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A B S T R A C T   

This paper presents a synthesis of recent and new research conducted by the authors on laterally loaded 
monopiles in drained sand. The research involved reduced-scale field tests, centrifuge model tests, finite element 
(FE) simulations and comparisons of design approaches with published experimental data. The influence of the 
monopile base on lateral response is first discussed by drawing on field tests and numerical simulations and it is 
shown that the base generally provides a negligible contribution. The applicability of the API p-y formulation is 
then investigated through systematic FE analyses. The results show that this formulation leads to inaccurate 
predictions largely due to the assumption of a high initial stiffness varying linearly with depth and an unrealistic 
hyperbolic tangent back-bone function. Based on new insights into pile-soil interaction together with elastic 
simulations of laterally loaded rigid piles and new observations based on 26 pile tests, a simple rotational spring 
model is proposed to allow rapid quantification of the non-linear response of rigid monopiles in uniform sand. 
The effect of monopile flexibility is then added through a new straightforward correction factor based on 80 extra 
FE simulations. Finally, an example application of the proposed approach for a typical monopile design is 
presented.   

1. Introduction 

Piles are commonly used to support offshore infrastructure that is 
subjected to large lateral and moment loading (e.g. Fleming et al., 2008; 
Doherty and Gavin, 2012; Negro et al., 2017; Houlsby, 2016). For jacket 
structures used in the oil and gas industry, piles with diameters (D) less 
than about 2 m and lengths (L) typically greater than 50 m are employed 
to resist applied moments in a ‘push-pull’ mode. These piles usually have 
an aspect ratio (L/D) of 30 or more and respond in a flexible way in 
bending with near zero lateral movement below a certain depth, see 
Fig. 1a. In contrast, single (or mono) piles with diameters of 5 m, and 
more, and L/D ratios less than 5 are the preferred foundation for offshore 
wind turbines (Negro et al., 2017). These piles are stiff in bending and 
may be expected to undergo rigid body rotation when subjected to large 
lateral loads (as shown in Fig. 1b). Consequently, large movements are 
developed at the pile base, accompanied by the potential to mobilise 
significant resisting base shear force and moments. 

For the analysis of laterally loaded piles, the most popular design 
approach is the p-y load transfer method, where p is lateral soil reaction 
(in force per unit length) and y is pile deflection at a given depth. In this 
method, the pile is modelled as beam elements, while the soil is repre-
sented by non-interacting, nonlinear springs distributed along the pile 
length (Reese et al., 1974). The most widely used p-y formulation for 
piles in sand is that recommended by the American Petroleum Institute 
(API, 2011). This formulation, which was based primarily on results 
from a small number of lateral tests conducted in the field on flexible 
piles, has been used successfully for the design of small diameter 
offshore piles for many years. However, many recent studies suggest that 
the API formulation is not suitable for the design of large diameter rigid 
monopiles (DNV, 2014; Thieken et al., 2015; Klinkvort, 2012; Choo and 
Kim, 2015). Some researchers (Lam and Martin, 1986; Ashour and Helal, 
2013; Byrne et al., 2015) contest that the inaccuracies in predictions 
obtained with the API p-y model arise because the approach ignores the 
contribution provided at the base of the monopile. However, 
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experimental investigations (Klinkvort, 2012; Alderlieste, 2011; Leth, 
2013; Choo et al., 2014; Choo and Kim, 2015) and numerical studies 
(Wiemann et al., 2004; Sørensen, 2012; Wang et al., 2020) on large 
diameter monopiles show that the API (2011) formulation leads to 
over-prediction of a monopile’s lateral stiffness. No conclusive 
consensus has been achieved on the suitability of the p-y load transfer 
method for monopiles and how p-y curves may scale with diameter. 
Furthermore, the resistance provided by the pile base has not been 
investigated systematically for a wide range of conditions. 

This paper synthesizes a recently completed research programme 
conducted by the authors, adds new results, and includes observations 
from the public domain regarding laterally loaded monopiles undergo-
ing monotonic loading in drained sand. The research addressed apparent 
inconsistencies in existing studies and involved reduced scale field tests, 
centrifuge model tests and finite element simulations. The major find-
ings from the studies combined with observations from other relevant 
research projects are used here to address the following four key ques-
tions that are of significant importance for monopile foundation de-
signers in the offshore wind industry:  

(i) Does the pile base resistance matter?  
(ii) Why does the conventional API p-y formulation not work for rigid 

piles in sand?  
(iii) Is there an alternative simple design approach for rigid piles in 

sand?  
(iv) What is the influence of flexural rigidity for a monopile? 

