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Fig. 1. Unrestricted Technical Offshore 
Wind Capacity in EU 10-30 Kilometres 
from the Coast (Extracted from EEA 
2009) 
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ABSTRACT 

 
     Offshore wind has tremendous potential to generate increasing amounts of clean, 
renewable energy, not only in the UK and the EU but worldwide. Cost efficient 
monopile foundations for offshore wind turbines will help in enabling this energy 
source to be competitive with other sources of energy.  
     This paper examines, using three-dimensional finite element analyses, the 
behaviour of monopiles installed in clays. Combined vertical, horizontal and moment 
loads expected at an offshore wind farm location have been used in the analysis.        
     Differences in the deformation mechanisms of small diameter laterally loaded 
piles, conventionally used in the offshore oil and gas sector, and the large diameter 
monopiles for offshore wind farms, are presented.  
 
1. INTRODUCTION 
 
     Generation of offshore wind energy is increasing rapidly with the global offshore 
wind capacity projected to be 150 GW by the year 2030. Achieving this target 
capacity would require the daily installation of a minimum of five 5 MW wind turbines 
from now until 2030. Within the European Union (EU), as depicted by the wind 
energy capacity in Fig. 1, there is vast potential for the installation of offshore wind.   

For the UK, which is currently a world 
leader in installed offshore wind capacity, 
it is projected that offshore wind will 
contribute 33 GW by the year 2020 
catering for approximately 17% of the 
country’s energy needs. However, it is 
imperative that such an enormous source 
of clean renewable energy is harnessed 
in a cost-effective manner to enable it to 
be competitive with other sources of 
energy. According to Scottish Enterprise 
(2011), the aim is to reduce the capital 
cost of installing an offshore wind farm  
from the current £3 million per MW to £2.5 
million per MW (excludes the cost of 
cabling and grid connections). To attain 
these cost savings, offshore wind turbine 
foundation design needs to be optimised 
as it accounts for approximately 23.5% of 
the total capital investment (Fig. 2). 



Fig. 2. Capital Expenditure for an 
Offshore Wind Farm (Adapted from 
Scottish Enterprise 2011) 

Fig. 3. Water depths for operating and 
proposed wind farms in the UK (Doherty and 
Gavin 2011) 

Furthermore, the long term performance of the foundations under extreme wind and 
wave loading needs to be understood. 
 

 
 
     Since the capital cost of an offshore wind farm is very high, developers are 
continuously striving to maximise the generation of wind energy through: 

a) The use of large diameter rotors, which necessitate longer towers, to generate 
increased power.  Currently, 5 MW and 6.5 MW turbines are being used with 
10 MW+ turbines under development.  

b) Installation of wind turbines in locations further away from the coast, in deeper 
waters, which have higher wind speeds. This translates to increased power 
generation as wind power is proportional to the cube of the wind speed. As 
illustrated in Fig. 3, a high proportion of the future offshore wind farms in the 
UK are proposed to be in water depths of 25-35 m. At these water depths, 
monopile foundations are still expected to be cost effective. 

     It is therefore vital that the design of monopiles to support bigger wind turbines in 
deeper waters is better understood to realise the cost efficiencies previously 
mentioned.  
 
2. DESIGN OF MONOPILES IN CLAY 
 
     A monopile is a large diameter open-ended tubular pile loaded by vertical loads 
from the weight of the tower and the turbine, and large lateral forces and bending 
moments due to wind and ocean waves and currents. It transfers the load to the 
seabed by mobilising horizontal earth pressures in competent upper soil layers 
(Doherty and Gavin 2011). Monopiles are driven into the seabed using hydraulic 
hammers (Strandgaard and Vandenbulcke 2002). According to Le Blanc et al (2010), 
installed monopiles have a diameter of between 4 and 6 m and an embedded length 
(L) to diameter (D) ratio of approximately 5. However, monopiles with diameters as 
large as 7.5 m will be required to support the larger wind turbines (Achmus et al 2011). 
     Currently, monopiles are mainly designed to codes of practice developed by Det 
Norske Veritas (DNV 2011) or the American Petroleum Institute (API 2000), both of 



Fig. 4. Winkler p-y model for a laterally 
loaded pile (Sørensen et al 2009) 

