment distribution for the semi-rigid pile can be modelled
as that for a rigid pile. The dashed lines in the figure are
obtained by the analytical solution for the semi-infinite
flexible beam. The distribution is almost the same as that
for the finite flexible beam when bL = 3, while it is largely
different from the finite flexible beam when bL is small.

If these are compared with the actual bending moments
obtained in the tests in Fig. 12, it is obvious that the solu-
tions for the rigid pile in the Gibson soil (plotted with open
circles) are very close to those of the observation. Thus, in
the following, the solutions based on considering the soil
resistance at the base are derived by referring to Hetenyi
(1946), Barber (1953), Poulos & Davis (1980), and Scott
(1981) and are compared to the observation to quantify
the soil resistance at the base. The target situation is illus-
trated in Fig. 14. It is assumed that the modulus of sub-
grade reaction is proportional to the depth from the
mudline, kh zð Þ ¼ nhz=D, where nh = coefficient of horizon-
tal subgrade reaction. The moment and shear resistance
at the base are assumed to be expressed as

Mb ¼ Krh ¼ arnhL4
� �

h ð1Þ
Hb ¼ Ksx Lð Þ ¼ asnhL2

� �
x Lð Þ ð2Þ

where x Lð Þ is the horizontal displacement at the base
(z ¼ L), and ar and as are constants.
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By satisfying the equilibrium condition in the direction
normal to the pile axis and the equilibrium of moments
around a certain point in the pile, for instance, around
the base of the pile, the horizontal displacement of the pile
at a depth of z, x zð Þ, when the pile is subjected to horizontal
force H and moment M at the mudline level, can be derived
as

x zð Þ¼� 24 1þ3asð ÞH
1þ36arþ6asþ72arasð ÞnhL3

z�3 1þ4arþ4asð Þ
4 1þ3asð Þ L

� �

� 36 1þ2asð ÞM
1þ36arþ6asþ72arasð ÞnhL4

z�2 1þ3asð Þ
3 1þ2asð ÞL

� �
:

ð3Þ

The details of the derivation of Eqn. (3) are provided in
Appendix A. By using this equation, the relationship
between the forces acting at the mudline (H ;M) and the
displacement and the rotation at the mudline (u; h) can be
obtained as follows:

H

M

� �
¼ KL KLR

KRL KR

	 

u

h

� �

¼
1
2
þ as

� �
nhL2 � 1

3
þ as

� �
nhL3

� 1
3
þ as

� �
nhL3 1

4
þ ar þ as

� �
nhL4

" #
u

h

� � ð4Þ

where u ¼ x 0ð Þ and h ¼ � dx 0ð Þ
dz .

The horizontal soil reaction, p zð Þ, can be determined by
p zð Þ ¼ khDx zð Þ ¼ nhzð Þx zð Þ. By double integrating this with
appropriate boundary conditions, the moment distribution
can be obtained as follows:
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M zð Þ ¼ HL
z
L

� �
� 3 1þ 4ar þ 4asð Þ
1þ 36ar þ 6as þ 72aras

z
L

� �3
�

þ 2 1þ 3asð Þ
1þ 36ar þ 6as þ 72aras

z
L

� �4
�

þM 1� 4 1þ 3asð Þ
1þ 36ar þ 6as þ 72aras

z
L

� �3
�

þ 3 1þ 2asð Þ
1þ 36ar þ 6as þ 72aras

z
L

� �4
�
: ð5Þ
Fig. 15 plots the changes in the moment profiles with the
resistance at the base. In Fig. 15(a), only the moment resis-
tance at the base is considered, i.e., as ¼ 0 and ar > 0, while
only the shear resistance is considered in Fig. 15(b), i.e.,

ar ¼ 0 and as > 0. For the former, dM Lð Þ
dz ¼ 0 and Mb

increases with ar. For the latter, M Lð Þ ¼ 0 and

�Hbð Þ ¼ � dM Lð Þ
dz increases with as. If they are compared

with the observations shown in Fig. 12, the contributions
of Mb and Hb do not look significant for Models M2-L10
and M1.25-L10. However, for Model M2-L7.5, if the base
moments estimated by the earth pressure cells are ignored
because of their low reliability, the contribution of Mb

looks more significant. Thus, in the following, the contri-
bution of the moments at the base is estimated by compar-
ing the solution with the test results without considering
the shear resistance at the base (as ¼ 0).

