
1 INTRODUCTION  

The design of offshore piles has been developed 
over many years by the oil and gas industry. In the 
absence of guidelines for offshore wind turbine 
structures, designers use the practices for conven-
tional fixed offshore platform, such as those pub-
lished by the American Petroleum Institute API 
(2011). For lateral loading of piles these rely on the 
p-y approach, introduced by Reese et al. (1974) and 
O’Neill & Murchison (1983). In this method, the 
soil-pile interaction is modelled by a series of inde-
pendent springs, characterised by a non-linear em-
pirical behaviour law between the lateral pile deflec-
tion and the soil resistance. This method was 
originally calibrated against full-size pile tests in 
sand, under lateral loading. The piles were long, 
slender and flexible and intended to replicate those 
used for oil and gas platform foundations. This em-
pirical approach appears to be reasonably efficient 
since few platform pile foundation failures have 
been recorded.  

However, offshore wind turbine piles have both a 
different geometry and loading conditions compared 
to oil and gas structure foundations. Thus, it is be-
coming apparent that the current p-y methodology 
may not be appropriate for the design of offshore 
wind turbine monopiles, without additional calibra-
tion (Kallehave et al. 2012), and particularly for the 
effects of long-term cyclic lateral loading (Long & 
Vanneste 1994).  

This paper outlines current design guidance used 
for offshore wind turbine monopiles, and presents a 
new methodology being proposed to address the is-
sue of cyclic lateral loading. Additional experi-
mental results are presented to further validate the 
methodology. 

2 CURRENT DESIGN METHODOLOGIES 

2.1 Guidelines from the American Petroleum 
Institute 

The current guidelines for the design of offshore 
wind turbine piles (for example DNV 2011) are 
based around the standards published for the design 
of oil and gas structures, such as those by the Amer-
ican Petroleum Institute (API 2011). The recom-
mended relationship between the lateral pile deflec-
tion y and the soil resistance p is: 
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where pu is the static ultimate lateral pile resistance, 
A is an empirical parameter that takes into account 
the loading type (static or cyclic) and K0 is the initial 
reaction modulus of the soil which depends on the 
angle of friction φ, the relative density Rd and the 
depth z.  

For the case of cyclic loading, A is taken to be 0.9. 
However, the value of A stays the same irrespective 
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of the number of cycles, N. Many authors underline 
this gap in the method (Little & Briaud 1988, Long 
& Vanneste 1994, Verdure et al. 2003) and propose 
to modify Equation 1 in order to integrate the num-
ber of cycles N into the model. One such methodol-
ogy is the degradation stiffness model where a re-
duction factor is applied to the soil reaction modulus 
(e.g. Reese et al. 1974, O'Neill & Murchison 1983, 
Long & Vanneste 1994, Verdure et al. 2003). A key 
problem in the development of these models is that 
the data are usually limited to small numbers of cy-
cles (<500), and may therefore not be easily extrapo-
lated. This method is not discussed further in this 
paper but the results presented could be recast within 
in this framework. 

2.2 Framework of response for long-term cyclically 
loaded piles, Leblanc et al. (2010a) 

More recently, a framework of response for the be-
haviour of monopile foundations subjected to large 
numbers of cycles (over 8000) has been introduced 
by Leblanc et al. (2010a). This work was based on a 
comprehensive laboratory testing program.  

The loading is characterized in terms of two pa-
rameters: the magnitude ζb and amplitude ζc (Equa-
tions 2 and 3).  
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where Mmin and Mmax is the minimum and maximum 
moment over a load cycle and MR is the static mo-
ment capacity of the pile. ζb ranges between 0 and 1 
when ζc∈[-1,1]. ζc = 1 for a static test, 0 for a one-
way loading test and -1 for a two way loading test. 

The test programme involved a laboratory scale 
monopile in dry Yellow Leighton Buzzard sand at 
two different relative densities (Rd = 4 % and Rd = 38 
%), subjected to a wide range of load conditions (ζb 
and ζc). The results led to the identification of laws 
characterizing the evolution of the pile tilt as well as 
the soil stiffness with cycle number. Leblanc et al. 
(2010b) completed this framework by an analysis of 
the effect of random cyclic loading on the pile re-
sponse, though this is not discussed here. 

