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In this study, a total number of 20 centrifuge tests were carried out to investigate monopile behaviour under lateral
cyclic loading. The instrumented model pile simulates an offshore wind turbine foundation with an embedment ratio
of 5 installed in sand layers with two relative densities of 80% and 50%. The influence of the directional characteristic
and amplitude of cyclic load on pile lateral behaviour was studied. The data analysis focused on the influence of cyclic
load on the accumulation of lateral displacement and evolution of secant stiffness of the foundation system. The most
damaging cyclic load type (which can cause the most accumulated pile displacement) is identified as two-way loading,
and it was observed that cyclic load always increases the pile secant stiffness. A new model for the prediction of
evolution of accumulated displacement and change in secant stiffness has been formulated. An example of the
procedure developed is presented for a typical field monopile subjected to cyclic loading. Lastly, the performance of
the new model is demonstrated and predicted results are compared with field test data.

Notation
CC curvature coefficient of sand
CU uniformity coefficient of sand
D pile outer diameter
D50 average grain size of sand
Dr relative density of sand
E elasticity modulus
e loading eccentricity
emax maximum void ratio of sand
emin minimum void ratio of sand
GS specific gravity of sand
H lateral load
Hmax maximum load in the loading cycle
Hmin minimum load in the loading cycle
Hu pile lateral capacity
I moment of inertia
K secant stiffness
K1 secant stiffness in the first cycle
Kc non-dimensional function
KN secant stiffness in the Nth cycle
KS secant stiffness in monotonic loading phase
Ks dimensional function for pile stiffness
L pile length
N cycle number
Rb non-dimensional function
Rc non-dimensional function
Tb non-dimensional function
Tc non-dimensional function
t pile wall thickness
y lateral displacement
ymax,1 maximum pile lateral displacement in the first cycle

ymax,N maximum pile lateral displacement in the
Nth cycle

ymax,S pile lateral displacement at the end of monotonic
loading phase

α displacement accumulation rate
β secant stiffness accumulation rate
ζb cyclic load amplitude ratio
ζc cyclic load directional characteristic ratio
θN accumulated pile rotation in the Nth cycle
ϕcr critical friction angle of sand

1. Introduction
The proportion of monopiles as offshore wind turbine (OWT)
foundations has increased from approximately 75% in 2012
(Doherty and Gavin, 2011) to more than 87% in 2019 (Fan
et al., 2019). However, current design codes are largely based
on application from the oil and gas industry. The fundamental
difference between monopiles used as OWT foundations and
those in the oil and gas industry is the lower embedment ratio
(L/D, where L is the embedment length and D is the diameter
of the pile) generally used for OWT foundations, ranging
between 3 and 6 (Wu et al., 2019). These foundations are sub-
jected to a large number of load cycles, and strict permanent
rotational limits are imposed. Moreover, OWTs are dynami-
cally sensitive structures and slight changes in stiffness of the
foundation might result in an undesirable shift in the natural
frequency of the whole structure. Therefore, understanding the
influence of cyclic load on the accumulation of lateral displace-
ment and change in the foundation stiffness is very important
to the safe design of these structures.
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A number of experimental studies have been conducted to
investigate the response of monopiles under lateral cyclic load
(Abadie et al., 2018; Askarinejad et al., 2017; Gerber and
Rollins, 2008; Klinkvort et al., 2011; Klinkvort and Hededal,
2013; LeBlanc et al., 2010; Li et al., 2010; Li et al., 2015;
Møller and Christiansen, 2011; Nicolai et al., 2017; Peralta,
2010; Roesen et al., 2012; Truong et al., 2018; Verdure et al.,
2003; Yang et al., 2019; Yoo et al., 2013). Two non-dimen-
sional parameters are widely used to describe the applied
cyclic loads

1: ζ b ¼
Hmax

Hu

2: ζ c¼
Hmin

Hmax

where Hu is defined as the pile lateral capacity determined
from a monotonic test; Hmin is the minimum load in a loading
cycle; and Hmax is the maximum load in the same cycle. The
value of ζb can be used to define the load amplitude for cyclic
loading, while ζc can be used to describe the directional
characteristic of the cyclic loading. A visual interpretation of
these two parameters is given in Figure 1.