If it is assumed that the monopile base acts as a rigid
foundation on the Winkler foundation, vertical stiffness,
Kv, and rotational stiffness, Kr, can be expressed as
Kv ¼ pkvD2

4
Kr ¼ pkvD4

64
ð6Þ
Fig. 15. Changes in bending moment profile with base resistance.

13
by using the modulus of vertical subgrade reaction, kv. If
it is assumed that kv ¼ Rkkh Lð Þ ¼ RknhL=D, by introducing
the ratio of the vertical subgrade reaction modulus to the
horizontal one, Rk, ar in the above solution is expressed
as follows:

Kr ¼ arnhL4 ¼ pRknhLD3

64
¼ p

64
Rk

D
L

� �3

nhL4

ar ¼ p
64

Rk
D
L

� �3

ð7Þ

A solution with a constant subgrade reaction modulus is
given in Appendix B.

Now, the contribution of the moment resistance at the
base is estimated by comparing the solution with the obser-
vation. Since Model D2-L7.5 has the smallest slenderness
ratio and the contribution of the moment resistance at
the base is expected to be significant, comparisons are
firstly made for this model. The bending moment distribu-
tions at the peak in the first cycle for the slow loadings (S-2
& S-3) are plotted in Fig. 16 together with the solutions
with the different Rk. If the base moments estimated by
the earth pressure cells are ignored because of their low
reliability, Rk ¼ 4 provides the best fits. This means that
the vertical subgrade reaction modulus is four times the
horizontal one, which looks too large. This is probably
due to the use of the Winkler foundation model for the ver-
tical reaction. Since there is no interaction between the
adjacent springs in the Winkler model, it is said that the
rotational stiffness becomes too soft (Houlsby et al.,
2005). If the solution for a rigid circular foundation on
an elastic halfspace is used (Poulos and Davis, 1974),

Kv ¼ 2GD= 1� mð Þ and Kr ¼ GD3=3 1� mð Þ, i.e.,
Fig. 16. Comparisons of measured and theoretical maximum bending
moment profiles (f = 0.002 Hz).



Fig. 17. Horizontal force and displacement and moment and rotation at
mudline in small displacement level (S-2).
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Kr=Kv ¼ D2=6, while Kr=Kv ¼ D2=16 for the Winkler foun-
dation. This means that a larger vertical subgrade reaction
is needed to have proper rotational resistance in the Win-
kler model. Considering this situation, Rk ¼ 4 corresponds
to the ratio of the vertical soil stiffness to the horizontal one
in the elastic halfspace of 4� 6=16 ¼ 1:5, which is quite
reasonable. The same estimation has been done for Models
D2-L10 and D1.25-L10, and it reveals that Rk ¼ 0 is rea-
sonable for these models. This indicates that significant
moment resistance at the base can be expected when slen-
derness ratio L=D is less than five.

The theoretical solutions shown in Fig. 12 are plotted
with Rk ¼ 0 for Models D2-L10 and D1.25-L10, and with
Rk ¼ 4 for Model D2-7.5. It can be said that the observed
and theoretical solutions are comparable, which indicates
that (a) the assumption of Gibson soil is reasonable even
for the cases with the build-up of excess pore water pres-
sure during cyclic loading and (b) it is possible to explain
the base resistance as the rotational resistance and to quan-
tify its contribution by using the simple model within the
scope of this study. The implication of the former is that,
in the tests with the build-up of excess pore water pressure
during cyclic loading, the distribution of the effective stress
is not proportional to the depth, as shown in Fig. 11, i.e.,
the soil stiffness is not proportional to the depth in a strict
sense. However, Gibson soil is still applicable when the
build-up of the excess pore water pressure is not too large.
The implication of the latter is that, with or without consid-
eration given to the moment resistance at the base, the hor-
izontal displacement at the mudline can change by 13%
under the same applied load for Model D2-L7.5.
5. Stiffness degradation under cyclic loading

