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Abstract 

This paper presents a numerical investigation of the monotonic lateral response of large diameter monopiles in 

drained sand with configurations typical of those employed to support offshore wind turbines. Results from new 

centrifuge tests using instrumented monopiles in uniform dry sand deposits are first presented and used to 

illustrate the suitability of an advanced hypoplastic constitutive model to represent the sand in finite element 

analyses of the experiments. These analyses are then extended to examine the influence of pile diameter and 

loading eccentricity on the lateral response of rigid monopiles. The results show no dependency of suitably 

normalized lateral load transfer curves on the pile diameter and loading eccentricity. It is also shown that, in a 

given uniform sand, the profile with depth of net soil pressure at ultimate lateral capacity is independent of the pile 

diameter because of the insensitivity of the depth to the rotation centre for a rigid pile. A normalization method is 

subsequently proposed which unifies the load-deflection responses of different diameter rigid piles at a given load 

eccentricity. 

Keywords: finite-element modelling; monopile; sands; soil/structure interaction; wind turbine 
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Introduction 

Monopiles are currently the most popular foundations used to support offshore wind turbines 

(OWTs). These monopiles generally have large diameters (D) and small length to diameter (L/D) 

ratios (e.g. Kirkwood 2016; Negro et al. 2017) and, as a consequence, tend to respond in a rigid 

manner when subjected to lateral force and moment loading from the action of wind and waves 

(Wang et al. 2020). 

The p-y load transfer method (where p is the net lateral soil resistance per unit length) is the most 

widely adopted design approach for laterally loaded monopiles (Reese et al. 1974; Doherty & Gavin 

2012). However, most existing p-y curves (e.g. API 2011) have been formulated using results from 

field tests conducted on small diameter flexible piles (i.e. D < 1 m, L/D > 20). Findings from a 

number of numerical analyses (Wiemann et al. 2004; Lesny & Wiemann 2006; Thieken et al. 2015) 

and experimental tests (Klinkvort 2012; Alderlieste 2011; Choo & Kim 2015; Qi et al. 2016) suggest 

that p-y curves derived for small diameter flexible piles cannot be extrapolated to large diameter rigid 

piles. 

Klinkvort (2012), Alderlieste (2011), Leth (2013), Choo et al. (2014) and Choo & Kim (2015) 

performed centrifuge tests on large-diameter monopiles (D=1 to 6 m) and reported a much softer 

response compared with those computed using the p-y curves recommended in API (2011). It was 

found that the initial stiffness of experimentally derived p-y curves was significantly overestimated, 

whereas the ultimate soil resistance was underestimated. Some studies claim that this is caused by the 

dependence of initial stiffness of p-y curves on pile diameter (Carter 1984; Wiemann et al. 2004; 

Kallehave et al. 2012; Sørensen 2012), while other studies observed little influence of pile diameter 

(Finn & Dowling 2015; Klinkvort 2012; Klinkvort & Page 2014). In most existing studies, only a 

single pile diameter was investigated and different responses were observed for flexible piles, 

semi-rigid piles and rigid piles (albeit from the findings of different studies, e.g. Carter 1984; Fan & 

Long 2005; Finn & Dowling 2015; Liang et al. 2007; Jeong et al. 2011). There is therefore a clear 

need to investigate the influence of pile diameter on pile-soil interaction (i.e. p-y curves) and for this 

investigation to isolate effects of diameter change from effects due to changes in pile bending stiffness 
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(Hong et al. 2017). This paper presents such an investigation for piles which respond in a rigid 

rotational mode when subject to lateral loading and is therefore directly relevant to large diameter 

monopiles which respond in this manner. 

OWT monopiles also have to resist lateral loads applied at a large eccentricity, which contrasts to the 

loading conditions applied in the early p-y curve development work (e.g. Broms 1964; Reese et al. 

1974). Klinkvort & Hededal (2014) performed centrifuge tests under different loading eccentricities 

and found that the initial stiffness of p-y curves is independent of loading eccentricities. However, 

only one pile configuration was studied while there was also uncertainty regarding the interpreted p-y 

curves at depth due to instrumentation limitations. 