LeBlanc et al. (2010) carried out 1g experiments on a pile with
L/D ratio of 4.5 embedded in a dry, loose sand (Dr = 4–38%)
layer. It was found that the most damaging cyclic load type
(the cyclic type which can cause the most accumulated pile dis-
placement) is two-way loading with ζc =−0.6. Moreover, they
reported that the secant stiffness increased with the number of
cycles. Klinkvort et al. (2011) carried out a centrifuge test series
simulating cyclic loads on a monopile with L/D of 6 in dense
sand (Dr = 79–96%). It was indicated that two-way loading
(ζc=−0.4) is the most damaging load situation. However, they
observed that the secant stiffness for each cycle tends to
decrease at large number of cycles when ζc > 0.1. However,
based on the results of a second series of centrifuge tests using

a similar pile (L/D=6) and sand (Dr = 90%), Klinkvort and
Hededal (2013) showed that one-way loading (ζc=0) is the
most damaging load type. Although LeBlanc et al. (2010)
reported that accumulation of rotation was regardless of the
directional characteristic of the loading; this was in contrast to
the observations reported by Klinkvort and Hededal (2013),
where it was seen that the pile starts to move back towards its
initial position in two-way loading where ζc≤−0.63.

In the framework of this study, a series of centrifuge model
tests has been conducted to simulate open-ended monopiles
with an embedment ratio of 5 subjected to both significant
lateral load and overturning moment. Given the contrasting
findings from previous studies, this work focuses on two
important issues for the design of monopile foundations for
offshore wind turbines, namely: (a) the accumulation of the
lateral displacement; (b) the evolution of the secant stiffness
per loading cycle. The impacts of number of cycles, load mag-
nitude and the directional characteristic of loading on these
properties were captured by a model framework featured with
both non-dimensional and dimensional functions.

2. Centrifuge model test
The tests were performed using the beam centrifuge of the Geo-
Engineering Section at TU Delft, the Netherlands (Allersma,
1994; Zhang and Askarinejad, 2019a, 2019b). These tests were
conducted at 100 times the gravitational acceleration (100g).
A two-dimensional actuator (Figure 2) was used to impose
lateral load (H ) at the pile head. A specially designed, friction-
reducing ball connection was constructed to enable the appli-
cation of lateral load without inducing any rotational fixity at
the pile head. The detailed information on the actuator and the
friction-reducing ball connection can be found in Li et al.
(2020).

2.1 Model pile characteristics and installation
An open-ended aluminium tubular pile was used, with an
outer diameter (D) of 18 mm and a wall thickness (t) of
1 mm. The load eccentricity e and the embedment depth L of
the pile were kept constant at e=8D and L=5D, respectively.
The primary dimensions and material properties of the pile are
provided in Table 1.

The model piles were installed at 1g by jacking at a constant
rate. However, 1g installation does not represent the prototype
installing technique and might result in discrepancy in the
lateral stiffness and capacity of the pile (Verdure et al., 2003).
Fan et al. (2019) has identified that the difference in initial
stiffness and lateral capacity of piles installed at 1g and 100g is
less than 10%.

2.2 Soil characteristics and specimen
preparation technique

The geotechnical properties of the sand used in this series of
tests are summarised in Table 2. The ratio of pile diameter to

Hu

H

t0

0.25

0.75

1.0

0.5

–0.5

–1.0

0

0.5

ζb =

ζc = 0.0

ζb = 0.5

ζc =

Figure 1. Characteristic of cyclic loading defined in terms of ζb
and ζc
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average grain size of the sands (D/D50) is 164, which is larger
than the values of 20 and 60 suggested by Gui et al. (1998)
and Remaud (1999), respectively, where grain size effect
becomes negligible for both vertically and laterally loaded piles
(Garnier et al., 2007; Nunez et al., 1988).