(a) (b) 

Fig. 5. Characteristic p-y curves for (a) soft clay (b) stiff clay with free water 
(Isenhower and Wang 2011)  

which employ the p-y pile design 
method. The p-y method is a subgrade 
reaction technique that describes the 
non-linear relationship between the soil 
resistance mobilised against the pile, p, 
and the lateral deflection of the pile, y 
(Brødbaek et al 2009). In this method, 
the pile is considered as a Winkler 
beam on elastic foundation supported 
by uncoupled non-linear soil springs 
(with spring stiffness  ) which 
represent the soil reaction. A plot of the 
variables p and y at a discrete soil 
depth constitutes a p-y curve at that 
depth (Fig. 4).  
     
 
 

 
     The fourth order differential equation for beam bending (Eq. 1) is numerically 
solved using suitable boundary conditions to generate p-y curves. 
   −  = 0,						 ∈ [0; ]  (1) 
 
where  is the flexural rigidity of the pile,  is the spring stiffness obtained as 
the secant modulus from the p-y curves, and  is the depth from the pile head (Fig. 
4).  
     For clays, the method used to generate p-y curves is dependent on its undrained 
shear strength: 

· Soft clays with undrained shear strength up to 96 kPa (Matlock 1970), and 
· Stiff clays with undrained shear strength greater than 96 kPa (Reese et al 

1975). 
     Characteristic shapes of p-y curves for soft and stiff clays are illustrated in Fig. 5 
(a) and (b) respectively.  
 

 
 

 

 

 

 

 

 



     The semi-empirical p-y method, having been developed for small diameter piles - 
0.32 m diameter pile for soft clays and 0.61 m diameter pile for stiff clays and sands - 
provides a good correlation with the slender piles required for offshore oil and gas 
installations. However, its use in the design of large diameter monopiles for offshore 
wind farms is yet to be verified. Even as early as 1984, the paucity of verification 
data on p-y curves for large diameter piles was acknowledged by Murchison and 
O’Neill (1984). Their database consisted of only 14 instrumented pile tests with the 
largest pile being 1.22 m in diameter. Comparing this to monopiles that have a 
diameter in the range of 4-7.5 m the research gap becomes apparent. Therefore, the 
application of the p-y method in the design of large diameter monopiles needs to be 
critically examined.  
     Past research by Abdel-Rahman & Achmus (2005), Lesny and Weimann (2006), 
and Achmus et al (2011) indicated that the p-y method, when applied to large 
diameter monopiles, overestimated the pile-soil stiffness and underestimated the 
pile-head displacement and rotation. These researchers have concentrated on sandy 
soils, which dominate the seabed in the Southern North Sea and Baltic Sea, which 
are offshore areas of local interest to them. However, according to Thomas (1989), 
the North Sea comprises the following four generalised soil profiles: 

· Stiff to very stiff over-consolidated clays and silty clays overlain by a thin 
layer of fine sand. 

· Very soft to soft normally consolidated clays and silty clays, overlain by a thin 
layer of fine sand, and underlain by stiff to very stiff over-consolidated silty 
clays. 

· Stiff to very stiff over-consolidated clays and silty clays, overlain by a thin 
layer of fine sand, and inter-bedded with layers of dense fine sand.  

· Fine to coarse sand with scattered seams and beds of soft to stiff clays and 
silty clays. 

     It is only the Southern North Sea that is dominated by large tracts of fine to 
coarse sand. 
     Furthermore, the seabed in other offshore regions also comprise clays, for 
instance, the Gulf of Mexico (soft, normally consolidated, medium to high plasticity 
clays), Campos and Santos Basins in Brazil (clays with high carbonate content), 
West Africa (soft, normally consolidated, very high plasticity clays), Australia’s North 
West Shelf and the Timor Sea (clay sized soils with cementation), and South East 
Asia (desiccated crusts of stiff soils overlying soft clays) (Randolph and Gourvenec 
2011). Hence, it is necessary to research monopile performance in clays.  
 