The foregoing issues provide motivation for the study presented in this paper which examines the 

failure mode of rigid monopiles in sand and quantifies the influence of pile diameter and loading 

eccentricity. Details of the finite element investigation of these effects in medium dense sand are first 

presented before a description of new centrifuge tests involving large diameter monopiles that are 

used to validate the numerical approach and constitutive soil model employed. The results from 

parametric studies of four different diameter piles (i.e. D = 4 m, 6 m, 8 m, 10 m) under a wide range 

of loading eccentricities (i.e. e = 5-100 m) are then assessed using the validated finite element model. 

These analyses clearly illustrate the failure mechanism of rigid monopiles in sand and allow 

identification of a normalization method to predict the load-deflection response of different diameter 

rigid piles. 
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Finite element analysis 

The finite element (FE) software Abaqus (Dassault Systèmes 2007) was adopted to investigate the 

influence of pile diameter and loading eccentricity on pile-soil interaction. 

Programme of numerical analysis 

In addition to modelling the centrifuge lateral load tests discussed below, the numerical investigation 

involved twenty-eight numerical simulations examining the influence of pile diameter and loading 

eccentricity on soil-pile interaction and lateral capacity of rigid piles in free-draining sand. Four 

different pile diameters were studied, namely 4 m, 6 m, 8 m and 10 m, which spans the range of pile 

diameters used in existing or planned offshore wind farms. Pender (2004) suggested that the 

distribution of soil stiffness along the pile length significantly affects the pile behavior. Therefore, a 

fixed length of 30 m was adopted for all piles guaranteeing that the soil element response along the 

pile length exhibits the same stiffness and strength thereby isolating directly the effect of diameter 

change only. Seven different loading eccentricities (i.e. 5, 10, 20, 40, 60, 80, 100 m) were investigated 

for each diameter pile, again selected so that the range of loading height to pile length ratio (i.e. e/L) 

investigated was the same for all piles irrespective of diameter. The numerical analysis programme is 

summarized in Table 1. 

Finite element mesh and boundary conditions 

The FE mesh in Figure 1 of the monopile with D=10 m (see Table 1) is typical of the meshes 

employed in all analyses. Only half of the pile-soil system was modelled because of the symmetry of 

the problem. The soil domain was chosen as 20D in diameter and 4D in depth beneath the tip of each 

pile, which was large enough to avoid effects from the rigid boundaries. 

Both the sand and pile were simulated with eight-node linear strain brick elements (i.e. ‘C3D8’ in 

Abaqus terminology). A mesh sensitivity study revealed that the computed load-deflection response 

changed by less than 2% by doubling the current model mesh density. The interface behaviour 

between the pile and soil was modelled by a Coulomb model, where the tangential friction stress is 

proportional to the normal effective stress. The friction coefficient adopted for the simulations of the 

(aluminium) centrifuge piles was 0.38 due to their smooth surfaces with this value measured in 
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interface shear tests (Hong et al. 2015) and taken equal to two thirds of the sand friction angle in all 

other analyses. 

Constitutive model and model parameters 

The numerical and experimental investigations were performed for free-draining Toyoura sand, which 

was represented in the finite element analyses by the hypoplastic model with inter-granular strain. 

This sand comprises sub-angular particles with a mean size (D50) of 0.17 mm and a uniformity 

coefficient (Uc) of 1.7. The sand’s critical state friction angle is 31
o
 and the void ratio limits are 0.60 

and 0.98 (Ishihara 1993). 

The original hypoplastic model was first proposed by Kolymbas (1991) to describe the nonlinear 

response of soil. The model has been improved further by many researchers to incorporate critical 

state theory, stress and state dependency, strain-dependence and stress history effects (e.g. Wu & 

Bauer 1994; Wu et al. 1996; von Wolffersdorff 1996; Niemunis & Herle 1997). In this study, the 

model proposed by von Wolffersdorff (1996) with the additional incorporation of inter-granular strain 

by Niemunis & Herle (1997) was adopted. The model has been implemented into the software 

package Abaqus by a user-defined subroutine (Gudehus et al. 2008). 