2.2.1 Accumulated displacement over the cycles 
Leblanc et al. (2010a) evaluated the displacement of 
the pile via the magnitude of rotation ∆θ = θN

max-
θ0

max caused by cyclic loading. They related ∆θ to 
the rotation θS that would occur in a static test when 
the applied load is equal to the maximum cyclic 
load. Their test results show that the accumulated ro-

tation follows a power law relationship with the 
number of cycles, according to Equation 4. 
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Here Tb and Tc are dimensionless empirical func-
tions depending on the relative density Rd and the 
load characteristics, whilst α is an empirical evolu-
tion parameter equal to 0.31.  

2.2.2 Evolution of the stiffness 
The test results also highlight a logarithmic evolu-
tion of the cyclic secant stiffness with the number of 
cycles given by Equation 5. 
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In this equation, '
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 are empirical func-

tions that depend on the load characteristics. C is a 
dimensionless empirical constant equal to 8.02. 

2.3 Definition of the stiffness 

The analysis of cyclic phenomena requires a careful 
definition of the term stiffness. This clarification is 
essential and is illustrated in Figure 1. 

2.3.1 Absolute stiffness K 
The absolute stiffness KN is the parameter that re-
lates the soil state at cycle N to the initial state. It de-
scribes the progressive evolution of the soil-pile in-
teraction and is defined as the ratio of applied load 
versus the absolute deflection of the pile. 

2.3.2 Cyclic secant stiffness k 
The cyclic secant stiffness kN characterizes the state 
of the soil-pile interaction after N cycles, and is de-

 

 
Figure 1. Definition of the absolute (Ki ) and cyclic 
secant (ki ) stiffness 
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scribed by Equation 5. Its evolution is critical since 
it drives the change in natural frequency of the struc-
ture with cycle number (Byrne 2011, Equation 6). 
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Here, m is the mass and h the height of the centre 
of gravity of the superstructure. E and I are the 
young’s modulus and second moment of area of the 
superstructure respectively. In this paper, the evolu-
tion of the secant stiffness is addressed, though the 
results could be interpreted to provide information 
about the absolute stiffness.  

3 EXPERIMENTAL MODEL 

3.1 Experimental equipment 

The laboratory tests were carried out with a rig de-
veloped by Rovere (2004). It is based on a suspend-
ed mass system that enforces a cyclic lateral load at 
an eccentricity e from the mud line (Figure 2).   

The mass m3 balances the weight of the main 
beam and the motor (m1 = m2 = 0). The values of m1 
and m2 directly set the value of the sinusoidal force 
H(t) = H0+Ha.sin(ωt) applied at the top of the pile. 
When the motor is running, it carries m1 along a cir-
cular path which makes the gravity centre of the 
main beam change sinusoidally. The wire connect-
ing the main beam and the pile transmits loads to the 
top of the pile. The pulsation is enforced by the mo-
tor frequency (f = 0.106 Hz). This rig offers the pos-
sibility of applying thousands of repeatable cycles in 
a realistic time. 

The values of the loading and pile dimensions 
have been chosen according to the non-dimensional 
framework introduced by Leblanc et al. (2010a). As 
an illustration, two non-dimensional parameters that 
result from this model and are used in this paper are 
given by Equations 7 and 8. 
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Where pa is the atmospheric pressure, γ’  the effec-
tive soil unit weight and where non-dimensional pa-
rameters are denoted by a tilde. 

The size of the pile is scaled to 1/50 of a typical 2 
MW offshore wind turbine monopile (Table 1), alt-
hough it is geometrically similar to larger wind tur-
bine piles. The dimensions mean that it is stiff, com-
pared with the soil stiffness and it is made of copper. 
The dimensions of the sand container are 600 mm x 
600 mm x 527 mm which allows for a clearance of 
at least 2.75 D between the pile and the container 
wall. This minimises the disturbing effect of the 
walls on the soil-pile interaction.  