By using the simple model derived in the previous sec-
tion, the degradation of the soil stiffness under cyclic load-
ing is evaluated. To examine the degradation, the initial
stiffness is important. However, the loading test starts with
the relatively fast loading (f = 0.2 Hz) and the build-up of
the excess pore water pressure is significant from the first
cycle. Thus, to evaluate the initial stiffness, the very begin-
ning of the first slow loading (f = 0.002 Hz, S-2), after the
three fast loadings, is used. Fig. 17 plots the relationships
between (a) the horizontal force and the displacement
and (b) the moment and the rotation at the mudline at
the small displacement level (S-2). The data points are scat-
tered, but for the horizontal force–displacement curves up
to 0.2% of the pile diameter displacement (4 mm for Mod-
els D2-L10 & D2-L7.5 and 2.5 mm for Model D1.25-L10),
the monopiles show nearly linear responses. Thus, the val-
ues for the coefficient of horizontal subgrade reaction, nh,
in this range, are estimated by Eqn. (4) with keeping the
parameter for base resistance, Rk, constant (Rk ¼ 0 for
Models D2-L10 and D1.25-L10 and Rk ¼ 4 for Model
D2-7.5). Since the load eccentricity at the mudline
(e ¼ M=H ) is constant, it is possible to write Eqn. (4) as
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a single equation that relates H and u. In doing so, how-
ever, there is a perfect match for the horizontal response,
but not for the rotational response. Thus, the coefficient

is estimated by minimising the norm,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
du2 þ Ddhð Þ2

q
, for

the given H and M . The results are shown as solid lines
in Fig. 17. In the following, these values are treated as
the initial values of the coefficient of horizontal subgrade
reaction, nh ini.

To examine the degradation of the soil stiffness, by
choosing the responses of the monopiles at the peak times
in the time histories of the imposed displacement for all the
models in all the loadings, the variation in the coefficient of
horizontal subgrade reaction, nh, with the cycle is estimated
by Eqn. (4) with keeping the parameter for base resistance,
Rk, constant as with the initial stiffness evaluation. The val-
ues estimated here correspond to a kind of secant stiffness,
i.e., the slope of the line that passes through the peaks in
the hysteresis loop. All the results are shown in Fig. 18
together with the plots normalised by the coefficient in
the first loading cycle and those normalised by the initial
stiffness in the small displacement level. The values in the
first cycle and in the cycle that exhibits the minimum resis-
tance during loading are also summarised in Table 4. Since
the rigid beam on the Winkler foundation is applicable
when the relative stiffness of the soil to the pile,

g ¼ ffiffiffiffiffiffiffiffiffiffiffiffi
nh=EI5

p
, satisfies gL < 2 (Poulos and Davis, 1980),

the index for the first cycle, g1L, is also tabulated in Table 4.
This criterion is almost satisfied for Models D2-L10 and
D2-L7.5 (L=D = 5 & 3.75), but is slightly exceeded for
Model D1.25-L10 (L=D = 8). Probably for this reason,
the value of nh for Model D1.25-L10 is smaller than that
for the other models.

The values of nh in this study are compared to those in
the literature. Terzaghi (1955) suggested nh = 11, 4.4 &



Fig. 18. Changes in coefficient of subgrade reaction, nh, during cyclic loading.
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1.3 MN/m3 for dense, medium, and loose submerged
sands, respectively, as typical values. Elson (1984) sug-
gested that Terzaghi’s values should be used as lower limits
and proposed the upper limit as a function of the relative
density of sand, which gives nh = 30 MN/m3 for
Dr = 80%. Davisson (1970) suggested nh = 2.7 to 27
MN/m3 for granular soils. The strain levels are unknown,
but they fall in a range of those obtained in this study.
Bhushan et al. (1981) conducted tests on drilled and cast-
in-place piers with D = 0.61–1.22 m and L = 5.18–5.49 m,
and made a chart to estimate nh by considering the density
and normalised displacement at the ground surface.
According to the formula proposed by Zhang (2009), refer-
ring to the work by Bhushan et al. (1981), nh = 20 MN/m3

for x 0ð Þ=D = 1.5% and nh = 11 MN/m3 for x 0ð Þ=D = 5% in
submerged sand with Dr = 80%. For the estimation of these
values, the initial portion of the p � y curve adopted in the
API specifications (API, 2000) was used, which yields a
15
three-to-four-fold coefficient, but is not far from the value
estimated by the loading tests. The estimated values for nh
are somewhat smaller than the above-mentioned values,
but this is not so surprising as the monopiles are embedded
piles in this study.

The stiffness decreases with the number of cycles and
reaches the steady-state in the loadings with the relatively
large build-up of excess pore water pressure (M-2 & M-
3). In these cases, the stiffness becomes half of that in the
first cycle and is around 10 to 15% of the initial stiffness
estimated in the small displacement level. On the other
hand, in the fast loading, but with the smaller displacement
amplitude (M-1), and the fast loading on the ground den-
sified by the previous slow loadings under nearly drained
conditions (F-1 or F-2), some increase in stiffness is
observed after the significant decrease in stiffness in the
early stage of loading. The former is attributed to some
densification with the continuous dissipation of the gener-



A. Takahashi et al. Soils and Foundations 62 (2022) 101148
ated excess pore water pressure during cyclic loading, while
the latter may be due to the dilation of the densified sand in
the previous cyclic loadings.