The hypoplastic constitutive model is characterized by the following formulation, which established 

the relationship between the stress rate and the strain rate:  

 ̇      [ (   )  ̇     (   )‖ ̇‖] (1) 

where  ̇ is a stress rate tensor,  ̇ is a strain rate tensor, L is a fourth order tensor, N is a 

second-order tensor,    is a barotropy factor reflecting the influence of soil state,    and    are 

pyknotropy factors reflecting the influence of relative density. The hypoplastic constitutive model has 

eight basic material parameters (i.e.  
 ,   ,  ,    ,    ,    ,  ,  ) and additional five parameters 

accounting for strain- and stress-dependent stiffness at small strains (i.e.   ,   ,  ,   ,  ). The 

model parameters are listed in Table 2. 

All the parameters in the model can be calibrated using a combination of oedometer and triaxial tests 

with details found in Herle & Gudehus (1999). The model has been employed successfully for the 
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analysis of many boundary value problems, such as tunneling, excavations, piled foundations and 

bucket foundations (Hong et al. 2015; Wang et al. 2018). Parameters for Toyoura sand at a relative 

density of 65% (used in the centrifuge experiments) have been determined by Hong et al. (2016) and 

were adopted directly in this study. The parameter values are summarized in Table 2. 

The numerical simulations comprised the following four steps: 

(a) Set up the initial boundary conditions and initial normally consolidated stress condition i.e. with 

         (  
 ) at 1g; 

(b) Activate the interface between the pile and sand; 

(c) For centrifuge test simulations, increase the stress level of the whole model by increasing the 

gravitational acceleration from 1g to 100g; 

(d) Apply a monotonic lateral load at the target height with displacement control. 
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Centrifuge tests conducted for FE model verification 

The centrifuge model tests were performed on two instrumented aluminum monopiles installed in dry 

Toyoura sand with a relative density of 65% in the geotechnical centrifuge facility at the Hong Kong 

University of Science and Technology (Ng 2014). The tests were conducted at 100g using a strongbox 

with plane dimensions measuring 1245 mm × 850 mm. At prototype scale, the tubular piles employed 

had a diameter of 6 m, a wall thickness of 64 mm (for steel pipe with the same section bending 

stiffness) and embedded lengths of 36 m and 60 m. As shown in Figure 2, the horizontal spacing 

between the two piles in the loading direction was greater than 10D, while the distance from each pile 

to the wall of the strongbox was greater than 5D. The distance between the base boundary and the pile 

tips was 2D and 6D for the long and short piles, respectively. The piles were instrumented with 

electrical resistance strain gauges arranged in full Wheatstone bridges along their lengths to enable, 

through calibration, accurate determination of the bending moment profiles at any given applied 

lateral load. A 1 mm thick protective epoxy coating was applied to each pile following gauging; see 

Figure 3a. The Young’s modulus and Poisson’s ratio of the aluminium alloy used for the piles 

(7075-T6) was 72 GPa and 0.33, respectively. 

The model piles were fixed in position using an aluminium frame before pluviation of dry Toyoura 

sand into the strongbox i.e. the piles were buried and therefore effectively ‘wished-in-place’. The sand 

was placed using a calibrated free-fall height of 0.5 m and resulted in the creation of sand deposits 

with a uniform relative density (Dr) of 65%. During the tests, the lateral load was applied at a 

prototype height of 10 m above the sand surface. Linear variable differential transformers (LVDTs) 

were installed at different heights to record the above surface lateral deflections of the pile while the 

lateral (monotonic) load was applied through a servo-controlled hydraulic actuator, which equipped 

with a load cell. A curved loading head was installed on the actuator to minimize the potential for 

transfer of moment loading to the piles (Figure 3b). 
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Validation of the numerical approach 

The response of the centrifuge test piles, predicted in the FE analyses using the hypoplastic 

parameters given in Table 2, are compared here with the measured pile bending moments and 

deflections. 