Dry sand was pluviated into a rectangular model container
(centrifuge strongbox) with dimensions of 400 (length)�
150 (width)� 180 (height) mm3. Two series of homogeneous
sand specimens with relative densities (Dr) of 80% and 50%
were prepared.

Centrifuge basket

Lateral motor

Frame for lateral
actuator

Potentiometer

Ball  connection

Vertical motor

Lateral load cell

Threaded
rod

Loading
arm

144 mm
(8D)

Teflon
collar

Pile

90 mm
(5D)

65 mm
(3.6D)

D
Sand

Figure 2. Schematic diagram of the two-dimensional loading actuator

Table 1. Characteristics of the model and prototype piles

Property Model value Prototype valuea

Length (embedded+additional) 90 + 150 mm 9+15 m
External diameter 18 mm 1.8 m
Wall thickness 1 mm (aluminium) 30 mm (steel)
Young’s modulus (E) 70 GPa (aluminium) 210 GPa (steel)
Stiffness (EI) 0.137 kPa m4 13.7 GPa m4

Load eccentricity above sand surface 144 mm 14.4 m

aAssume the prototype pile is made in steel
Adapted from Li et al. (2020)

Table 2. Basic properties of Geba sand

Property Sand

Average grain size, D50: mm 0.11
Curvature coefficient, CC 1.24
Uniformity coefficient, CU 1.55
Specific gravity, GS 2.67
Maximum void ratio, emax 1.07
Minimum void ratio, emin 0.64
Critical friction angle, ϕcr: degrees 35

De Jager et al. (2017); Maghsoudloo et al. (2017); Maghsoudloo et al. (2018)
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2.3 Loading test programme
Two monotonic and 18 cyclic tests were performed; see
Table 3. The effect of load amplitude was investigated by
changing ζb (ζb∈ (0.2, 0.3, 0.4, 0.5)) while keeping ζc = 0, in
both dense and medium dense sand layers. Several values of ζc
with intervals of Δζc = 0.25 in dense sand (Dr = 80%) and
Δζc = 0.33 in medium dense sand (Dr = 50%) were tested to
investigate the effect of load directional characteristic on the
lateral behaviour of the monopiles. The lateral load was
measured at pile head.

3. Centrifuge model test results

3.1 Monotonic tests
In order to find the pile lateral capacity in dense sand and
medium dense sand, respectively, two monotonic load tests
were performed under a displacement-controlled condition,
where the pile was loaded at a constant displacement rate of
0.02 mm/s. A test repeatability check was done and the test
results are shown in Figure 3. The test data presented in this
paper are in prototype scale, unless otherwise noted.

As e=8D, L=5D, the pile pivot point is usually assumed to
be located at 0.7L (Chortis et al., 2020; Haiderali et al., 2014).
Therefore, the lateral displacement at the sand surface is equal
to 0.3 times the lateral displacement at the pile head. From
Figure 3, the load–displacement curves did not reach a peak –

that is, the maximum pile lateral resistance – in any of the
tests. Therefore, a lateral reference capacity, Hu, was defined at
a lateral displacement of 0.135 m (0.075D) at the sand surface.
Therefore, the pile lateral capacities were determined to be
600 kN and 440 kN in dense and medium dense sand layers,
respectively.

3.2 Cyclic tests
The range of amplitudes of cyclic loads has been selected
based on the pile lateral capacity (Hu). The cyclic load tests
were carried out under a load-controlled condition. Examples
of the cyclic test series performed are shown in Figure 4. The
first loading phase of the cyclic loads fit the monotonic
loading curves quite well, which is an indication of the repeat-
ability of the tests.