3.2 Test programme 

The results presented in this paper are aimed at ex-
ploring the effect of the sand particle size on the 
framework introduced by Leblanc et al. (2010a). 

For this purpose, tests were carried out with two 
different sands, Yellow Leighton Buzzard 14/25 
(YLB) and RedHill 110 (RH110). Both are very uni-
form silica sand with an angular grain shape. The 
major difference between them is their particle size 
(Table 2). The sands were tested dry so that only the 
drained behaviour was investigated. 

For both sands, the samples were prepared by 
carefully pouring the sand from a very low drop 
height with a scoop. This method enables to prepare 

 

 
Figure 2. Schematic of the experimental r ig 
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Table 1.  Properties of the copper pile 

Property value 
Pile diameter (mm) 
Thickness (mm) 
Penetration depth (mm) 
Load eccentricity (mm)  

80 
2.0 
360 
430 

 
Table 2.  Properties of YLB (Schnaid 1990) and RH110 (Vil-
lalobos et al. 2005, Schupp 2009)  

Property YLB RH110 
Mean particle size D50 (mm) 0.80 0.137 
Specific Gravity GS 2.65 2.63 
Minimum dry unit weight γmin (kN/m3) 14.65 12.64 
Maximum dry unit weight γmax (kN/m3) 17.58 15.72 
Critical angle of friction φcr (degrees) 34.3 36 
Coefficient of uniformity Cu 1.35 1.82 
Curvature coefficient Cd 0.91 1.05 
 



very loose sand samples with an average relative 
density of about Rd = 4 % for Yellow Leighton Buz-
zard and Rd = 18 % for RedHill 110. 

The test programme involved 2 static tests, 3 cy-
clic tests with YLB and 5 cyclic tests with RH110. 
The characteristics of the applied cyclic load were 
defined in terms of ζb and ζc. The properties of each 
test have been summarized in Table 3. 

4 RESULTS 

4.1 Static moment capacity 

For each sand sample, a static test was carried out to 
determine the non-dimensional ultimate capacity of 
the pile RM

~
. This parameter is used as a reference 

for the choice of the load magnitude for the cyclic 
tests (Equation 2). The results of the static tests are 
given in Figure 3.  

The failure limit of a laterally loaded pile is not 
trivial since no clear failure behaviour appears on 
the curve (Figure 3). The guidelines (DNV, 2011) 
advise to determine the value of RM

~
 via, first, a 

theoretical calculation of the lateral pile resistance 
and, second, by an evaluation of the lateral dis-
placement at the pile head. Since the pile is very 
stiff, the theoretical lateral pile resistance is too high 
to be chosen as a limit. It would indeed lead to a 
pile-head displacement of over 50 % of the diameter 

of the pile. The failure limit of the pile-head deflec-
tion has therefore been fixed to 5 % of the diameter 
of the pile, which is equivalent to a non-dimensional 
rotation of θ~ = 0.07 for both sand samples. With 
this definition RM

~
= 0.40 and RM

~
= 0.57 for RH110 

and YLB respectively.  

4.2 Evolution of the accumulated rotation 

Figure 4 illustrates the influence of the sand particle 
size on the framework introduced by Leblanc et al.. 
On graphs 4.a and 4.b, the dotted lines have been ob-
tained using Equation 4 with α = 0.31. They show a 
good fit to the results and prove that the value of α = 
0.31 is well-adapted for the results obtained with 
RH110. Therefore, the value of α appears independ-
ent of the particle size, the load characteristics and 
the relative density. 

 Figures 4.c and 4.d display the evolution of Tb 
and Tc with the load characteristics, relative density 
and particle size. Given that Tc = 1 when ζc = 0, Tb 
and Tc can be analysed separately by carrying out 
one-way loading tests, and then two-way loading 
tests for the same value of ζb. Figure 4.c clearly 
shows that Tb depends on the relative density and the 
particle size. Though, more tests would be required 
to fit a mathematical expression for Tb. Figure 4.d 
shows that Tc is rather independent of the sample 
properties and solely varies with ζc.  