Figure 4 shows the measured and computed force-deflection responses at the ground surface. As 

shown in the figure, a continuous non-linear increase in deflection is observed as the load increases, 

with no yield in the piles up to a deflection at the ground surface in excess of 0.1D. The analyses 

confirmed that the pile bending stresses remained elastic. The load-displacement responses of the 

piles are evidently replicated well by the finite element model. Although there is slightly 

overestimation of resistance for the 36 m length pile at any given head displacement, the overall 

difference between the measured and computed values of lateral force for the two model cases is less 

than 5%. 

Figure 5 presents the bending moment and displacement profiles of the two tested piles at three 

loading stages. The longer pile (L=60 m) undergoes a flexible response with almost no bending 

moment below a depth of 42 m and negligible pile movements below about 36 m. In contrast, the 

shorter pile (L=36 m) exhibits a rigid (very stiff) response with a rotation point located about 27 m 

(0.75L) below the ground surface and significant bending moments extending to the pile tip. 

The good agreement seen in Figures 4 and 5 confirm that the FE approach employed can well capture 

the pile-soil interaction occurring for both the long and short piles in Toyoura sand and is therefore 

suitable for the parametric studies described in the following. 
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Parametric study of pile-soil interaction 

Influence of pile diameter and comparison with API (2011) 

Klinkvort & Page (2014) and Suryasentana & Lehane (2014) performed FE analyses and suggest that 

the variation of the net lateral pressure (P=p/D) with normalized displacement (y/D) is independent of 

the pile diameter. This independence as well as the profile of P with depth are investigated here using 

the validated FE approach described above for drained lateral loading in Toyoura sand. The first set of 

analyses performed involved four different diameter monopiles (D=4 m, 6 m, 8 m and 10 m) with a 

lateral load eccentricity (height above ground level, e) of 5 m. For these analyses, each pile had a 

fixed embedded length of 30 m. 

Figure 6 shows the FE-calculated lateral load transfer curves at two different depths (z=4.5 m and 

z=27 m) for the four different diameter piles. The net loads per meter (kN/m) run along the piles (p) 

were derived by differentiating the computed shear force profiles. To facilitate comparison between 

piles of different diameters, the load transfer curves are presented on Figure 6 in terms of the net 

pressure (P= p/D) and the normalized lateral displacement (y/D). 

It is seen on Figure 6 that P-y/D curves for the different pile diameters at z=4.5 m and z=27 m are in 

close agreement. This observation indicates that the load transfer curves are a function of the depth 

below ground surface (i.e. z) instead of the depth to diameter ratio (i.e. z/D), which is assumed in most 

existing p-y curve formulations (API 2011; Sørensen 2012; Klinkvort 2012; Kirkwood 2016). The 

corresponding P-y/D curves calculated using API (2011) with the critical state friction angle of 31
o
 

used as the input are also presented in Figure 6 for comparison. As shown in the figure, even when 

using the critical state rather than the peak angle of friction, the API (2011) lateral load transfer 

formulation is seen to overestimate both the lateral stiffness and ultimate net lateral pressure for all 

diameter piles compared with the numerical analyses. 

Although the API (2011) recommendations are currently the Industry standard, the significant 

overestimation of initial stiffness by API (2011) has been observed experimentally (Georgiadis et al. 

1992; Klinkvort 2012; Choo et al. 2014; Zhu et al. 2016; Kirkwood 2016; Li et al. 2017) and in 
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numerical analyses (Lesny & Wiemann 2006; Achmus et al. 2011; Thieken et al. 2015; Amar Bouzid 

2018). This is because that load transfer curves in API (2011) originate from the model proposed by 

Reese et al. (1974) based on field tests performed on a 0.61 m diameter, 21 m long flexible pile in 

very dense sand. The initial stiffness of the load transfer curves was assumed to increase linearly with 

depth in accordance with an empirical relationship proposed by Terzaghi & Peck (1948). However, 

experiments by Georgiadis et al. (1992) and Zhu et al. (2016) have shown that API (2011) 

overestimates the initial stiffness, even for small diameter flexible piles at shallow depths. Other 

studies (e.g. Poulos 1971; Randolph 1981) have proved that the initial lateral stiffness is highly 

dependent on the profile with depth of the soil’s shear modulus (G). As the small strain elastic G 

value in a uniform sand varies with the depth raised to the power of a coefficient less than 1 (e.g. Seed 

et al. 1986), the assumption of a linearly increasing elastic stiffness leads a gross overestimation of 

lateral stiffness, such as seen at a depth of 27 m on Figure 6b. 