A power law (Klinkvort and Hededal, 2013; LeBlanc et al.,
2010) is used to relate the accumulation rate of lateral displace-
ment to the number of load cycles

3:
ymax;N

ymax;S
¼ Nα

Table 3. List of centrifuge tests

Test no. Type Dr: % ζc ζb No. of cycles α β

1 Monotonic 80 — — — — —

2 Monotonic 50 — — — — —

3 Cyclic 80 −0.75 0.2 153 0.0448 0.0217
4 Cyclic 80 −0.50 0.2 143 0.0668 0.0233
5 Cyclic 80 −0.25 0.2 142 0.0674 0.0264
6 Cyclic 80 0 0.2 42 0.0581 0.0122
7 Cyclic 80 0.25 0.2 150 0.0640 0.0032
8 Cyclic 80 0.50 0.2 141 0.0610 0.0051
9 Cyclic 80 0.75 0.2 151 0.0592 0.0079
10 Cyclic 80 0 0.3 152 0.0791 0.0143
11 Cyclic 80 0 0.4 62 0.0611 0.0178
12 Cyclic 80 0 0.5 102 0.0652 0.0317
13 Cyclic 50 −0.67 0.2 61 0.0838 0.0280
14 Cyclic 50 −0.33 0.2 50 0.0888 0.0146
15 Cyclic 50 0 0.2 151 0.0878 0.0087
16 Cyclic 50 0.33 0.2 67 0.0557 0.0167
17 Cyclic 50 0.67 0.2 152 0.0549 0.0115
18 Cyclic 50 0 0.3 122 0.0816 0.0148
19 Cyclic 50 0 0.4 83 0.0840 0.0210
20 Cyclic 50 0 0.5 151 0.0708 0.0374
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Figure 3. Monotonic test results
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where ymax,N is the lateral displacement corresponding to Hmax

at the Nth cycle and ymax,S is the lateral displacement corre-
sponding to Hmax at the end of the monotonic loading phase.
A schematic illustration of these two parameters is shown in
Figure 5. Figure 6 shows an example of the normalised
maximum lateral displacement (ymax,N/ymax,S) for a one-way
loading test (test number 10 in Table 3). The values of α for all
tests are listed in Table 3.

3.2.1 Influence of load directional characteristic ratio
(ζc) on the accumulated lateral displacement

Twelve cyclic tests were performed in both dense and medium
dense sand specimens to identify the most damaging load type
in terms of accumulated lateral displacement. Parameter α
from Equation 3 is used as an indication and is shown in
Figure 7 as a function of ζc for both dense and medium dense
sand specimens. In this series of tests, ζb is kept constant at 0.2
and the value of ζc is changing. According to LeBlanc et al.
(2010) when ζc =−1, it is expected that α would be zero, since
the load applied is equal in both directions. The two dashed
lines in Figure 7 are the best fits of the two series of test data.

It can be observed that the sand relative density has an influ-
ence on the value of α – that is, in general α is higher for the
pile installed in the sand layer with lower relative density. This
observation is more pronounced in cases of two-way loading
conditions (ζc≤ 0), and for larger values of ζc the effect of rela-
tive density is minor. Moreover, it can be observed that the
values of α do not vary much as a function of ζc for medium
dense sand with Dr = 50% in the range of ζc∈ [−0.67, 0].

From the data presented, the maximum value of α was found
to lie in the range between ζc =−0.25 and −0.5. The peak
value of α is not that obvious, but perhaps could be located at
ζc =−0.4. The positive value of α for all of the tests indicates
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Figure 4. Pile lateral load–displacement response during cyclic
load tests for the case of ζc = 0: (a) Dr = 80%; (b) Dr = 50%

1 2 3

Number of cycles

4 5 N

1
Ks

Displacement

....

Hmin

Hmax

ymax, S
ymax, N KN

ymax,1
K1

1 1

Load

Figure 5. Schematic drawing of determination of maximum and minimum accumulated lateral displacements
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that under all of the loading types the pile always accumulates
displacement in one direction (the direction of the first mono-
tonic loading). The phenomenon whereby the pile starts to
move back towards its initial position in some two-way
loading conditions (ζc≤−0.63), as reported by Klinkvort and
Hededal (2013), was not observed in this research.

