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Small-Scale Testing of Cyclic Laterally Loaded Monopiles in Dense Saturated Sand
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Monopiles are currently the most common foundations for offshore wind turbines, which are subjected to millions of cyclic
loads that are still not well-interpreted in the design guidelines. The accumulated rotation of the turbine and the change of
foundation stiffness due to the long-term cyclic loading are issues that should be investigated. In the present work, a small-scale
test campaign of a stiff pile was performed in order to validate methodologies proposed by recent studies. Cyclic loading was
not found to degrade the ultimate static resistance of the pile, which contrasts with current design guidelines.

INTRODUCTION

Wind energy capacity has increased more than four-fold in the
last decade. The offshore wind energy sector has widely developed,
especially in northern Europe. High mean wind speeds and large
space availabilities are the main advantages in comparison with
the onshore converters. Offshore wind energy is a technology that
is still more expensive than onshore wind energy, and therefore
a reduction of the costs is required. The support structure is a
significant proportion of the total cost of offshore wind turbines and
still has large potential for cost reduction. The monopile foundation
is the most popular support structure for offshore wind turbines.
Such foundations are stiff steel tubes, often with diameters of 4 to
6 m and embedded lengths of 20 to 30 m. The design of monopiles
relies on standards and empirical data originating from the oil
and gas sector, which actually were based on works performed
with flexible piles with diameters less than 1 m. However, the
substructures of offshore wind turbines are exposed to different
loading conditions that mostly originate from waves and wind. Such
loads are naturally cyclic, and therefore an offshore wind structure
is subjected to millions of load cycles over its lifetime. This causes
the offshore wind energy structure to accumulate a rotation that may
damage the wind turbine. The main current design standards, DNV
(2010) and API (2010), provide guidelines that are not capable of
properly accounting for cyclic loading and consequent accumulated
rotations. Moreover, the behavior of non-slender piles used in the
offshore wind energy sector might be different from the slender
piles used in the oil and gas sector. Therefore, a proper design
guideline is required and further investigations are necessary.

Previous Evaluation of Lateral Deflections

The most common approach for predicting lateral deflections of
monopiles deals with the use of the p-y curve method. The p-y
curves provide a relationship between the soil resistance p and the
lateral displacement of the pile y. The p-y approach was proposed
by Reese et al. (1974) and O’Neill and Murchison (1983) through
research promoted by the oil and gas sector. Such an approach
is based on full-scale tests of slender piles with no more than
100 load cycles. Hence, the long-term response of the piles is not
accounted for. Cyclic loading is taken into account by reducing the
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soil resistance by means of empirical factors. Long and Vanneste
(1994) reviewed previous works and proposed to reduce the soil
resistance with a power law as a function of the number of cycles
through an analysis of 34 field tests with 5 to 500 load cycles. Lin
and Liao (1999) performed tests on flexible piles with up to 100
cycles, proposing a relationship in which the lateral displacement of
the pile increases with the number of cycles through a logarithmic
evolution. Peng et al. (2006), Peralta and Achmus (2010), and
LeBlanc et al. (2010) investigated the behavior of piles under cyclic
lateral loading through small-scale testing at 1 g. Peng et al. (2006)
found that the lateral displacement of a pile is larger, increasing
the frequency and the magnitude of the cyclic load. Peralta and
Achmus (2010) concluded their research by stating that the lateral
displacement of a pile increases with the number of cycles through
a power law in the case of a rigid pile and through a logarithmic
law in the case of a flexible pile.

LeBlanc et al. (2010) proposed a method to predict the long-
term accumulated rotation of a monopile, performing cyclic lateral
loading tests of a model stiff pile in dry loose sand. Tests with 8,000
to 65,000 load cycles were performed in a small-scale rig. The tested
pile had a slenderness ratio of 4.5 and a diameter of 80 mm. The
proposed approach yielded a relationship in which the accumulated
rotation of the pile is related to the number of cycles as a function
of a power law. Furthermore, it was found that the pile stiffness
always increases during cyclic loading, proportionally to the number
of cycles. A significant change of stiffness of the structure may lead
to a change of the natural frequency during its lifetime, which may
be critical in case of resonance. Therefore, further works aimed
at investigating possible changes of the foundation stiffness are
required. Kirkwood and Haigh (2013) performed an investigation
similar to LeBlanc et al. (2010) but by means of centrifuge testing,
confirming the results achieved by Leblanc et al. (2010).

Purpose of the Paper

The purpose of this paper is to investigate the behavior of a stiff
pile subjected to long-term cyclic lateral loading in dense saturated
sand. The testing rig is a small-scale setup widely described in
Roesen et al. (2012). Two series of tests with 50,000 load cycles
were performed. The purpose of the first series of tests was to
compare the results achieved in the present study with the results
achieved in previous works that applied the method proposed by
LeBlanc et al. (2010). By means of the second series of tests,
the resistance of the pile was compared before and after cyclic
loading was applied, in order to test the cyclic degradation methods
proposed by the main design guidelines. The authors are aware of
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the scale issues of the pattern, but the scope of this paper is not to
make a comparison with real-scale results. The aim of the tests is
to compare results qualitatively and not quantitatively.