Influence of pile diameter on failure mode 

Figure 7 presents contours of displacement amplitude on the line of symmetry of the FE model when 

ultimate lateral capacity was attained. Rigid piles of all diameters exhibit the same failure mode: a 

wedge failure mode near ground surface and a rotational soil flow near the pile tip, instead of a plane 

strain mechanism presumed in API (2011). This change of failure mechanism is also observed in Hu 

et al. (2021). Importantly, it is evident that the depth to the transition between the wedge zone and the 

rotational zone is the same for all pile diameters, which explains the independence of Pu on diameter 

for rigid piles seen on Figure 6. The same failure mechanism was identified by Murff and Hamilton 

(1993), Randolph et al. (1998) and Hong et al. (2017) for rigid piles and suction anchors in clay 

subjected to lateral force and moment loading. 

The independence of Pu on pile diameter is further illustrated on Figure 8 which shows the profile of 

net lateral pressure acting at ultimate lateral capacity for the four pile diameters considered. It is seen 

that the lateral pressure increases with depth in the near surface wedge zone but begins to reduce at z 

≈0.5L as the point of rotation at z ≈0.75L is approached. Net pressures act in the direction of the 

applied lateral load below the point of rotation and increase with depth to maintain moment 
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equilibrium. Some shear force and moment are also produced at pile base, which are ignored in this 

study due to their minimal influence on the overall pile response (Wang et al. 2021). 

Influence of loading eccentricity 

A further parametric study was carried out to study the influence of loading eccentricity (e) on 

pile-soil interaction. Seven different e values for piles with D=4 m, 6 m, 8 m and 10 m were analysed 

(i.e. 5, 10, 20, 40, 60, 80, 100 m); these parameters span the range of loading cases expected for an 

offshore wind turbine. Typical results from the analyses are presented on Figure 9 in the form of the 

p/D-y/D curve at a depth of 4.5 m for each diameter pile under different loading eccentricities. It is 

evident that the loading eccentricity has virtually no influence on these curves with maximum 

differences less than 5% for a twenty-fold increase in e. The observations on Figures 6 to 9 prove that 

the p/D-y/D curves at any particular depth are independent of the pile diameter and the loading 

eccentricity for a rigid pile. 

A simplified pile-soil interaction model 

Based on the FE results shown on Figure 8 and based on the model originally proposed by Petrasovits 

& Award (1972), it is proposed here to employ the simplification shown on Figure 10 to represent the 

pile-soil interaction for a rigid pile under lateral loading at geotechnical capacity. The net lateral soil 

pressure acting against the pile movement at failure is assumed to be proportional to the vertical 

effective stress (i.e.             ). Different equations have been proposed to relate the 

coefficient K with the passive earth pressure coefficient   , including       (Broms 1964), 

    
  (Barton 1982) and consideration of near-surface effects (i.e. reducing K as function of z/D 

from Reese et al. 1974). Based on the trends indicated on Figure 8, the value of K is assumed constant 

with depth in the following (although slight curvature is noted on Figure 8 with a slightly lower 

near-surface gradient as would be expected). 