3. FINITE ELEMENT MODELLING 
      
     In this research, three dimensional (3D) finite element analysis was undertaken to 
investigate the effect of varying pile diameter, and clay strength and stiffness on the 
behaviour of monopiles in soft and stiff marine clays. The total stress analyses 
described in this paper were carried out using the commercial software 
ABAQUS/Standard (ABAQUS 2011). 
     The parametric study utilised 4 piles - 2 small diameter piles with diameter, D, of 
0.61 m and 2.0 m, and 2 large diameter monopiles with D of 5.0 m and 7.5 m. The 
embedded length, L,  of each pile was kept to a constant 35 m. The pile protruded 
1.0 m above the seabed to prevent the soil from going over the pile which would 
violate the Ultimate Limit State and generate unrealistic results (Kellezi and Hansen 



 
Fig. 6. 3D finite element model for the 5.0m diameter monopile 
 
 

2003). Each pile was analysed at undrained shear strength values of 25, 50, 75 and 
100 kPa. 
     The finite element model consisted of three parts: steel pile, soil around the pile 
and the soil plug inside the pile. The pile was assumed to be fully plugged due to 
compaction of the clay during pile driving. This is a realistic assumption supported by 
design guidelines which specify the length of the soil plug inside the monopile to be 
taken as 0.9 times the length of the pile embedded in the soil (Rosjberg and 
Gravesen 2009). The pile was constructed using 4-noded doubly curved linear shell 
elements with reduced integration, hourglass control and finite membrane strains. 
The soil and the plug were constructed using 8-noded linear brick elements with 
reduced integration and hourglass control.     
     The pile material was assumed to be linear elastic with Young’s Modulus (Ep) of 
210 GPa, Poisson’s Ratio of 0.3 and a density of 7840 kg/m3. The wall thickness of 
the pile, t, was determined using Eq. (2) (API 2000) and rounded upwards to the 
nearest integer. The wall thickness was constant throughout the length of the pile. 
The pile geometries for different cases are given in Table 1.  
  = 6.35 +	                 (2) 
 
     The overall model dimensions comprised a radius of 10D from the pile centre and 
a height equal to 1.6L. During trial runs, it was verified that these model dimensions 
were adequate in ensuring that there were no artificial boundary effects on pile-soil 
behaviour. The bottom of the soil model was fixed against translation in all directions 
whereas the lateral boundaries were fixed against lateral translation. The mesh 
density used is illustrated in Fig. 6. A mesh sensitivity analysis indicated that use of a 
finer mesh had a negligible effect on the accuracy of results.  
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Fig. 7. Kc for Clays (USACE 
1998) 

Fig. 8. Pile-Clay Interface Friction (Lehane et al 
2000) 

 
 
 
 
 
 
 
 
 

 
 
4. SOIL MODELLING 
 
     Due to its very low permeability, clay exhibits undrained behaviour during the 
application of peak loads as the rate of loading is considerably greater than the rate 
at which the pore water can move in or out of the inter-particle voids.  
     The elastic-perfectly plastic Mohr-Coulomb constitutive model, characterised by 
the undrained Young’s Modulus (Es), Poisson’s ratio of 0.495, angle of internal 
friction of 0o and dilatancy angle of 0o, was used to represent the undrained 
behaviour of clay. The normally consolidated clay, with bulk unit weight of 18 kN/m3, 
was assumed to be uniform with constant undrained shear strength (Cu) and 
stiffness (Es) with depth. Es was related to Cu by a correlation factor Kc which varied 
with the plasticity index of the clay (Fig. 7).  
     The geotechnical properties of the clays, listed in Table 2, relate closely to the 
actual properties of offshore clays obtained from site investigation data for offshore 
wind farms.  
     Friction between the steel pile and clay was estimated using the tan   curve in 
Fig. 8. According to Ramsey et al (1998),   dominates for short rigid monopiles. 
The interface angle of friction , and friction coefficient , used in the analyses are 
listed in Table 2. 
 

 

Pile 
Diameter 

(m) 

Total Pile 
Length 

(m) 

Embedded 
Pile Length 

(m) 

Pile Wall 
Thickness 

(mm) 
0.61 36 35 13 
2.0 36 35 27 
5.0 36 35 57 
7.5 36 35 82 

Table 1. Pile Geometries  



 
 

 
 
5. LOADING 
 
     Vertical and horizontal monotonic loads, for a 5.0 m diameter monopile, were 
derived in communication with the offshore wind farm designers. These loads, given 
in Table 3, were calibrated for the other pile diameters by maintaining a constant 
ratio between the horizontal moment and horizontal force. It should be noted that 
lower loads were applied to piles in 25 kPa clay based on stability criteria.  However, 
to facilitate a fair comparison of results, analyses for all clay strengths were also 
carried out at the lower loads.  
 