2. Does the pile base resistance matter? 

Before investigating why the conventional API p-y formulation does 
not work for monopiles in sand, it is important to first quantify the 
contribution of the pile base resistance (i.e., base shear force and base 
moment) to the lateral response and examine if the p-y load transfer 
method is still applicable to large diameter monopiles in drained sand. 
In this regard, Wang et al. (2022a) performed a unique series of field 
tests on 0.273 m and 0.457 m diameter, short pipe piles (L/D between 
2.2 and 5.5) at the University of Western Australia (UWA) Shenton Park 
test site. The piles were installed by an air hammer and a fully coring was 
observed for all the piles after the installation. To examine explicitly the 
contribution of the pile base to the pile response under lateral load, four 
tests (L1, L2, S1, S2) were performed with the sand inside two of the 
piles (L1 and S1) removed carefully before lateral loading using a hand 

auger to a distance of at least 100 mm below their tips (as shown in 
Fig. 2). This operation ensured a zero contribution of base shear force 
and moment during the subsequent lateral load tests on these piles. In 
addition, two 0.273 m diameter model piles of 1.0 m and 1.5 m in length 
were instrumented with strain gauges to provide bending moment 
profiles that allowed derivation of the p-y curves, which were then 
employed in a beam-spring model to evaluate the applicability of the p-y 
load transfer method. Although the piles were not subjected to external 
axial loads, it should be noted that the load mobilized at the base of a 
monopile in service is small because the total axial load is resisted pri-
marily in skin friction under working conditions. 

The measured pile head load-deflection responses are presented in 
Fig. 3, while Fig. 4 compares these responses with those computed using 
the experimentally derived p-y curves. It is evident from Fig. 3 that the 
piles with and without the soil plug removed (i.e., without and with pile 
base shear force and moment contributions) exhibit virtually identical 
responses under lateral loading. The very small differences in the pile 
responses can be explained easily by natural variability in the sand at the 
site and minor experimental errors. It can be inferred that the contri-
bution of base shear and moment to the lateral responses of the tested 
piles (D = 0.273 m and 0.457 m) is negligible. A negligible contribution 
from the pile base is supported by load-deflection curves calculated 
using p-y curves derived from the measured bending moment distribu-
tions on the 0.273 m diameter piles, as shown in Fig. 4. It is evident that 
without adding any additional base shear or moment springs, the p-y 
springs alone are sufficient to capture the lateral response of these piles. 
The p-y load transfer method is therefore suitable for these short piles, 
provided that appropriate p-y curves are employed. 

The diameters of monopiles used offshore are significantly larger 
than those used at Shenton Park and are usually larger than 5 m. The 
applicability of the experimental observations for full-scale conditions 
was therefore investigated by Wang et al. (2022a) through a series of 
finite element (FE) analyses of wished-in-place piles under the condi-
tions with and without sand plugs removed and employing the hard-
ening soil constitutive model to represent the Shenton Park sand 
(Mathew and Lehane, 2012). Importantly, the FE model was first vali-
dated against the experimental results with good agreement being ob-
tained, as shown in Fig. 5a, which plots the normalized lateral load, 
H/γ′D3 (where H is force at the pile head, and γ′ is the submerged unit 
weight of the soil) against normalized ground level lateral displacement, 
y/D. The calculated responses of large scale 30 m long monopiles 
employing the same constitutive parameters for the sand are presented 

Fig. 1. Pile deflection response for (a) piles used in conventional jackets and (b) monopiles used for offshore wind turbines.  
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in the same format on Fig. 5b and show that the 6 m diameter pile with 
no sand plug (and hence no base contribution) responds in a near 
identical manner to the pile with a sand plug (and hence with the po-
tential to mobilise base resistance). A similar observation was reported 
in Byrne et al. (2015) based on numerical simulations on a 10 m 
diameter and 20 m length monopile in sand. 

Although a slight difference (around 10%) in predicted responses are 
seen on Fig. 5b for the 10 m diameter monopile, these analyses com-
bined with the findings from Shenton Park and other existing studies 
(Murphy et al., 2018; Byrne et al., 2015) clearly indicate that the base 
resistance has a negligible effect on the lateral response of a monopile. 
The agreement seen between measured pile responses at Shenton Park 
and those calculated using the p-y approach on Fig. 4 also shows that 
poor predictions obtained using the API p-y formulation (mentioned 
above) cannot be attributed to the exclusion of base resistance compo-
nents in the approach. 