The simplified ultimate net pressure profile can be taken as the continuous thick black line in Figure 

10 by ensuring that the shaded zones contribute the same lateral force and a net zero moment about 

the rotation center. Justification for the validity of this simplification is provided on Figure 11 which 
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compares the simplified distribution from Figure 10 (plotted by adopting a fixed depth of rotation of 

0.76L) with the net soil pressure profiles at ultimate capacity of different diameter rigid piles under 

different loading eccentricities computed in the FE simulations. While Figure 11 reveals little 

sensitivity to the loading eccentricity of the computed Pu values in the wedge failure mode zone at 

z<L/2, there are slight differences in the soil pressure profiles below this level which are largely 

attributed to the (small) reduction in the depth of the rotation centre with an increase in loading 

eccentricity. 
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Effect of loading eccentricity 

Based on the simplified pressure distribution profile (but without making an assumption regarding the 

depth to the point of rotation), horizontal force and moment equilibrium lead to the following 

expressions for the horizontal force capacity (Hult) and moment capacity (Mult = Hult e) 

     (   
 

 
  )     ((  ⁄ )  

 

 
)       
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(      )    
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where γ' is the effective soil unit weight,   is the ultimate pile capacity pressure coefficient 

(      ⁄ ), and d is the depth of the rotation centre. 

Combining equation (2) and equation (3) implies: 

 

 
 (   (

 

 
)
 

)  ((
 

 
)
 

 
 

 
)⁄  

(4) 

Equation (4) demonstrates that there is a unique relationship between d, e and L. More specifically, 

the ratio of the depth to the rotation centre to the pile length d/L is independent of diameter D and 

only a function of loading eccentricity ratio e/L. The value of d/L given by Equation (4) is compared 

on Figure 12 with the values computed in the FE parametric studies described above and is seen to be 

in good agreement. This agreement provides confirmation of the validity of the assumed simplified 

net pressure profile at ultimate conditions. 

Equation (4) predicts that when the loading eccentricity equals zero (i.e. the horizontal force is applied 

at the ground surface with no moment), the d/L ratio is 0.79 whereas when the loading eccentricity is 

infinite (i.e. only moment is applied at the ground surface with no horizontal force), the d/L ratio 

reduces to 0.71. These inferences are consistent with the experimental and numerical observations in 

Klinkvort (2012), Li et al. (2017) and Ahmed & Hawlader (2016). 
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It follows from Equations 2 to 4 that for a typical (rigid) monopile in saturated sand with a uniform 

relative density: 

(i)  When K (      ⁄ ) is constant, the normalized lateral capacity (i.e.           ⁄  and 

          ⁄ ) is independent of pile diameter. 

(ii)  The depth to the rotation centre (d) falls within a narrow range of       to       for all 

loading eccentricities and increases with reducing load eccentricity. 

(iii)  The normalized pile capacity ratios           ⁄ and           ⁄  vary with e/L and not with 

e/D as is often assumed in previous studies (e.g. Fleming et al. 2008; Klinkvort & Page 2014; 

Klinkvort & Hededal 2014). 

Moment-rotation response 

The foregoing observations suggest that the normalized format of the capacity ratios could be used to 

unify the load-deflection response of different diameter rigid piles. This is investigated in Figure 13 

using the parametric studies described above. Figure 13(a) presents the computed variation of the 

applied lateral load (H) with the rotation at the ground surface (θ) of different diameter rigid piles 

under a fixed loading eccentricity of 5 m. It is seen, as expected, that the reaction force increases with 

pile diameter for a given level of pile rotation (θ). However, as seen on Figure 13(b), these curves are 

unified when the applied moment (     ) is normalized by      . It follows therefore that the 

profile shape of net lateral pressure on the piles remains similar as loading progresses up to ultimate 

conditions. 

Earth pressure coefficient, K 

Assuming that the profile of the simplified net pressure is applicable at all load levels and scaled via 

the earth pressure coefficient,        ⁄ , values of K were derived using Equations (2) and (3) by 

equating lateral loads and moments with those determined in the FE analyses at four levels of pile 

head displacement. Figure 14 shows results for a range of loading eccentricities (denoted by different 

maker shadings) and diameters. It is seen on Figure 14 that the K values at any given rotation level do 

not vary with diameter (D) or loading eccentricity (e/L). Consequently, the coefficient of variation 
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(CoV) of K values across all diameters and eccentricities for each rotation angle is less than 0.03. In 

contrast, the K values defined by the lateral displacement criterion (of 10%D) show a clear trend of 

increasing with pile diameter. This arises because the movement of rigid pile under lateral loading is 

controlled more by rigid rotation than by translation in the soil. Consequently, it is recommended to 

define the pile load-deflection response in terms of rotation instead of displacement. 