 
 
 

 
 
 
 
 
 
 
 
 

     
 
     During the force-controlled finite element analysis, loading was applied in the 
following steps: 

· Geostatic equilibrium in the clay 
· Gravity throughout the model 
· Vertical load on the pile head.  
· Horizontal force and horizontal moment applied at the pile head incrementally 

from zero to the maximum value.  
 
6. PILE-SOIL INTERACTION 
 
     The pile-soil interaction was modelled using small sliding, surface-to-surface 
master/slave contact pair formulation. The pile, being much stiffer than the soil, was 
selected as the master surface while the soil in contact with the pile was selected as 

Clay 
Type 

Unit 
Weight 
(kN/m3) 

Plasticity 
Index PI 

(%) 

Cu 
(kPa) 

Kc Es (kPa) Interface 
friction 

angle  (o) 

Interface 
friction 

coefficient  
1 18 80 25 192 4800 11.90 0.210 
2 18 44 50 383 19150 13.50 0.240 
3 18 40 75 447 33525 13.87 0.247 
4 18 38 100 479 47900 14.04 0.250 

Pile 
Diameter 

(m) 

Axial 
Load 
(MN) 

Cu = 50, 75 & 100 kPa Cu = 25 kPa 
Lateral 
Force  
(MN) 

Lateral 
Moment 
(MN.m) 

Lateral 
Force 
(MN) 

Lateral 
Moment 
(MN.m) 

0.61 1.078 0.0401 1.5078 0.0301 1.1308 
2.0 3.568 1.16060 43.6716 0.5803 21.8358 
5.0 9.104 12.6930 477.5250 5.9234 222.8450 
7.5 13.885 19.3590 728.3070 9.0342 339.8766 

Table 2. Geotechnical Properties of Clays 

Table 3. Maximum Applied Loads 



the slave surface.  Contact conditions between these two surfaces were governed by 
kinematic constraints in the normal and tangential directions.  
     In the normal direction, the contact stress is zero when a gap develops between 
the pile and the soil, or is compressive when the pile is in contact with the soil.  
     In the tangential direction, using Coulomb friction law, the maximum shear stress 
at contact is equal to the normal stress multiplied by the friction coefficient . When 
the shear stress is less than this maximum value, no tangential gap is formed and 
the surfaces are in a state of stick. When the shear stress reaches the maximum 
value, a tangential gap is formed and the surfaces slide relative to one another in the 
direction of the shear stress.  
     Both the normal and tangential contact constraints were enforced using the 
penalty method.  
 
7. RESULTS 
 
     The following points apply to the presented results: 

· Analyses were carried out at the maximum lateral loads for clays with Cu of 50, 
75 and 100 kPa, and at reduced lateral loads for clay with Cu of 25 kPa (See 
Table 3). However, results at reduced loads were extracted for all the clays to 
enable a rational comparison in terms of clay strength and stiffness.  

· The applied loads, which are constant for a pile of given diameter, cause the 
magnitude of the pile bending moment and shear force at seabed level to be 
the same irrespective of the clay strength and stiffness.   

·   is defined as the ratio of the peak bending moment along the pile and 
the applied lateral moment at seabed level.  

·  	 is defined as the pile depth below seabed level at which the peak 
bending moment occurs. 