3. Why the conventional API p-y model does not work for rigid 
piles in sand? 

Given that the diameter of monopiles is about one order of magni-
tude larger than that used in the derivation of the API p-y formulation 
(Reese et al., 1974), some studies argue that the inaccuracy of the API 
approach arises because of a dependence of p–y curves on pile diameter 
(Carter, 1984; Wiemann et al., 2004; Kallehave et al., 2012; Sørensen, 
2012). In contrast, other studies report little influence of pile diameter 
(Ashford and Juirnarongrit, 2003; Klinkvort, 2012; Klinkvort and Page, 
2014; Finn and Dowling, 2015). However, as an increase in pile diam-
eter is accompanied by an increase in pile bending stiffness, it is possible 
that differing views regarding the ‘diameter effect’ may result from the 
mixed effects of pile diameter and pile rigidity (Carter, 1984; Pender, 
2004; Fan and Long, 2005; Liang et al., 2007; Jeong et al., 2011; Finn 
and Dowling, 2015). 

Fig. 2. Schematic of field tests conducted in Shenton Park sand to quantify the pile base influence and examine the p-y load transfer method for monopiles (Wang 
et al., 2022a). 

Fig. 3. Measured load–deflection response of piles with and without soil plug 
(Wang et al., 2022a). 

Fig. 4. Comparison of the measured load–deflection response and the 
computed with the experimentally derived p-y curves (Wang et al., 2022a). 
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3.1. Effect of pile diameter on p-y response 

To isolate the effects of diameter on soil-pile interaction, Wang et al. 
(2022b) performed a unique series of finite element (FE) simulations on 
four different diameter monopiles (D = 4, 6, 8, 10 m). The monopiles 
have the same length (L) of 30 m and a very high Young’s modulus to 
ensure a fully rigid response under lateral load. The hypoplastic sand 
model with intergranular strain was adopted to model the nonlinear and 
state-dependent behavior of sand. Triaxial element tests under different 
stress paths (Hong et al., 2016) and centrifuge pile tests in medium 
dense Toyoura sand (Wang et al., 2022b) were performed to calibrate 
the sand model and validate the FE pile-soil model. 

Computed pile-soil interaction results are summarized in Fig. 6 
together with the calculated results using the API p-y formulation. It is 
evident that the API p-y model leads to much higher predictions of 
lateral stiffness for all diameter monopiles compared with the numerical 
analyses. This observation is in keeping with the findings of experi-
mental studies reported by Georgiadis et al. (1992), Klinkvort (2012), 
Choo et al. (2014), Kirkwood (2016), Zhu et al. (2016) and Li et al. 
(2017) and of numerical analyses by Lesny and Wiemann (2006), Ach-
mus et al. (2011), Thieken et al. (2015) and Amar Bouzid (2018). In fact, 

Georgiadis et al. (1992) and Zhu et al. (2016) found that the API p-y 
model overestimates the initial stiffness, even for small-diameter flexible 
piles at shallow depths. The high stiffness predicted by the API p-y 
formulation can be partly attributed to the assumption of a linear in-
crease of initial stiffness with depth and the high subgrade coefficients 
recommended in Reese et al. (1974). Many existing studies (e.g. Poulos, 
1971; Randolph, 1981; Pender, 2004; Wan et al., 2021) have shown that 
the initial lateral stiffness of p-y curves in any given soil horizon is 
related directly to the small strain (elastic) shear modulus (G0). There-
fore, the overestimation of stiffness will be further amplified for large 
diameter monopiles at higher stress levels (see comparisons in Fig. 6b) 
as the small-strain elastic G0 value in a uniform sand varies with the 
stress level raised to a power of less than 1 (and is typically about 0.5). 

3.2. Effect of formulation for p-y back-bone function 

Another source for stiffness overestimation at small displacement is 
the hyperbolic tangent back-bone function adopted in the API model: 

p= pu tanh
[

kini

pu
y
]

(1) 

Fig. 5. Load-deflection response at ground surface: (a) validation of the finite element pile-soil model though comparison with field data; (b) response of large 
diameter monopiles as calculated using FEA (Wang et al., 2022a). 