3.2.2 Influence of load amplitude ratio (ζb) on the
accumulated lateral displacement

The effects of cyclic load amplitude on the accumulated pile
lateral displacement regime were investigated by keeping ζc = 0
(one-way loading) while changing ζb from 0.2 to 0.5. Eight
cyclic tests were performed in dense and medium dense sand
layers. The value of α derived from the results of these tests is
plotted in Figure 8. It can be seen that α is not sensitive to the

sand relative density under this specific loading case.
Moreover, α is barely influenced by the load amplitude ratio
ζb. These observations fit well with the results reported by
Truong et al. (2018), in which the accumulation coefficient of
lateral displacement was found not to be sensitive to the cyclic
magnitude ratio (ζb), but varied with the cyclic directional
characteristic ratio (ζc).

3.3 Effect of number of loading cycles on the pile
secant stiffness

The secant stiffness (K ) is defined here as the ratio
between load increment and displacement increment during a
loading phase (either monotonic or cyclic), as illustrated in
Figure 5.

The secant stiffness in the monotonic loading phase, KS, is cal-
culated based on the first monotonic loading according to
Equation 4

4: KS ¼ Hmax

ymax;S

where Hmax is the maximum load applied in the monotonic
loading phase; ymax,S is the lateral displacement corresponding
to Hmax at the end of the monotonic loading phase.

The secant stiffness under cyclic loading, KN (for cycle N ), is
calculated based on the following equation:

5: KN ¼ Hmax �Hmin

ymax;N � ymin;N

where Hmax and Hmin are the maximum and minimum loads
applied in the cyclic load test; and ymax,N and ymin,N are the
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cycle: Dr = 80%, ζc = 0, ζb = 0.3 (test number 10 in Table 3)
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lateral displacements corresponding to Hmax and Hmin for
cycle N, respectively.

In Figure 9, the relative secant stiffness KN/K1 is plotted
against the number of cycles on a logarithmic scale. It is
evident that secant stiffness increases with the number of cycles
in all the loading cases investigated. In a similar fashion to the

evolution of relative maximum lateral displacement (ymax,N

/ymax,S), the evolution of secant stiffness can also be approxi-
mated by a power function

6:
KN

K1
¼ Nβ
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The results of the fitted power function are summarised for
each test in Table 3.

The values of β from Table 3 are plotted in Figures 10(a) and
10(b) as functions of ζc and ζb, respectively, in both dense sand
and medium dense sand.

From Figure 10(a), a linear dependency of β on cyclic direc-
tional characteristic ratio ζc can be found

7: β ¼ 0:015� 0:013ζ c

All the β values are positive, which means the secant stiffness
keeps increasing as a function of the number of cycles for all
of the investigated cyclic directional characteristic ratios (ζc). It
should also be noticed that a gradual transition from one-way

to two-way loading (i.e. travelling from right to left along the
x-axis of Figure 10(a)) leads to an increase of β.

From Figure 10(b), an increasing cyclic load magnitude leads
to an increase in the relative secant stiffness accumulation
rate, β. A second-order polynomial fit seems to capture the
trend well, see Equation 8.

8: β ¼ 0:023� 0:111ζ b þ 0:266ζ 2b

From Figure 10, it is not possible to make a clear distinction
between the results for Dr = 80% and Dr = 50%. This indicates
that β is somewhat independent of sand relative density.

4. Discussion and new design approach
The centrifuge testing results showed that the accumulated pile
lateral displacement and evolution of secant stiffness depends
on: (a) the number of cycles; (b) the magnitude and the direc-
tional characteristic of the load; (c) the relative density of the
sand. Therefore, these two design parameters (i.e. accumulated
lateral pile displacement and change in the foundation stiff-
ness) can be predicted from the results of a monotonic test
combined with a series of functions determined from results
presented in the previous sections. Accordingly, a new design
approach is developed in this section, an example of the appli-
cation is presented and the performance is compared with the
data from a field test on a laterally loaded monopile.