The best-fit value of K of 14.9 determined for the ultimate lateral capacity corresponds to a friction 

angle of 42
o
 assuming K=3Kp (Broms 1964) and 36

o
 assuming K=Kp

2
 (Barton 1982). Bolton’s (1986) 

correlation for the plane strain peak angle of friction using the relative density (Dr=65%) and the 

critical friction angle (c

=31

o
) of the Toyoura sand employed in the hypoplastic model suggests an 

operational angle of 42.3
o
 at the mid-depth of the pile. This friction angle is comparable with the 

value back-calculated by Broms (1964)’s theory, but much larger than that by Barton (1982). 

However, it should be pointed out that only a fixed pile length (L=30 m) and a fixed relative density 

(Dr=65%) was investigated in this study. Parametric studies need to be performed in future work to 

investigate how K varies for different soil conditions and pile lengths in order to provide generally 

applicable design advice. 

Conclusions 

This study presents an investigation of the monotonic lateral loading behaviour of large diameter rigid 

piles in drained sand. The findings are based on a parametric study involving 3D finite element 

calculations and a hypoplastic constitutive model for the sand. This numerical approach was validated 

using a new set of centrifuge pile test results. Rigid piles were investigated in order to isolate the 

effects of diameter on soil resistance from those due to pile stiffness changes. 
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For large diameter rigid piles of diameter D and length L subjected to lateral force and moment 

loading, it has been shown that: 

1. The load-transfer curves employed for laterally loaded rigid pile analysis are independent of the 

pile diameter and load eccentricity when expressed as a variation of net pressure (P= p/D) with 

normalized lateral displacement (y/D). The observations enable generalization of the findings of 

Klinkvort & Page (2014) and Klinkvort & Hededal (2014). 

2. The profile of net ultimate pressure (Pu) for a (rigid) monopile is independent of D. The depth to 

the point of rotation of the pile is also independent of D and, in a uniform sand, varies between 

0.71L (pure moment) and 0.79L (no load eccentricity). The failure mechanism involves a wedge 

soil flow mode over the upper half of the pile and rotational soil flow mode at depth. 

3. The profile of net pressure at all levels of lateral loading (including at ultimate conditions) of a 

rigid pile can be approximated for design as being consistent with that originally proposed by 

Petrasovits & Award (1972). This trend leads to a virtually unique variation of M/DL
3
' with 

rotation for a uniform sand at a given load eccentricity, e (where M is the applied moment =He, 

and ' is the sand’s buoyant unit weight). 

4. The load transfer curves recommended by API (2011) over-estimate the lateral sand stiffness and 

ultimate net pressure (Pu) and are not appropriate for monopiles which exhibit a different failure 

mechanism to that implicitly assumed by API (2011). 

The conclusions have emerged following a numerical study of rigid large diameter piles of fixed 

length (30 m) with a fixed interface roughness in a single sand (Toyoura) at a single relative density 

(65%). While the findings are expected to hold for uniform sand deposits in drained conditions, future 

studies should be performed to verify their general applicability. 
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Notation 

d Depth of rotation center 

D Pile diameter 

Dr Soil relative density 

D50 Mean effective particle size  

e Void ratio 

    Minimum void ratio at zero pressure 

    Maximum void ratio at zero pressure 

    Critical void ratio at zero pressure 

h Loading height 

   Parameter for hypoplastic model 

H Lateral force at pile head 

Hult The ultimate lateral force capacity 

   Coefficient of earth pressure 

L Pile embedded length  

   Parameter for hypoplastic model 

   Parameter for hypoplastic model 

M Overturning moment at pile head 

Mult The ultimate overturning moment capacity 

  Parameter for hypoplastic model 

p Lateral soil resistance 

pu Ultimate lateral soil resistance 

P Lateral soil pressure 

Pu Ultimate lateral soil pressure 

  Parameter for hypoplastic model 

t Pile wall thickness 

Uc Uniformity coefficient 
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y Soil lateral displacement, pile deflection 

z Depth 

  Parameter for hypoplastic model 

  Parameter for hypoplastic model 

   Parameter for hypoplastic model 

  Parameter for hypoplastic model 

   Effective soil unit weight 

  
  Critical friction angle 

  Pile rotation  

v
’
 Vertical effective stress 
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Table 1 Dimensions of the piles modelled in the numerical simulations 