Fig. 6. p/y–y/D curves at depth: (a) z = 4⋅5 m; (b) z = 27 m (Wang et al., 2022b); (Note: the loading height is 5 m in FE simulations; the API p-y curves were 
calculated with the critical state friction angle of 31◦). 
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where kini is the initial stiffness and pu is the ultimate soil resistance. 
To highlight this, the hyperbolic function adopted by many studies 

(e.g. Georgiadis et al., 1992; Klinkvort, 2012; Kirkwood, 2016; Choo and 
Kim, 2015; Zhu et al., 2016) is selected here for comparison: 

p=
y

1
kini

+ y
pu

(2) 

Fig. 7 compares the p-y curves calculated using the hyperbolic 
tangent function (Eq. (1)) in API and the hyperbolic function (Eq. (2)) 
adopted by recent studies with the same initial stiffness kini and ultimate 
soil resistance pu (calculated from the API formulation using an effective 
soil weight of 10 kN/m3 and friction angle of 31◦). Even with the same 
inputs, the API p-y model leads to a much higher stiffness at small 
displacement and mobilises the ultimate soil resistance at a much lower 
displacement compared with the hyperbolic function (Eq. (2)) adopted 
in recent studies. 

3.3. Net pressure distribution at ultimate lateral load 

In addition, an important observation evident in Fig. 6 is that the FE- 
calculated p/D–y/D curves for the different pile diameters are in close 
agreement at each depth (i.e., z = 4.5 m and 27 m); this observation 
implies that the load transfer curves of monopiles in sand are a function 
of the depth below the ground surface (i.e., z) instead of the depth to 
diameter ratio (i.e., z/D) as assumed in the API model. Although it was 
not stated explicitly, the same observation of the dependency of the soil 
pressure on the absolute depth can be identified in the numerical sim-
ulations of the PISA project reported by Burd et al. (2020). This unique 
feature of monopiles in sand is further illustrated in Fig. 8 by plotting the 
lateral soil pressure at the ultimate lateral capacity for four different 
diameter rigid monopiles. The ultimate soil pressure calculated using 
the formulation in the API model is also presented in Fig. 8 for com-
parison. It is evident that the lateral pressure distribution at ultimate 
lateral load for rigid monopiles in uniform sand is independent of pile 
diameter and is function of absolute depth (z) or depth relative to the 
pile length (z/L) instead of the depth ratio (z/D) defined in API model (as 
shown in Fig. 8). 

3.4. Failure mechanisms for rigid and flexible piles 

The independence of the p/D-y/D curves (Fig. 6) and lateral pres-
sures at ultimate load capacity (Fig. 8) is attributed to differences in the 

failure mechanisms of large diameter (rigid) monopiles and small 
diameter (flexible) piles. In the API model proposed for small diameter 
flexible piles, the sand resistance at shallow depth is governed by a 
wedge type failure mechanism in response to lateral soil movement 
induced by the pile; this mechanism transitions to a ‘flow around’ failure 
in the horizontal plane at depth (as shown in Fig. 9). However, as shown 
in Fig. 10, large diameter rigid monopiles undergo rotation under lateral 
loading. Monopiles of all diameters exhibit a deep wedge failure mode in 
the upper section of the pile with rotational soil flow in the vertical plane 
below this section (instead of in the horizontal plane presumed in the 
API model). As shown in Fig. 8, the lateral pressure increases with depth 
in the upper wedge zone but begins to reduce at z ≈ 0⋅5L as the point of 
rotation at z ≈ 0⋅75L is approached. It is evident from Fig. 10 that the 
depth separating the wedge zone and the rotational zone is the same for 
all pile diameters, which explains the independence of the ultimate 
lateral pressure distribution on diameter shown in Fig. 8. The mecha-
nism illustrated in Fig. 10 was also identified by Murff and Hamilton 
(1993), Randolph et al. (1998) and Hong et al. (2017) for suction an-
chors and rigid piles in undrained clay subjected to lateral force and 
moment loading. A thorough review on the ultimate soil resistance of 
laterally loaded piles in sand is provided Wang et al. (2022d). 

3.5. Effects of applied moment (or lateral load eccentricity) 

Offshore wind turbine monopiles are subjected to the lateral loads 
from the combined actions of wind, wave and current. The foundations 
have to resist the horizontal force and large overturning moment 
simultaneously. Monotonic loading can therefore be represented by a 
single horizontal force acting at a (large) loading eccentricity (h). The 
effect of loading eccentricity on the pile-soil interaction of monopiles in 
sand was examined explicitly by Wang et al. (2022b) in a series of FE 
simulations involving a wide range of loading eccentricities (h = 5 
m–100 m) and four monopile diameters (D = 4, 6, 8, 10 m); the hypo-
plastic model was used to model the sand (as employed for predictions 
presented above). Results from the study are summarized in Fig. 11 and 
clearly illustrate a negligible influence of loading eccentricity on the 
lateral stiffness (p/y = P/(y/D), P = p/D) response of the sand. The net 
pressures at ultimate lateral load (Pu) were also found to be practically 
independent of the loading eccentricity. This observation was also 
confirmed by the centrifuge tests on the large diameter monopiles in 
Klinkvort and Hededal (2014) and Li et al. (2022). 