4.1 Functions to describe the evolution of
accumulated lateral displacement

The results indicate that the displacement accumulation rate α
is a function of load amplitude (ζb) and load directional
characteristic (ζc). Assuming independence between these two
parameters, α can be written as a superposition of two non-
dimensional functions, each depending on only one of these
two variables as described in Equation 9

9: α ζ c; ζ bð Þ ¼ Tc ζ cð Þ Tb ζ bð Þ

For one-way loading – that is, ζc = 0 – Tc can be normalised
as 1. Therefore, the non-dimensional function Tb can be found
from a series of tests where ζb is changed while ζc is maintained
at 0. These results from the centrifuge tests are depicted in
Figure 11(a). It can be observed that the function Tb ζ bð Þ is a
constant function

10: α ζ c ¼ 0; ζ bð Þ ¼ 1� Tb ζ bð Þ ¼ 0:07335

The function Tc, therefore, can be found by performing a
series of tests with a constant ζb and then dividing the results
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Figure 10. Cyclic dimensionless functions for changing in secant
stiffness: (a) β–ζc and (b) β–ζb
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of α by the previously determined function Tb ζ bð Þ

11: Tc ζ cð Þ ¼ α

Tb ζ bð Þ

The results from Figure 7 indicate that for ζc > 0.2 the value of
α≈ 0.058 for piles installed in either dense or medium dense
sand layers. However, for ζc≤ 0.2, the value of α as a function
of the relative density of the sand layer can be described using
two individual functions (as shown in Figure 11(b))

12: Tc ζ cð Þ ¼ �1:707 ζ c þ 0:31ð Þ2þ0:949 Dr ¼ 80%ð Þ

13: Tc ζ cð Þ ¼ �1:14 ζ c þ 0:323ð Þ2þ1:263 Dr ¼ 50%ð Þ

Therefore, provided that the value of ymax,S is determined from
a monotonic test and the relative density of the sand layer is
known, the accumulated lateral displacement could be pre-
dicted for various combinations of amplitude and directional
characteristic of loading for a certain number of cycles.

4.2 Functions to describe the evolution of
secant stiffness

Similarly to the approach described for the prediction of the
accumulated lateral displacement, the secant stiffness incre-
ment rate β can be written as a superposition of two non-
dimensional functions as shown in Equation 14

14: β ζ c; ζ bð Þ ¼ Rc ζ cð Þ Rb ζ bð Þ

For one-way loading, – that is ζc = 0 – the value of Rc can
be normalised as 1. Therefore, the relationship of non-
dimensional functions Rb and ζb (as shown in Figure 12(a))
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Figure 12. Dimensionless functions for evolution of secant
stiffness: (a) Rb–ζb; (b) Rc–ζc
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can be expressed by the following equation:

15: Rb ζ bð Þ ¼ 0:023� 0:111ζ b þ 0:266ζ 2b

Figure 12(b) shows results for the cyclic load directional
characteristic function Rc. The results seem to follow a linear
relationship, see Equation 16

16: Rc ζ cð Þ ¼ 1:31� 1:1ζ c

All the Rc values are positive; this means that the cyclic secant
stiffness KN keeps increasing as a function of the number of
cycles for all values of ζc. It should also be noticed that going
from one-way to two-way loading leads to an increasing
accumulation of stiffness. From Figure 12(a), an increase in
the cyclic load magnitude leads to an increase in the secant
stiffness accumulation rate β.

From Figure 12, it is not possible to make a clear distinction
between the results for Dr = 80% and Dr = 50%. This indicates
that values of relative secant stiffness KN /K1 are somewhat
independent of the sand relative density.

Therefore, provided that the value of K1 is known, the secant
stiffness of the pile could be predicted for various combi-
nations of amplitude and directional characteristic of loading
for a certain number of cycles. The next section describes an
empirical procedure to determine the value of K1.

4.3 Functions to describe the initial cyclic secant
stiffness (K1)

The cyclic secant stiffness at the first loading cycle K1(ζc, ζb)
can be written as a superposition of two functions as shown in
Equation 17

17: K1 ζ c; ζ bð Þ ¼ Kc ζ cð Þ Ks ζ bð Þ

The value of K1 can be found from the results of a set of
monotonic test and cyclic tests with varying directional charac-
teristics. The function Ks(ζb) can be established directly from
one monotonic load–displacement curve, or from the mono-
tonic loading phase of cyclic load test. The results are shown
in Figure 13(a), and it can be seen that a linear fit captures
well the variation of Ks(ζb)

18: Ks ζ bð Þ ¼ 72� 56ζ bð Þ � 100 kN=m

Kc(ζc) is then evaluated from the cyclic tests, and the test
results from this study are shown in Figure 13(b). It can be
seen that a linear fit may also capture the trend of Kc(ζc)

19: Kc ζ cð Þ ¼ 0:057ζ c þ 1:25

Results shown in Figure 13 indicate that the secant stiffness func-
tions of Kc and Ks are not sensitive to the sand relative density.