Type Diameter Embedded 

Length 

Loading height  

Model validation with 

centrifuge tests 6 m 

36 m 10 m 

60 m 10 m 

Numerical parametric study 4 m 30 m 5, 10, 20, 40, 60, 80, 100 m 

6 m 30 m 5, 10, 20, 40, 60, 80, 100 m 

8 m 30 m 5, 10, 20, 40, 60, 80, 100 m 

10 m 30 m 5, 10, 20, 40, 60, 80, 100 m 

 

Table 2 Calibrated parameters of hypoplastic model for Toyoura sand (Hong et al. 2016) 

 Description Parameter Values  

Basic hypoplastic 

model (von 

Wolffersdorff, 

1996) 

Effective angle of shearing resistance at 

critical state 

  
  31 

Hardness of granulates (kPa)            

Exponent in the power law for proportional 

compression 

  0.27 

Minimum void ratio at zero pressure     0.61 

Maximum void ratio at zero pressure     0.98 

Critical void ratio at zero pressure     1.1 

Exponent   0.11 

Exponent   4 

Intergranular 

strain concept 

(Niemunis and 

Herle, 1997) 

Parameter controlling initial shear modulus 

upon 180° strain path reversal 

   8 

Parameter controlling initial shear modulus 

upon 90°strain path reversal 

   4 

Size of elastic range          

Parameter controlling degradation rate of 

stiffness with strain 

   0.15 

Parameter controlling degradation rate of 

stiffness with strain 

  1.0 

Initial state  Void ratio e0 0.73 
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Figure captions 

Fig. 1 A typical finite element model mesh of the 10 m diameter pile with an embedded depth of 30 m 

and loading height of 5 m 

Fig. 2 Schematic of the centrifuge package (unit: mm) 

Fig. 3 Model piles and servo-controlled loading system: (a) model piles; (b) loading system 

Fig. 4 Measured and computed load-deflection curve at the ground surface 

Fig. 5 Measured and computed profile of: (a) bending moment profile for the 60 m long pile; (b) 

deflection profile for the 60 m long pile; (c) bending moment profile for the 36 m long pile; (d) 

deflection profile for the 36 m long pile; 

Fig. 6 Comparison of P/D-y/D curves between the 3D FEM results with those calculated by API 

(2011): (a) z=4.5 m, (b) z=27 m 

Fig. 7 Failure modes of different diameter rigid monopiles: (a) D=4 m; (b) D=6 m; (c) D=8 m; (d) 

D=10 m 

Fig. 8 Soil pressure profile at ultimate lateral capacity 

Fig. 9 Soil reaction curves under different loading eccentricities of different diameter piles at 4.5 m 

below ground surface: (a) D=4 m; (b) D=6 m; (c) D=8 m; (d) D=10 m 

Fig. 10 Simplified model of soil-pile interaction mechanism for a laterally loaded rigid monopile 

Fig. 11 Ultimate soil pressure profile at different loading eccentricities: (a) D =4 m; (b) D =6 m; (c) D 

=8 m; (d) D =10 m (Note: red line represents the simplified pile-soil interaction model for a fixed 

depth of rotation of 0.76L) 

Fig. 12 Rotation center position computed from 3D FEM simulation and the assumed pile-soil 

mechanism 

Fig. 13 Lateral response of different diameter rigid monopiles under a load eccentricity of 5 m: (a) 

load-rotation curve; (b) normalized load-rotation curve 

Fig. 14 Back-calculated K values at different deflection criteria 
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