Fig. 7. The influence of back-bone function on the p-y curves (Note: the pile 
diameter D = 6 m). 

Fig. 8. Comparison of the lateral soil pressure (Pu) profiles between the FE 
computed at ultimate capacity and the calculated from API p-y model. 
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3.6. Summary 

The study presented in Figs. 6–11 has shown that API p-y model 
formulation is not suited to the prediction of the lateral response of 
monopiles because the specified initial stiffness and stiffness degrada-
tion characteristics (i.e., the adopted back-bone function) are not 
appropriate for the distinctly different mode of failure under applied 
lateral load and moment of rigid piles compared with flexible piles. The 
FE analyses reveal that the mode of failure of monopiles is such that both 
the p/D-y/D curves in any sand horizon and the net pressures at ultimate 

lateral capacity are independent of pile diameter and loading 
eccentricity. 

4. Is there an alternative simple design approach for a rigid pile 
in sand? 

4.1. Simple rotational spring model for rigid pile 

The preceding sections have demonstrated that the contribution of 
the pile base to the lateral response of monopiles in sand is negligible for 

Fig. 9. The assumed failure mechanisms of the API p-y model in sand (Reese et al., 1974; Amar Bouzid, 2018).  

Fig. 10. Failure mechanism of the rigid monopiles in sand (Wang et al., 2022b).  

Fig. 11. Influence of loading eccentricity on pile-soil interaction: (a) p/D–y/D curves of 4 m diameter monopiles at depth z = 4⋅5 m; (b) p/D–y/D curves of 10 m 
diameter monopiles at depth z = 4⋅5 m. 
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the conditions investigated and revealed that the net lateral pressures at 
ultimate capacity are independent of the pile diameter and loading ec-
centricity due to the unique rotational failure mechanism of monopiles 
in drained sand. Based on the FE analysis, Wang et al. (2022b) dem-
onstrates that the net pressure distribution shown on Fig. 12, where 
(away from the rotation point) pressures (P) are linearly proportional to 
the vertical effective stress (i.e., P = p/D = Kσ′

v = Kγ′z, where K is the 
soil pressure coefficient, which is function of the rigid pile rotation; For 
the value of K at ultimate state, i.e., Kult, a detailed review can be found 
in Wang et al., 2022d). This is consistent with the mechanism of rigid 
piles in a uniform sand and with the model originally proposed by 
Petrasovits and Award (1972). 

Following the simplified pile-soil interaction model in Fig. 12, 
moment equilibrium relative to the rotation center leads to the following 
expressions: 

MR =H(h+ d)=
∫ d

0
KDzγ

′

(d − z)dz+
∫ L

d
KDzγ

′

(z − d)dz

=KDL3γ′

[
1
3

(
d
L

)3

−
1
2

(
d
L

)

+
1
3

] (3)  

where d is depth of the rotation center, MR is the over-turning moment 
relative to the rotation center. 

Wang et al. (2022b) presents the results of numerical simulations 
involving rigid monopiles with a wide range of geometric configurations 
(D = 4–10 m, L/D = 3 to 7.5) and loading eccentricities (h = 5–100 m). 
These analyses confirm the suitability of the simplified pile-soil inter-
action model on Fig. 12 and show that the rotation center position is 
independent of pile diameter and loading eccentricity, and stabilizes at 
around 0.75L with a variation of less than 3%. Eq. (3) can be therefore 
simplified as: 

MR =H(h+ 0.75L)=KDL3γ′

[
1
3
(0.75)3

−
1
2
(0.75)+

1
3

]

≈ 0.1KDL3γ′ (4) 

Since the results in Figs. 6 and 8 have demonstrated the indepen-
dence of lateral resistance (and so also the coefficient K) on pile diameter 
(D), Eq. (3) suggests that the lateral response of rigid monopiles in sand 
can be represented by the normalization MR/DL3γ’. In addition, Wang 
et al. (2022b) found that the simplified pile-soil interaction model in 
Fig. 12 holds not only for the ultimate state, but also at any rotation (for 
the hypoplastic constitutive model employed). Wang et al. (2022c) 
subsequently proposed that a laterally loaded rigid pile can be modelled 
as a beam hinged at a rotation center at a depth of 0.75L and constrained 

by a rotational spring, as shown in Fig. 12. 
The validity of the rotational spring model is demonstrated in 

Fig. 13, which plots the normalized moment-rotation response about the 
rotation center at 0.75L. As shown in Fig. 13, for 4 m and 8 m diameter 
rigid monopiles, the lateral response under a wide range of loading ec-
centricities (h = 5–100 m) can be perfectly represented by a single 
[MR /θDL3γ′

]vs. θ curve at the rotation center. The comparison between 
Fig. 13a and b also demonstrates the independence of the spring model 
on the pile diameter. 