EXPERIMENTAL TESTING

Methodology

Two parameters describe the cyclic loading in the approach
proposed by LeBlanc et al. (2010):

�b =
Mmax

MR

(1)

�c =
Mmin

Mmax
(2)

where Mmax and Mmin are the maximum and minimum moments in
a cyclic test, and MR is the ultimate moment capacity of the pile in a
static test. �b represents the intensity of the load, while �c describes
the type of cyclic loading. For �c = 0 and �c = −1, the applied
loading is one-way and two-way, respectively, as shown in Fig. 1.
Examples of results from cyclic tests are shown in Figs. 2 and 3.

This approach was based on the correlation between the accumu-
lated rotation of the pile and the number of load cycles N . The

Fig. 1 Cyclic loading configurations (from LeBlanc et al., 2010)

Fig. 2 Example of cyclic loading with �b = 0027, �c = −0013, and
N = 10, where M is the moment applied (Nm) and � is the rotation
of the pile (Deg)

Fig. 3 Rotation of the pile � (Deg) against the number of cycles N
in a cyclic test

evolution of the accumulated rotation was evaluated in terms of the
dimensionless ratio:

�̃ =
ã�4N5

�s
=

�N − �0

�s
(3)

where �N and �0 are the rotation of the pile at the cycle N and the
rotation achieved after the first cycle, respectively, while �s is the
rotation that would occur in a static test when the moment applied
is equal to the maximum cyclic moment Mmax.

The relationship between the number of load cycles and �̃ for
different cyclic tests was plotted on a log-log scale. Through the
plotting of such a relationship, it was observed that the curves
follow a power law (see Fig. 4). Based on this observation, the
following formulation was proposed by LeBlanc et al. (2010) to
predict accumulated rotations due to cyclic loading:

�̃ = Tb 4�b1Rd5 Tc 4�c5N
� (4)

where Tb and Tc are dimensionless parameters depending on �b
and �c , respectively, � is the exponent of the power law, and Rd

is the relative density. It is assumed that Tc can vary and range
between Tc4�c = 05= 1 and Tc4�c = ±15= 0, while Tb increases
proportionally with �b and Rd . The parameter � achieved in the

Fig. 4 Experimental curve of a cyclic test and fitting exponential
curve, where �̂ is the normalized accumulated rotation of the pile
and N is the number of cycles



242 Small-Scale Testing of Cyclic Laterally Loaded Monopiles in Dense Saturated Sand

Fig. 5 Photograph of the testing rig used to investigate the response
of stiff piles subjected to cyclic lateral loading

work carried out by LeBlanc et al. (2010) was found to be 0.31 and
was considered as a constant, independent of the loading features
and the density of the sand.

Test Equipment

The experimental setup consists of a 1 g testing rig composed of
a steel cylinder container, a loading frame, a loading lever, and
three weight hangers, as shown in Figs. 5 and 6. The container
has an inner diameter of 2.00 m and a height of 1.20 m and is
filled with sand at the top for 0.90 m and with gravel at the bottom
for 0.30 m. A drainage system of pipes is placed in the gravel
layer in order to spill water in the soil. The gravel is used as
drainage material and is covered with a sheet of geotextile. The
soil is saturated, and the water level is kept to approximately 20 to
40 mm above the sand surface. The tests have been carried out
with the Aalborg University Sand No. 1, whose properties are
listed in Table 1. The relative density of the sand varies from 85%
to 90%, and a standard procedure is performed before each test in
order to ensure conditions of repeatability. The sand is loosened by
applying a hydraulic gradient and then compacted by vibrating
with a vibrator rod. Furthermore, a small-scale Cone Penetration
Test is conducted in order to calculate the parameters of the sand.

Fig. 6 Cross-sectional sketch of the testing rig. F1 and F2 represent
the load cells, D1, D2, and D3 represent the horizontal displacement
transducers, m1 and m2 are the masses used to apply the cyclic
loading, and m3 is the mass to counterbalance the left side of the
rig. All measurements are in meters.