 
7.1 Bending Moment along the Pile 
     The bending moment profiles for the 0.61 m and 2.0 m diameter piles in clay with 
Cu of 50, 75 and 100 kPa (Fig. 9a and 9b) indicate that the bending moments are 
confined to the upper part of the pile and become negligible in magnitude within ~11 
to 13D and ~9 to 11D respectively from the seabed. This is consistent with the 
findings of Randolph (1981) for single flexible piles. For piles in 25 kPa clay, the 
bending moments reduce to negligible amounts at a greater depth of ~16D from the 
seabed (Fig. 9c and 9d).  
     In contrast, the bending moment profiles for the 5.0 m and 7.5 m diameter 
monopiles in clay with Cu of 50, 75 and 100 kPa (Fig. 10a and 10b) are markedly 
different with the entire length of the pile observed to be in flexure indicating rigid pile 
behaviour. For monopiles in 25 kPa clay, significantly higher bending moments are 
generated relative to the other clays (Fig. 10c and 10d).   
     Fig. 11a indicates   to increase with an increase in pile diameter with the only 
exception being the 7.5 m monopile in 50 kPa clay. This suggests that in 50 kPa clay, 
rotation prevails over bending as the principle mode of deformation. As can be 
observed in Fig. 11b, for the 0.61 m and 2.0 m diameter piles, the peak bending 
moment occurs at   of 0.3 to 0.5 m and 1.8 to 2.8 m respectively whereas for the 
5.0 m and 7.5 m monopiles, the peak moment is attained at   of 5.8 to 8.1 m and 
to 6.5 to 8.4 m respectively. As was expected,	 	decreases as the soil strength is 
increased from 50 to 100 kPa. 



 

Fig. 9. Bending Moment Profiles for Small Diameter Piles  
(a) 0.61 m pile analysed at maximum lateral load for 50, 75 and 100 kPa clays  
(b) 2.0 m pile analysed at maximum lateral load for 50, 75 and 100 kPa clays 
(c) 0.61 m pile analysed at reduced lateral load for comparison with 25 kPa clay 
(d) 2.0 m pile analysed at reduced lateral load for comparison with 25 kPa clay 

 

(a) (b) (c) (d) 

Fig. 10. Bending Moment Profiles for Large Diameter Monopiles  
(a) 5.0 m pile analysed at maximum lateral load for 50, 75 and 100 kPa clays  
(b) 7.5 m pile analysed at maximum lateral load for 50, 75 and 100 kPa clays 
(c) 5.0 m pile analysed at reduced lateral load for comparison with 25 kPa clay 
(d) 7.5 m pile analysed at reduced lateral load for comparison with 25 kPa clay 

 

(a) (b) (c) (d) 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
7.2 Shear Force along the Pile 
     The shear force profiles for the 0.61 m and 2.0 m diameter piles in clay with Cu of 
50, 75 and 100 kPa (Fig. 12a and 12b) show that the shear force is confined to the 
upper part of the pile and becomes negligible in magnitude within approximately ~12 
to 16D and ~11 to 13D respectively from the seabed. For the 0.61 m pile in 25 kPa 
clay, the shear force reduces to negligible magnitude at a depth of ~21D (Fig. 12c) 
whilst for the 2.0 m pile in 25 kPa clay there is a gradual reduction in the peak shear 
force until it is zero at the pile toe (Fig. 12d). As Cu is increased from 25 to 100 kPa, 
the peak shear force along both these piles increases albeit by a lower margin at 
higher values of Cu. 
     In comparison, the shear force profiles for the 5.0 m and 7.5 m diameter 
monopiles in clay with Cu of 50, 75 and 100 kPa (Fig. 13a and 13b) are noticeably 
different with the entire length of the pile observed to be undergoing shear. The peak 
shear force for the 5.0 m and 7.5 m monopiles in 50-100 kPa clay is attained at a 
depth of 18-23 m and 21-24 m respectively following which there is a gradual 
reduction down the pile until the pile toe. Between Cu of 50 and 100 kPa, the peak 
shear force along both these monopiles increases; however, at Cu of 25 kPa, it is on 
average 16.4% higher relative to the peak shear values obtained in the other clays 
(Fig. 13c and 13d).  
 