4.2. Relationship between foundation response and sand element response 

Many existing studies show that there is analogous correspondence 
between soil response at element scale and foundation response at full 
scale. For example, Atkinson (2000) and Johansson et al. (2020) proved 
the close relationship of soil element response with the (non-linear) 
settlement and rocking stiffness of shallow foundations. Similarly, 
Bransby (1999) and Zhang and Andersen (2017) showed that the load 
transfer curves of laterally loaded piles can be scaled from the non-linear 
stress-strain curves of soil. Consequently, Wang et al. (2022c) investi-
gated the soil stress-strain response and the rotational spring response in 
the FE simulations and identified that there is a one-to-one correspon-
dence between the modulus degradation curves of sand (i.e., G/G0-γ, 
where G0 is the elastic modulus of sand, G is the secant modulus, γ is the 
shear strain) and the rotational stiffness degradation of the rigid piles 
(KR/KR,0 - θ, where KR, 0 is the initial rotational stiffness of rigid piles, KR 
= MR/θ is the secant rotational stiffness of rigid piles, θ is the pile 
rotation). 

4.3. Determination of small strain (elastic) rotational stiffness, KR,0 

To define the rotational spring curve of the rigid pile in sand, it is 
necessary to establish the relationship between the initial rotational 
stiffness (KR,0) and the small strain elemental shear modulus (G0). 
Therefore, Wang et al. (2022c) performed a comprehensive series of 
elastic simulations on rigid monopiles with a wide range of configura-
tions and interface roughness in soils with varying profiles of small 
strain elemental shear modulus (G0). Based on statistical analyses of the 
computations, it was found the following format can best represent the 
relationship between KR,0 and G0:  

KR, 0 = Ck DL2 G0.75L                                                                      (5) 

where G0.75L is the reference in-situ G0 value at the rotation point and Ck 

Fig. 12. The simplifed pile-soil interaction model and the proposed simple rotational spring model (Note: the soil resistance in the grey areas act in opposite di-
rections and will cancel out each other relative to the rotation center. The blue line represents the equivalent net distribution.). 
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is a coefficient that varies primarily with L/D and the form of the G0 
profile. 

The computed values of Ck of all simulations are summarized in 
Fig. 14 and fitted with explicit equations. Considering that G0 of sand 
usually varies with the square root of the stress level, it may be inferred 
from this figure that KR,0 can be taken as approximately 2.5DL2G0.75L for 
rigid piles with 2 ≤ L/D ≤ 5 in uniform sand deposits. 

4.4. Relationship for rotational stiffness outside of elastic range 

The following modified hyperbolic function provides a good repre-
sentation of the nonlinear degradation of the normalized secant shear 
modulus (G/G0) of sand with shear strain (γ) (Fahey and Carter, 1993; 
Darendeli, 2001): 

G
G0

=
1

1 + (γ/γr)
a (6)  

where a is the parameter controlling the degradation rate, and γr is the 
reference strain value. Studies also show that the shear stiffness of sand 
degrades more rapidly with shear strain at lower stress levels (Ishibashi 
and Zhang, 1993). Stokoe et al. (1995) found soil data over a wide range 
of stress levels can be unified when the reference strain was assumed to 

be proportional to the square root of the stress level. The hypoplastic 
model used to show the correspondence between elemental response 
and lateral pile response in Wang et al. (2022c) and described above 
employs a constant value of γr with a = 1 and hence could not be used 
directly to determine a relationship for pile rotational stiffness, KR. 
Instead, new data from 26 rigid pile tests (as summarized in Table 1) are 
compiled in this study. 