As all the non-dimensional functions (Tc(ζc), Tb(ζb), Rc(ζc),
Rb(ζb), Kc(ζc)) along with dimensional function Ks(ζb) are
established, accumulation of maximum lateral displacements
and change in secant stiffness depending on the number of
cycles can be predicted by the proposed design procedure.

Although the design procedure was formulated based on tests
with limited number of load cycles (maximum number of 153
cycles each test), it can be seen from the studies of Verdure
et al. (2003), Leblanc et al. (2010), Li et al. (2010) and
Klinkvort and Hededal (2013) that the overall pile displace-
ment accumulation rate and change in secant stiffness at large
load cycles (e.g. cycle number N>1000) follow the same trend
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Figure 13. Functions for initial cyclic secant stiffness: (a) Ks–ζb;
(b) Kc–ζc
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captured within about 50 cycles. In agreement with the method
proposed by Little and Briaud (1988) and Long and Vanneste
(1994), the exponential behaviour of accumulated rotation
plotted against cycle number appears as straight lines in
double logarithmic axis for up to 105 cycles. Therefore, in the
following, the pile behaviour under a large number of load
cycles is predicted by extrapolating data measured in tests with
a small number of load cycles.

4.4 Example

4.4.1 Demonstration of the proposed design
procedure

A rigid pile with D=1.8 m, embedded length of L=5D and
load eccentricity of e=8D is considered in this example. The
sand is assumed to be dry, with a friction angle of 35°. The
goal is to predict the increase in secant stiffness and accumu-
lated lateral displacement when the pile is subjected to 107

loading cycles with ζb = 0.3 and ζc =−0.2.

The dimensions of the pile in this example are selected to be
similar to those of the prototype pile of this study, as the mono-
tonic loading data, as the only required input for this model, are
available (Figure 3). The results depicted in Figure 3 show that
ζb =0.3 is equivalent to a maximum lateral load of Hmax=
0.3� 600 kN=180 kN and Hmax= 0.3� 440 kN=132 kN in
dense and medium dense sand layers, respectively. The corre-
sponding displacement ymax,S is determined (from Figure 3) to
be 0.02 m in dense and medium dense sand conditions.

Therefore, the accumulation rate of lateral displacement α can
be calculated according to Equation 9 and Figure 11. The
values of α are calculated to be 0.068 and 0.091 for the cases
of dense and medium dense sand layers, respectively. Hence,
using Equation 3, the accumulated lateral displacements after
107 cycles can be calculated as 2.99 and 4.34 times of ymax,S

(Equations 20 and 21), which are 0.06 m and 0.087 m in dense
and medium dense sand, respectively.

20:
ymax;N

ymax;S
¼ Nα ¼ 107

� �0:068� 2:99 Dr ¼ 80%ð Þ

21:
ymax;N

ymax;S
¼ Nα ¼ 107

� �0:091� 4:34 Dr ¼ 50%ð Þ

By using K1(ζc, ζb), the accumulation rate of secant stiffness
follows Equation 14. β is calculated to be 0.02 in both dense
sand and medium dense sand, without difference. Then
according to Equation 6

22:
KN

K1
¼ Nβ ¼ 107

� �0:02¼ 1:38

This result indicates that the secant stiffness is estimated to
increase by approximately 38% during the lifespan of the wind
turbine.