 
 
 

Fig. 11. (a)  	as a function of pile diameter (b)  	as a function of pile diameter 

(a) (b) 



 

 

  

Fig. 12. Shear Force Profiles for Small Diameter Piles  
(a) 0.61 m pile analysed at maximum lateral load for 50, 75 and 100 kPa clays  
(b) 2.0 m pile analysed at maximum lateral load for 50, 75 and 100 kPa clays 
(c) 0.61 m pile analysed at reduced lateral load for comparison with 25 kPa clay 
(d) 2.0 m pile analysed at reduced lateral load for comparison with 25 kPa clay 

 

(a) (b) (c) (d) 

Fig. 13. Shear Force Profiles for Large Diameter Monopiles  
(a) 5.0 m pile analysed at maximum lateral load for 50, 75 and 100 kPa clays  
(b) 7.5 m pile analysed at maximum lateral load for 50, 75 and 100 kPa clays 
(c) 5.0 m pile analysed at reduced lateral load for comparison with 25 kPa clay 
(d) 7.5 m pile analysed at reduced lateral load for comparison with 25 kPa clay 

 

(a) (b) (c) (d) 



7.3 Lateral Displacement of the Pile 
     The lateral displacement profiles for the 0.61 m and 2.0 m diameter piles in clay 
with Cu of 50, 75 and 100 kPa (Fig. 14a and 14b) have the following trend in 
common: 

· Maximum displacement at pile head, which reduces with increasing depth 
and becomes negative at a depth of ~4-6D from seabed level with the lower 
bound value corresponding to a Cu of 100 kPa and the upper bound value to 
a Cu of 50kPa.  

· Thereafter an increase in the negative displacement followed by a drop to 
negligible magnitude at a depth of ~12-16D from seabed level.  

     Lateral displacement profiles for 0.61 m and 2.0 m piles in 25 kPa clay also follow 
the above mentioned trend; however, as observed in Fig. 14c and 14d, 
displacements become negative at a greater depth subsequently reducing to 
negligible magnitude. 
     In an interesting contrast, the lateral displacement profiles for the 5.0 m and 7.5 m 
diameter monopiles in all clays (Fig. 15a to 15d) indicate the following trend: 

· Maximum displacement at pile head, which reduces with increasing depth 
until a single point of zero deflection is reached along the pile. The depth at 
which this occurs was observed to vary with the pile diameter, the magnitude 
of the applied load and the clay strength and stiffness.  

· Thereafter an increase in negative displacement to a maximum value at the 
pile toe. 

     This implies that the large diameter monopiles develop a ‘toe-kick’ and behave 
more akin to rigid piles.  
     At the maximum lateral load, it was observed that the displacements were 
considerably higher for monopiles embedded in clay with Cu of 50 kPa in comparison 
to those in clay with Cu of 75 and 100 kPa (Fig. 15a and 15b). Likewise, at the 
reduced lateral load, displacements for monopiles embedded in 25 kPa clay were 
significantly higher when compared to that in the rest of the clays (Fig. 15c and 15d).   
     A clear distinction between rigid and flexible pile behaviour can be made by 
inspecting the deformed shape of the pile. Deformation of large diameter monopiles, 
which have a relatively larger flexural rigidity EpIp, is dominated by rotation (Fig. 16a 
and 16b) as opposed to small diameter piles for which pure bending dominates (Fig. 
16c and 16d). However, as demonstrated by Fig. 16c, a combination of bending and 
rotation can also occur in monopiles.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Fig. 14. Lateral Displacement Profiles for Small Diameter Piles  
(a) 0.61 m pile analysed at maximum lateral load for 50, 75 and 100 kPa clays  
(b) 2.0 m pile analysed at maximum lateral load for 50, 75 and 100 kPa clays 
(c) 0.61 m pile analysed at reduced lateral load for comparison with 25 kPa clay 
(d) 2.0 m pile analysed at reduced lateral load for comparison with 25 kPa clay 

 

(a) (b) (c) (d) 

Fig. 15. Lateral Displacement Profiles for Large Diameter Monopiles  
(a) 5.0 m pile analysed at maximum lateral load for 50, 75 and 100 kPa clays  
(b) 7.5 m pile analysed at maximum lateral load for 50, 75 and 100 kPa clays 
(c) 5.0 m pile analysed at reduced lateral load for comparison with 25 kPa clay 
(d) 7.5 m pile analysed at reduced lateral load for comparison with 25 kPa clay 

 

(a) (b) (c) (d) 

 

 
 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
7.4 Deformation Mechanism 
     The rigid behaviour of large diameter monopiles is clearly illustrated by Fig. 17 
which shows the generation of maximum horizontal stresses in the soil on opposite 
sides of the monopile above and below the point of rotation respectively. Similarly, 
plastic strains developed in the soil along the monopile also follow an identical 
pattern (Fig. 18). 
 