4.3 Evolution of the cyclic secant stiffness 

Figure 5 shows the influence of the sand particle size 
on the cyclic secant stiffness. The dotted lines on 
Figures 5.a, b have been fitted using Equation 5 with 
C = 8.02. The trend lines show a good fit to the test 
results and highlight that the phenomenological law 
proposed by Leblanc et al. (2010a) appears to de-
scribe the evolution of the secant stiffness. In addi-
tion, the value C = 8.02 does not show to depend on 
the sand particle size. 

Figures 5.c and 5.d display the results obtained 
for the functions bk

~
 and ck

~
. These graphs show that 

the function bk
~

 depends on the sand particle size 
when the function ck

~
 is independent of this parame-

ter. Therefore, the empirical law proposed by Le-
blanc et al. (2010a) for ck

~
 is appropriate but com-

Table 3.  Test Programme  

No. Type of test Sample d50 (mm) Rd (%) ζb ζc N 
1 Static YLB 0.80 4 - - - 
2 Static RH110 0.137 18 - - - 
3 Cyclic, 1-way YLB 0.80 4 0.29 0 13400 
4 Cyclic, 1-way YLB 0.80 4 0.37 0 15000 
5 Cyclic, 1-way YLB 0.80 4 0.42 0 7400 
6 Cyclic, 1-way RH110 0.137 18 0.37 0 1000 
7 Cyclic, 1-way RH110 0.137 18 0.38 0 24100 
8 Cyclic, 1-way RH110 0.137 18 0.42 0 1000 
9 Cyclic, 2-way RH110 0.137 18 0.37 -0.45 1000 
10 Cyclic, 2-way RH110 0.137 18 0.37 -0.95 12000 

 

 

 
Figure 3. Results of the static tests 

M

q
~

~

0.6

0.5

0.4

0.3

0.2

0.1

0.0
0.00 0.02 0.04 0.06 0.08 0.10

Abadie, RH110, R =18%d

Abadie, YLB, R =4%d

Leblanc , YLB, R =4%et al. d



plementary tests are necessary in order to investigate 
bk

~
 in details. 

4.4 Limitations  

The framework presented in this paper relies on the 
assumption that the results obtained for the initial 
few thousands of cycles can be extrapolated to mil-
lions of cycles. Moreover, the completed work only 
accounts for unidirectional loading in a single layer 
of dry sand. Further work would involve the investi-
gation of the response of the pile in more realistic 
conditions. Data from full-scale monitored mono-
piles would also be useful for the validation of the 
model. 

5 CONCLUSION 

A series of 1g tests have been conducted in order to 

supplement Leblanc et al.'s (2010a) research as well 
as the current methodologies used for the design of 
piles subjected to lateral cyclic loading. The tests in-
volved 1,000 to 24,000 cycles in dry sand. The non-
dimensional framework developed by Leblanc et al. 
(2010a) has been used in order to properly scale the 
laboratory model. 

The test results show that the accumulated rota-
tion of the pile is well fitted by the exponential law 
proposed by Leblanc et al. The results also confirm 
the logarithmical law proposed for the evolution of 
the cyclic secant stiffness. They demonstrate that 
both the accumulated rotation and the secant stiff-
ness depend on the sand particle size. 

This framework constitutes a good approach for 
improving the current guidelines concerning the de-
sign of offshore wind turbine piled foundations. It 
provides new data concerning the response of the 
pile to large number of cycles in a range of site con-
ditions. 

 

 
Figure 4. Measured accumulated rotation as a function of N, particle size and load characteristics – Results of 
the one-way (a) and two-way (b) loading tests with RH110 (dotted lines obtained from Equation 4) – Func-
tions relating Tb (c) and Tc (d) to the particle size 
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Figure 5. Measured cyclic secant stiffness as a function of N, particle size and load characteristics – Results 
of the one-way (a) and two-way (b) loading tests with RH110 (dotted lines obtained from Equation 5) – Func-
tions relating ����	(c) and ���� (d) to the particle size 
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