Property Value Unit

d50 = 50%-quantile 0.14 [mm]
CU = d60/d10 1.78 [-]
Specific grain density ds 2.64 [-]
Maximum void ratio emax 0.86 [-]
Minimum void ratio emin 0.55 [-]

Table 1 Characteristics of Aalborg University Sand No. 1

The investigations are conducted on a stiff open-ended aluminium
pile with a diameter of 100 mm, an embedded length of 500 mm,
and a thickness of 5 mm. The model pile is assumed to behave as
a rigid body. The pile is driven into the soil in the center of the
caisson by a screw jack driven by an electric motor. The loads
are applied by means of a steel bar bolted on the top of the pile.
The rig is capable of applying static or cyclic loads. Static loading
is performed by using a screw jack driven by an electric motor,
placed on the loading frame. During a static test, a monotonic load
is applied to the pile by pulling the steel bar through a steel wire at
a constant velocity of 0.02 mm/s. As shown in Fig. 6, three masses
are used in order to carry out cyclic tests: m3 is the counterweight
to the loading lever placed on the left side of the rig, and m1 and
m2 initiate the cyclic loading. The hanger on which m2 is placed is
steady, while the hanger on which m1 is placed makes a circular
rotation. The loading lever is connected to the steel bar mounted
on the pile by means of a steel wire; therefore, the rotation of m1

induces the cyclic loading to the pile. The time that it takes m1 to
complete a rotation represents the period of the cyclic load. Two
load cells, F1 and F2, are used to measure the applied forces during
the tests. The displacements of the pile are recorded by means of
three transducers placed at different heights on the steel bar, D1,
D2, and D3, as shown in Fig. 6.

TESTING RESULTS

First Series of Tests

The purpose of the first series of tests was to develop the
parameters of the LeBlanc approach, Tb , Tc , and �, for the present
model. Figure 7 shows Tb as a function of �b , achieved in the
present work and in LeBlanc et al. (2010). This plot shows that Tb
increases proportionally to �b and Rd , following the trend of the
results of LeBlanc et al. (2010).

Fig. 7 Function Tb in relation to �b for different relative densities
achieved in the present work and in the work undertaken by
LeBlanc et al. (2010)
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Fig. 8 Function Tc in relation to �c achieved in the present work

The parameter Tc is plotted as a function of �c in Fig. 8, and it is
shown that the curve has a peak approximately at �c = −005. This
confirms the results achieved by LeBlanc et al. (2010) (see Fig. 9).
Besides, Fig. 8 shows that the peak value of Tc is smaller than in
LeBlanc et al. (2010), although no explanation for this discrepancy
has yet emerged. The parameter � is here found to be 0.13, which
is much less than in LeBlanc et al. (2010), where it was 0.31.

Second Series of Tests

The effects of the cyclic loading on the resistance of the pile
were investigated by means of the second series of tests. In this
investigation, static tests were performed after 50,000 load cycles.
As a result, the ultimate resistance of the pile was determined after
cyclic tests and was compared with the ultimate resistance reached
in a static test without applying cyclic loading. The so-called
ultimate post-cyclic resistance was higher than the ultimate static
resistance in all the tests performed, in a range from 5% to 20%,
as shown in Fig. 10. A particular example is depicted in Fig. 11,
where the nondimensional moment M̂ is plotted as a function of
the nondimensional rotation �̂ in a static test and a post-cyclic test.
The post-cyclic test shown in Fig. 11 was performed after a cyclic
test was carried out with �b = 003 and �c = −005 at 50,000 cycles.
M̂ is normalized with respect to the maximum static moment MR,
and �̂ is normalized with respect to the maximum static rotation

Fig. 9 Simplified function Tc in relation to �c achieved in the work
undertaken by LeBlanc et al. (2010)

Static after cyclic
Static

Fig. 10 Ultimate static resistance and ultimate static after cyclic
resistance against the post-cyclic rotation of the pile in the second
series of tests. Mu is expressed in Nm and �pc in Deg.

�R, which is the rotation that corresponds to the maximum static
moment in the static curve.

DISCUSSION

The parameters achieved from the first series of tests have also
been compared with the parameters of the works undertaken by Zhu
et al. (2013) and Foglia et al. (2014) on a bucket foundation. Such
a foundation is a steel cylinder caisson with a usual embedment
ratio from 0.5 to 1. In both works, the cyclic lateral loading effects
were investigated but with different soil conditions. In the research
carried out by Zhu et al. (2013), the soil was loose dry sand, while
in the research carried out by Foglia et al. (2014), the soil was
dense saturated sand. Table 2 shows a comparison between the
two aforementioned works, the work undertaken by LeBlanc et
al. (2010), and the present work, in which the parameters from a
cyclic test with �b = 003 and �c = −005 are analyzed. In Table 2,
Tb increases proportionally with Rd, as shown in Fig. 7, and Tc
and � are supposed to be independent of Rd. This assumption

Fig. 11 Example of static test and post-cyclic test. The moment
and the rotation are normalized to the maximum static moment and
the corresponding rotation, respectively. The post-cyclic test is a
static test performed after a cyclic test is carried out with �b = 003
and �c = −005 at 50,000 cycles.
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Authors Tb Tc � �̃ Soil

LeBlanc et al. (2010) 0.047 4 0.31 27.8 Loose sand
Present work 0.65 1.35 0.13 7.13 Dense sand
Zhu et al. (2013) 0.04 1.5 0.39 32.2 Loose sand
Foglia et al. (2014) 0.3 1.5 0.19 9.6 Dense sand

Table 2 Nondimensional parameters achieved in different works
for N = 107, �b = 003, and �c = −005

implies that the normalized accumulated rotation of a non-slender
pile might be larger in dense sand rather than in loose sand in a
cyclic test carried out with the same loading conditions.