4.4.2 Comparison with field test data and other
prediction models

Li et al. (2015) conducted a field test on a rigid pile with a
diameter of D=0.34 m, and an embedded length of L=6.5D.
The pile was installed in a dense sand layer and loaded with an
eccentricity e=1.2D. More than 1000 one-way lateral load
cycles were applied to the pile with ζb = 0.3 and ζc = 0. The
monotonic load–displacement curve of this test indicates a
ymax,S = 0.0042 m and, according to the loading features and
using Equation 9 along with Figure 11, the accumulation rate
of lateral displacement α can be calculated to be 0.07335.
Therefore, the following equation can describe the pile accu-
mulated displacement:

23:
ymax;N

ymax;S
¼ Nα ¼ ðNÞ0:07335

The pile rotation can be calculated by assuming the pile as a
rigid body and the pile rotation point to be located at 0.7L
beneath the sand surface (Chortis et al., 2020; Haiderali et al.,
2014). Based on these assumptions, the relationship between
the pile rotation at the sand surface and the cycle number can
be established.

The comparison between predicted results by Little and
Briaud (1988), LeBlanc et al. (2010), Klinkvort and Hededal
(2013) and the present study and the field test data reported by
Li et al. (2015) is shown in Figure 14. The model from this
study provides a better prediction of the measured response.
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The prediction model developed by Little and Briaud (1988)
slightly underestimates the pile accumulated rotation (with
an average error of −19%), while the prediction model devel-
oped by LeBlanc et al. (2010) slightly overestimates the pile
accumulated rotation (with an average error of 8%). The model
developed by Klinkvort and Hededal (2013) overestimates
the pile accumulated rotation by up to 91%. As mentioned by
Li et al. (2015), the variation in the prediction models partly
results from soil variability and experimental measurement
errors.

5. Conclusions
Centrifuge tests were carried out on an open-ended monopile
with L/D ratio of 5 in dry sand with two relative densities of
50% and 80%, to evaluate cyclic load-induced accumulation of
lateral displacement and evolution of secant stiffness. The
focus was on two key parameters: cyclic load directional
characteristic ratio (ζc) and cyclic magnitude ratio (ζb).
Equations were formulated based on the test data for the pre-
diction of accumulation of lateral displacement and change in
secant stiffness of the pile. The following conclusions can be
drawn.

(a) The most damaging cyclic load type is two-way loading,
with ζc≈−0.4, regardless of the sand relative densities.
When ζc≤ 0.2, the pile exhibits a faster rate of generating
accumulated maximum displacement in medium dense
sand compared with that in dense sand. When ζc > 0.2
(one-way cyclic loading), the pile maximum displacement
accumulation rate was found not to be sensitive to the
sand relative density. The pile displacement accumulation
coefficient (α) was found not to be sensitive to the cyclic
magnitude ratio (ζb).

(b) Cyclic loading results in an increase in the secant stiffness
per cycle irrespective of the sand relative density. When
the applied load was changed from one-way to two-way,
an increasing rate of accumulation of secant stiffness was
observed. An increase in the cyclic load magnitude ratio
(ζb) led to an increase in the relative secant stiffness
accumulation rate (β).

(c) The design procedure which can be applied for any
combination of load amplitude, load directional
characteristic and cycle number to predict pile lateral
loading behaviour (originally established by Klinkvort
and Hededal (2013)) was re-evaluated in this study. The
related three sets of functions (Tc(ζc), Tb(ζb), Rc(ζc),
Rb(ζb), Kc(ζc), Ks(ζb)) were reformulated based on the
centrifuge test results from this research. The
accumulation of lateral displacement and the evolution of
secant stiffness can therefore be predicted by a monotonic
response together with the aforementioned functions.
A power law function along with the parameters
determined from this study was found to predict the pile
response tested in the field by Li et al. (2015) with less
than 5% average error.

The proposed prediction model is formulated based on certain
kinds of pile and sand, and pile installation method. If predic-
tion is going to be made on other types of piles, only the pre-
diction procedure can be referred to. The non-dimensional and
dimensional functions should be determined on the targeted
pile and sand under the designed pile installation method.
Moreover, it should be noted that the number of cycles applied
to the piles tested in the centrifuge is several orders of magni-
tude smaller than those that monopiles experience in their
lifetime.
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