Fig. 19 plots the minimum coefficient of the horizontal
subgrade reaction normalised by the coefficient in the first
cycle, nh min=nh1, against the average effective stress ratio,
1� ru ave. Here, ru ave is the average excess pore water pres-
sure ratio in the foundation ground. The numeric data are
also found in Table 4. The plot for nh min=nh1 against
1� ru aveð Þ shows the one-to-one relationship. This suggests
Fig. 19. Normalised minimum coefficient of subgrade reaction against
average effective stress ratio.

Fig. 20. Soil stiffness estimated by loading tests and
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that, if the average pore water pressure ratio for the foun-
dation ground and the resistance in the first loading can be
estimated, it is also possible to estimate the soil stiffness
degradation for the steady-state. However, this is not very
useful as it is the estimation of the resistance in the first
loading that is needed.

A comparison is also made here with the cyclic shear
tests performed in the laboratory to examine the similarity
in the decay of stiffness with straining. The soil stiffness
estimated by loading tests, nh minz25, and that estimated by
undrained cyclic torsional shear tests on hollow cylindrical
specimens, 2 1þ tð ÞG, are plotted against the estimated
pile-loading-induced equivalent shear strain in the ground
or shear strain in Fig. 20. Here, 0:6umax=D is the pile-
loading-induced equivalent shear strain estimated by refer-
ring to the works by Blaney and O’Neill (1986) and
Kagawa and Kraft (1980) using the normalised horizontal
displacement amplitude at the mudline, umax=D. The cyclic
shear tests are on Toyoura sand with a relative density of
80%. Here, z25 is a depth at r0v0 = 25 kPa, i.e., nh minz25 cor-
responds to the soil stiffness at a confining pressure of
25 kPa, G is the shear modulus, t is Poisson’s ratio, and
2 1þ tð ÞG corresponds to the Young’s modulus of the soil.
In the plots, t = 0.5 is assumed. The markers at
0:6umax=D ¼ 0:6� 0:2% = 0.12% correspond to the initial
stiffness in the small displacement level in Fig. 17 and the
lines are obtained by the shear tests under r0m0 = 25, 50
& 100 kPa. The markers obtained by the pile loading tests
are well above and not on the line obtained by the cyclic
shear tests under r0m0 = 25 kPa, but their trends in stiffness
decay with shearing are very similar. There are several
reasons for the discrepancy, namely, (a) the estimated
pile-loading-induced equivalent shear strain in the ground,
that by undrained cyclic torsional shear tests.
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0:6umax=D, does not have to be the shear strain of the rele-
vant soil mass in this study, (b) partial drainage takes place
during the cyclic loading, making the stiffness larger, and
(c) the differences in the shearing modes and anisotropy
of the soil result in the different values for the modulus.
It is also worth noting that the stiffness for the slow loading
(f = 0.002) is larger than the stiffness for the fast loadings
(f = 0.2 & 0.4 Hz). This is attributed to the almost non
existent excess pore water pressure during the slow cyclic
loading. Since the shear tests presented here are performed
under undrained conditions, this difference should be con-
sidered in the determination of the soil stiffness when the
slow loading is of interest. It is impossible to obtain a very
useful quantitative conclusion only from the tests shown
here, but at least it can be said that, through cyclic shear
tests for the determination of the deformation properties
of soil in a laboratory, it is possible to estimate the degra-
dation of the soil stiffness and parameters for the reduced
sway-rocking type of foundation model like Eqn. (4) for
dense sand, as for clay (Zhang and Andersen, 2017) and
carbonate soils (Erbrich et al., 2011).

6. Conclusions

To evaluate the lateral resistance of rigid monopiles for
wind turbines in dense sand under lateral cyclic loading,
centrifuge model tests were performed, focusing on the
base resistance and degradation of the soil resistance under
two-way lateral cyclic loading in the short-term. The slen-
derness ratio, defined as the embedment pile length to the
diameter, L=D, was varied from 3.75 to 8, the loading fre-
quency, f , was in the range of 0.002 Hz to 0.4 Hz in the
prototype scale, and the build-up of the excess pore water
pressure was observed in the fast loadings. A simple analyt-
ical model for rigid piles, considering the base resistance,
was derived and used to quantify the significance of the
resistance at the pile base and the degradation of the soil
resistance under cyclic loading. The major findings
obtained in this study are as follows:

� Degradation of the soil resistance occurs even in a foun-
dation ground that is comprised of dense sand when the
monopile is excited at a level of frequency that is the
same as that of the natural frequency of the whole wind
turbine system (f = 0.2 to 0.4 Hz in the prototype scale).