The database of rigid piles included small-scale centrifuge tests 
(Klinkvort and Hededal, 2014; Richards et al., 2021; Li et al., 2022) and 
reduced-scale field tests (Li et al., 2014; Wang et al., 2020; Belpile, 
2020) covering piles with diameters (D) of 0.127–5.0 m, aspect ratios 
(L/D) of 2.2–7.9 and loading eccentricity ratios (h/L) of 0.23–4.5. The 
results were reanalyzed using the rotational spring model framework 
and are presented in Fig. 15. The normalized rotational stiffness 
degradation curves of these rigid piles fall into a narrow range and the 
relationship can be captured by the following equation: 

KR

/
KR,0 = 1

/[
1+

(
θ
/

θref
)0.7

]
(7a)  

θref = 0.0002×
(
γ′ L

/
pref

)0.5
,where pref = 100 kPa. (7b) 

Eq. (7) bears a close similarity to published relationships that employ 
Eq. (6) to describe the variation of shear modulus with shear strain, 
hence providing additional verification of the correspondence between 
elemental shear modulus and pile rotational stiffness. 

Therefore, the non-linear moment-rotation response of a laterally 
loaded rigid pile in sand can be approximated by combining Eq. (5) with 
Eq. (7). It is noted that Eq. (7) is derived from new back-analyses of tests 
of rigid or almost rigid piles and therefore the results are not affected by 
pile flexibility (which is discussed in the next section). 

5. What is the influence of flexural rigidity for a monopile ? 

Monopiles have been assumed to respond in a fully rigid mode in 
Sections 3 and 4. This means that the pile rotation at the rotation center 
is equal to that at the mudline without the extra contribution from pile 
bending. Monopiles used for offshore wind turbines are commonly 
assumed to behave in a rigid fashion (at least at large displacements) due 
to their low aspect ratios. This assumption is examined here noting that 
actual steel monopiles employed in the field have a finite flexural ri-
gidity with typical diameter to wall thickness ratios (D/t, t is pile wall 
thickness) of between 60 and 120. 

Fig. 16 presents the FE-calculated deflected shape of a typical 6 m 
diameter, 30 m long steel monopile with a wall thickness of 66 mm 
(giving D/t = 91) in medium dense sand (Dr = 60%) and that of a fully 

Fig. 13. Validation of the rotation spring model against FE simulations (Dr = 65%): (a) [MR /θDL3γ′

]vs. θ of 4 m diameter piles; (b) [MR /θDL3γ′

]vs. θ of 8 m 
diameter piles. 

Fig. 14. Computed Ck values and predictions obtained using Eq. (5).  
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rigid pile with the same geometric configuration with loads applied to 
produce the same rotation at mudline (of 0.11◦, 0.25◦ and 0.51◦). The 
pile lateral response up to a rotation of 0.5◦ at mudline is considered as 
this rotation is a typical serviceability limit for monopiles. 

Bending of the monopile can be identified from the pile deflection 
profiles in Fig. 16a, although it should be noted that the zero lateral 
displacement depth of the pile is still at around 0.75L. The pile bending 
is more apparent from the rotations plotted on Fig. 16b where it is 
evident that the rotation of the monopile increases with increasing 
distance above the pile tip. For a mudline pile rotation of 0.25◦, the 
corresponding rotation angle of the monopile at the rotation center is 
less than 0.02◦ while the same value of 0.25◦ is shown for the rigid pile. 
It is clear that flexural rigidity has a significant influence on the pile 
deflection profile for a given mudline rotation and needs to be consid-
ered in design. 

The formulations presented previously for a rigid pile can be 

adjusted to account for the extra pile rotation (Δ θ) arising from pile 
flexibility, as shown in Fig. 17. As this extra pile rotation is from pile 
bending, an estimate of Δθ can be found by calculating the mudline 
bending rotation (ΔθF) of a pile held rigidly at its rotation center (at a 
depth of 0.75L) and then dividing by a correction factor (CR,θ) to account 
for the different bending moment profile in the soil. The same procedure 
can be applied to correct for the displacement. As shown in Fig. 17, the 
surface rotation and displacement of a pile in air and fixed at a depth of 
0.75L can be calculated from the bending moment profile as: 

ΔθF =

∫ 0.75L

0
M(z)dz

/

EI =
H(2h + 0.75L) × 0.75L

2EI
(8a)  

ΔyF =

∫∫ 0.75L

0
M(z)dzdz /EI =

H(0.75L)2
[3 × (h + 0.75L) − 0.75L]

6EI
(8b)  

where M(z) is the distribution of bending moment along the pile, E is the 
Young’s modulus of the pile material and I is the second moment of area 
of the monopile cross-section. 