(a) (b) (c) (d) 

Fig. 16. Pile deformed shape (a) 7.5 m Pile (b) 5.0 m Pile (c) 2.0 m Pile (d) 0.61 m Pile 
(For all piles, Cu=50 kPa and Deformation Scale Factor=7.5) 

Fig. 17. Mobilised soil stress alongside a monopile analysed at maximum lateral load 
(D=7.5 m, Cu=50 kPa and Deformation Scale Factor=7.5) 



 
     In comparison, the flexible behaviour of the small diameter piles is illustrated by 
Fig. 19a and 19b, which indicate respectively that the maximum horizontal stress 
and plastic strain in the soil, are concentrated alongside the upper portion of the pile. 
 

      

Fig. 18. Plastic strain in soil alongside a monopile analysed at maximum lateral load 
(D=7.5 m, Cu=50 kPa and Deformation Scale Factor=7.5) 

(a) (b) 

Fig. 19. (a) Mobilised soil stress along the upper portion of a 2.0 m pile analysed at 
maximum lateral load (b) Plastic strain in soil along the upper portion of a 2.0 m pile 
analysed at maximum lateral load (Cu=50 kPa and Deformation Scale Factor=7.5) 



     The concept of the Critical Pile Length, Lc, developed by Poulos and Hull (1989) 
is introduced here to classify pile response. The expression for Lc, which is 
dependent on EpIp and Es, is given by Eq. 3. 
  = 4.44  .                 (3) 

 
 
     According to Poulos and Hull (1989), a pile behaves rigidly if its embedded length 
L is less than 0.33Lc and flexibly if L is greater than Lc. A plot of L/Lc against L/D (Fig. 
20) confirms the hypothesis that the large diameter monopiles (5.0 m and 7.5 m) in 
all 4 clays fall under either the rigid or transition criterion for which rotation or a 
combination of rotation and bending is the governing mode of deformation.    
Conversely, the small diameter piles (0.61 m and 2.0 m) in all 4 clays fall under the 
flexible criterion for which pure bending is the governing mode of deformation.  
 

 
 
 
 
 
 
 
  

Fig. 20. Pile deformation mechanisms based on the critical pile length 



8. CONCLUSION 
 
     Monopiles are expected to remain an economical foundation solution for future 
offshore wind farms. However, to ensure their competitiveness, it is vital to identify 
and implement design efficiencies.   
     The p-y method, which is currently used in designing monopiles, was developed 
for small diameter laterally loaded piles in the offshore oil and gas sector. To identify 
shortcomings in the application of this method to the design of large diameter 
monopiles in clays, 3D finite element analysis was undertaken to examine the 
behaviour of both the small diameter piles (0.61 m and 2.0 m) and the large diameter 
monopiles (5.0 m and 7.5 m) under combined vertical, horizontal and moment 
loading. Based on the results of this analysis, the following key observations are 
made: 

· Bending moments in a small diameter pile are concentrated along the upper 
portion of the pile with the rest of the pile undergoing negligible flexure. In 
comparison, bending moments in a large diameter monopile are mobilised 
along the entire length of the pile.  

· Shear force in a small diameter pile is concentrated along the upper portion of 
the pile with the rest of the pile undergoing insignificant shear. In comparison, 
the shear force in a large diameter monopile is induced along its entire length.     

· The toe of a small diameter pile undergoes negligible lateral displacement. In 
contrast, the toe of a large diameter monopile develops a ‘toe kick’ and 
undergoes negative lateral displacement.  

     The observed variance in the performance of small diameter piles and large 
diameter monopiles was linked to distinctly different deformation mechanisms. A 
monopile deforms primarily through rigid body rotation whereas a conventional small 
diameter pile is flexible and deforms by bending. A review of the deformed shape of 
the piles provided confirmation of these two different modes of deformation.   
     The use of the critical pile length concept enabled the large diameter monopiles 
to be classified as essentially rigid and the small diameter piles to be categorised as 
flexible.    
     Such a fundamental difference in the failure mode casts serious doubts on the 
efficacy of the existing p-y approach in the design of monopiles for offshore wind 
turbines. 
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