� The hysteresis damping ratio of the horizontal force–dis-
placement curve at the mudline is around 20% when the
displacement amplitude normalised by the pile diameter
at the mudline falls in the range of 1.5% to 5.0% for
dense sand. A similar value is obtained for the
moment-rotation curve at the mudline, but the value
for the slender pile (L=D = 8) is around 10%. If attention
is paid only to the cases with slow loading
(f = 0.002 Hz), the slenderness-ratio dependency of
the damping ratio can clearly be seen, and the smaller
the slenderness ratio, the larger the hysteresis damping
ratio, especially for the moment-rotation curve.
17
� With the fast cyclic loadings (f = 0.2 & 0.4 Hz), the
build-up of excess pore water pressure is observed even
in the dense sand, and the values are more or less the
same throughout the depth irrespective of the imposed
displacement amplitude. Even for the cyclic loading with
the maximum horizontal displacement of 5% of the pile
diameter, the state of the soil is far from being liquefied
and the maximum value of the average excess pore water
pressure ratio is around 50% in dense sand within the
scope of this study.

� The bending moment profiles at the peaks of the load–
displacement curves are very similar to those of the rigid
pile in Gibson soil, even for the cases with the build-up
of excess pore water pressure. Thus, the solution based
on this, considering the soil resistance at the base, is used
for a comparison with the observation in order to quan-
tify the soil resistance at the base and the degradation of
the soil resistance with cyclic loading.

� When the slenderness ratio of L=D = 3.75, i.e., the slen-
derness ratio is less than 5, the significant contribution of
the moment resistance at the base is confirmed. If it is
assumed that the monopile base acts as a rigid founda-
tion on the Winkler foundation, assigning a vertical sub-
grade reaction modulus four times the horizontal one,
which corresponds to vertical stiffness 1.5 times the hor-
izontal one in a continuum halfspace, the experimental
results can be reasonably explained within the scope of
this study. It should also be noted that, with or without
consideration given to the moment resistance at the base,
the horizontal displacement at the mudline can change
by 13% under the same applied load in this model.

� The minimum coefficient of the horizontal subgrade
reaction, normalised by the coefficient in the first cycle,
and the average excess pore water pressure ratio in the
foundation ground show a one-to-one relationship. This
suggests that, if the average pore water pressure ratio for
the foundation ground and the resistance in the first
loading can be estimated, it is possible to estimate the
soil stiffness degradation for the steady-state.

� A comparison between the soil stiffness estimated by the
pile loading tests and that by the undrained cyclic tor-
sional shear tests on hollow cylindrical specimens
reveals that their trends in stiffness decay with shearing
are very similar. This suggests that, through cyclic shear
tests for the determination of the deformation properties
of soil in a laboratory, it is possible to estimate the
degradation of the soil stiffness and parameters for the
reduced sway-rocking type of foundation model.
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Appendix A. Derivation of horizontal displacement of pile

x zð Þ

The situation illustrated in Fig. 14 is considered. By sat-
isfying the equilibrium condition in the direction normal to
the pile axis and the equilibrium of moments around a cer-
tain point in the pile, for instance, around the base of the
pile, the horizontal displacement of the pile at a depth of
z, x zð Þ, when the pile is subjected to horizontal force H at
the mudline level, is derived first. Since x zð Þ changes lin-
early with depth, x zð Þ ¼ x Lð Þ � x 0ð Þf gz=Lþ x 0ð Þ. When
the equilibrium condition in the direction normal to the
pile axis is satisfied,Z L

0

nhzð Þx zð Þdzþ Hb ¼ nhL2

6
x 0ð Þ þ 1þ 3asð ÞnhL2

3
x Lð Þ ¼ H :

ðA1Þ
Similarly, when the equilibrium of the moments around

a certain point in the pile, for instance, around the base of
the pile, is satisfied,