Table 2, however, shows that the normalized accumulated rotation,
�̃, is smaller in the present work than in the work undertaken
by LeBlanc et al. (2010) for N = 50,000 cycles. This is due to
the different value of �, as it is smaller in the present work than
in the study conducted by LeBlanc et al. (2010). Furthermore,
a comparison of the four values of � in Table 2 shows that �
is smaller in the works conducted with dense sand rather than
with loose sand; it is assumed that � is not affected by the type
of foundation. This implies that � might be dependent on Rd

and should plainly not be considered a constant in Eq. 4. Indeed,
it appears that �̃ achieved in the present work and in the work
undertaken by Foglia et al. (2014) is smaller than in LeBlanc et al.
(2010) and Zhu et al. (2013). This means that �̃, in a cyclic test
with the same loading conditions, might be larger in loose sand than
in dense sand. This outcome proves that � should vary with Rd in
Eq. 4; otherwise, �̃ would be larger in dense sand than in loose
sand as Tb increases with Rd (in contrast to the findings in Table 2).

Figure 11 shows that the ultimate post-cyclic resistance is
approximately 15% larger than the ultimate static resistance.
Furthermore, the post-cyclic curve has a larger gradient than the
static curve, meaning that the pile stiffness is increased after cyclic
loading is applied. This observation confirms the outcome achieved
in the work undertaken by LeBlanc et al. (2010). These findings
contrast with the p-y curve method used in the current design
guidelines, which suggest a degradation of the static resistance
to account for cyclic loading. The intersection of the two curves
depicted in Fig. 11 represents the point from which the cyclic
loading might be beneficial to the resistance and the rotation of the
pile. Note that there would be an initial permanent deflection of
the pile after cyclic loading is applied, but if a load was larger
than a load at the intersection point, the capacity of the pile would
be improved. Indeed, the normalized rotation of the pile, which
corresponds to a normalized moment larger than such a moment at
the intersection point, would be reduced if the post-cyclic curve
was considered instead of the static curve.

In Fig. 11, the nondimensional ultimate static resistance is
for M̂ = 1, and the corresponding nondimensional rotation is
�̂static4M̂ = 15= 1. The nondimensional rotation that corresponds to
M̂ = 1 in the post-cyclic curve is �̂pc4M̂ = 15= 004. The resulting
decrease in the nondimensional rotation is given in Eq. 5:

�̂static4M̂ = 15− �̂pc4M̂ = 15= 006 (5)

Therefore, the nondimensional rotation of the pile corresponding
to the maximum static moment might be reduced up to 60%,
considering the resistance of the pile after a cyclic loading is
applied. The explanation for this behavior is still under investigation.
Nevertheless, a first hypothesis might be a compaction of the sand
due to repetitive cyclic loading, which induces the soil to become
stiffer and stronger. Such a hypothesis is not confirmed yet, but

it is supported by the investigation conducted by LeBlanc et al.
(2010), which shows that the stiffness of the soil-pile system was
increased during a cyclic test.

CONCLUSIONS

This paper describes two series of tests aimed at understanding
the long-term cyclic loading response of a small-scale stiff pile
in dense saturated sand. The purpose of the first series of tests
was to test the validity and applicability of the approach presented
by LeBlanc et al. (2010) to sands of different relative densities.
A comparison with previous works is presented to compare and
interpret the results achieved with different soils and foundations.
The main outcome is that the parameter � in Eq. 4 is dependent on
the relative density of the sand and thus should not be considered
as a constant; otherwise, the accumulated rotation of the foundation
might not be well-predicted in the long term. Nevertheless, studies
conducted with medium dense sand are required to extrapolate
results for a wider range of sand densities.

The second series of tests is a description of the cyclic loading
effects on the resistance of the pile. The results show that the
resistance and the stiffness of the pile are increased after cyclic
loading, in contrast with the main design codes that suggest a
degradation of the pile resistance due to cyclic loading. An example
is presented to demonstrate the beneficial effects of cyclic loading
on the pile resistance. Although the increase in stiffness during
cyclic loading was also found in the work conducted by LeBlanc et
al. (2010), more tests are required to investigate such an assumption.
In particular, a study of the post-cyclic resistance of piles and
possible dependency parameters should be carried out. Further
works undertaking full-scale tests are necessary to verify the validity
of the present outcomes.
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