�
Z L

0

nhzð Þx zð Þ L� zð Þdzþ HL

¼ � nhL3

12
x 0ð Þ � nhL3

12
x Lð Þ þ HL ¼ Mb

¼ arnhL3 x 0ð Þ � x Lð Þf g: ðA2Þ
By obtaining x 0ð Þ and x Lð Þ using Eqns. (A1) and (A2),

x zð Þ by horizontal force H only can be obtained as

x zð ÞjM¼0 ¼ � 24 1þ 3asð ÞH
1þ 36ar þ 6as þ 72arasð ÞnhL3

z� 3 1þ 4ar þ 4asð Þ
4 1þ 3asð Þ L

� �
: ðA3Þ

Next, by satisfying the equilibrium condition in the
direction normal to the pile axis and the equilibrium of
the moments around a certain point in the pile, the hori-
zontal displacement of the pile at a depth of z, x zð Þ, when
the pile is subjected to the moment M at the mudline level,
is derived. When the equilibrium condition in the direction
normal to the pile axis is satisfied,

nhL2

6
x 0ð Þ þ 1þ 3asð ÞnhL2

3
x Lð Þ ¼ 0: ðA4Þ

Similarly, when the equilibrium of the moments around
the base of the pile is satisfied,

� nhL3

12
x 0ð Þ � nhL3

12
x Lð Þ þM ¼ arnhL3 x 0ð Þ � x Lð Þf g: ðA5Þ

By obtaining x 0ð Þ and x Lð Þ using Eqns. (A4) and (A5),
x zð Þ by the moment M only can be obtained as

x zð ÞjH¼0 ¼ � 36 1þ 2asð ÞM
1þ 36ar þ 6as þ 72arasð ÞnhL4

z� 2 1þ 3asð Þ
3 1þ 2asð Þ L

� �
: ðA6Þ
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By adding Eqns. (A3) and (A6), i.e.,
x zð Þ ¼ x zð ÞjM¼0 þ x zð ÞjH¼0, Eqn. (3) is obtained.
Appendix B. Rigid pile solution for the uniform ground

The solution for a ground with a constant subgrade
reaction modulus on the rigid pile subjected to the lateral
load can be derived by considering the soil resistance at
the base in a similar way to that for the Gibson soil.
If it is assumed that the moment resistance at the

base is expressed as Mb ¼ Krh ¼ arkhDL3
� �

h and the

shear resistance at the base is expressed as
Hb ¼ Ksx Lð Þ ¼ askhDLð Þx Lð Þ, where x Lð Þ is the horizontal
displacement at the base (z ¼ L) and ar and as are con-
stants, the horizontal displacement of the pile at a depth
of z, x zð Þ, when the pile is subjected to horizontal force H
and moment M at the mudline level, can be expressed as

x zð Þ ¼ � 6 1þ 2asð ÞH
1þ 12ar þ 4as þ 12arasð ÞkhDL2

z� 2 1þ 3ar þ 3asð Þ
3 1þ 2asð Þ L

� �

� 12 1þ asð ÞM
1þ 12ar þ 4as þ 12arasð ÞkhDL3

z� 1þ 2as
2 1þ asð ÞL

� �
:

ðB1Þ

By using this equation, the relationship between the
forces acting at the mudline (H ;M) and the displacement
and rotation at the mudline (u; h) can be obtained as
follows:

H

M

� �
¼ KL KLR

KRL KR

	 

u

h

� �

¼ 1þ asð ÞkhDL � 1
2
þ as

� �
khDL2

� 1
2
þ as

� �
khDL2 1

3
þ ar þ as

� �
khDL3

" #
u

h

� �
:

ðB2Þ

The horizontal soil reaction, p zð Þ, can be determined by
p zð Þ ¼ khDx zð Þ. By double integrating this with appropriate
boundary conditions, the moment distribution can be
obtained as follows:

M zð Þ ¼ HL
z
L

� �
� 2 1þ 3ar þ 3asð Þ
1þ 12ar þ 4as þ 12aras

z
L

� �2
�

þ 1þ 2as
1þ 12ar þ 4as þ 12aras

z
L

� �3
�

þM 1� 3 1þ 2asð Þ
1þ 12ar þ 4as þ 12aras

z
L

� �2
�

þ 2 1þ asð Þ
1þ 12ar þ 4as þ 12aras

z
L

� �3
�
: ðB3Þ

If we assume that kv ¼ Rkkh Lð Þ ¼ RknhL=D, by introduc-
ing the ratio of the vertical subgrade reaction modulus to
the horizontal one, Rk, ar in the above solution is expressed
as follows:
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Kr ¼ arkhDL3 ¼ pRkkhD4

64
¼ p

64
Rk

D
L

� �3

khDL3ar

¼ p
64

Rk
D
L

� �3

: ðB4Þ

The expression of ar is the same here as that for the Gib-
son soil.
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