The monopile response in sand at each load level can then be 
calculated as follows (noting that the rotation and displacement of a 
rigid pile, θrigid and yrigid, are determined using Eqs. (5) and (7)): 

θMonopile = θRigid + ΔθF
/

CR,θ (9a)  

yMonopile = yRigid + ΔyF
/

CR,y (9b) 

To determine the value of CR, θ and CR, y, additional 80 new finite 
element simulation cases involving five pile diameters (D) from 4 m to 
10 m, twelve different aspect ratios (L/D) from 2 to 7.5 and thirteen 
loading eccentricity ratios (h/L) of 0.02–2.67 were performed using the 
same hypoplastic sand model adopted in Wang et al. (2022b). The 
analysis indicated that CR, θ could be described almost exactly as a 
function of the loading eccentricity ratio (h/L) and was independent of 
the pile flexibility, pile diameter, pile length and sand density, while CR, 

y was equal to 1.75CR, θ. The individual FE-calculated CR, θ values are 
presented on Fig. 18 and are represented well by: 

CR,θ =
0.75 ×

[
3 × 2.8 + (h/L)0.75

]

2.8 + (h/L)0.75 (10) 

To illustrate the suitability of employing Eqs. (8) and (9) to account 
for the effect of monopile flexibility, Fig. 19 presents results from the FE 
computed moment-rotation relationships for both rigid and flexible piles 
with different diameters and load eccentricities. A much softer response 

Table 1 
Summary of rigid pile tests in the literature.  

Reference Test 
No. 

D (m) L/D h/L G0, 0.75L 

(MPa) 
KR, 

0 (MNm/ 
rad) 

Klinkvort and 
Hededal 
(2014) 

Test 
K1 

3 6 0.42 114.4 2.82 × 105 

Test 
K5 

3 6 1.38 111.3 2.75 × 105 

Test 
K3 

3 6 1.75 115.2 2.84 × 105 

Test 
K4 

3 6 2.13 110.5 2.73 × 105 

Test 
K5 

3 6 2.50 110.5 2.73 × 105 

Test 
K6 

3 6 2.88 109.7 2.71 × 105 

Wang et al. 
(2020) 

Test 
W1 

0.127 7.87 0.34 60.3 1.52 × 101 

Test 
W2 

0.169 5.92 0.34 60.3 1.85 × 101 

Test 
W3 

0.169 8.88 0.23 70.7 5.57 × 101 

Test 
W4 

0.273 2.75 0.45 51.4 1.33 × 101 

Test 
W5 

0.273 3.66 0.34 60.3 2.75 × 101 

Test 
W6 

0.273 5.49 0.23 70.7 7.75 × 101 

Test 
W7 

0.457 2.19 0.34 60.3 4.92 × 101 

Test 
W8 

0.457 3.28 0.23 70.7 1.21 × 101 

Richards et al. 
(2021) 

Test 
R1 

0.042 4 2.5 11.1 2.20 × 10− 2 

Test 
R2 

0.378 4 2.5 33.3 4.85 × 101 

Test 
R3 

3.36 4 2.5 99.2 1.02 × 105 

Li et al. (2022) Test 
L1 

5 3 3.3 81.7 1.54 × 105 

Test 
L2 

5 5 1 105.5 5.77 × 105 

Test 
L3 

5 5 3 105.5 5.77 × 105 

Test 
L4 

5 5 2 105.5 5.77 × 105 

Li et al. (2014) Test 
L1# 

0.34 6.5 0.18 200 6.13 × 101 

Belpile (2020) Test 
B1 

0.6 5.8 0.043 93.9 1.25 × 103 

Test 
B2 

0.6 5.8 0.043 93.9 1.25 × 103 

Test 
B3 

0.6 5.8 0.057 93.9 1.25 × 103 

Test 
B4 

0.6 5.8 0.057 93.9 1.25 × 103  

Fig. 15. KR/KR, 0 vs. θ/θref for 25 pile tests at four sand sites.  
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is evident for the monopile with a realistic configuration, illustrating the 
importance of pile flexibility. Fig. 19 also shows the responses calculated 
by adding the additional rotation (Δθ) determined using Eq. (8) (where 
CR, θ is determined from Eq. (10)) to the rotation computed for a rigid 
pile at the same moment. It is evident that this approach is successful in 
accounting for the additional flexibility of monopiles on the moment- 
mudline rotation response. 

To further validate the proposed bending correction method (Eqs. 
(8)–(10)) and the empirical equations for the nonlinear degradation of 
foundation stiffness (Eq. (5) and Eq. (7)), the field tests performed by the 
PISA (Pile–Soil Analysis) joint industry project in dense sand at Dunkirk 
(McAdam et al., 2020) were back-analyzed. The test piles had diameters 
(D) of 0.273 m, 0.762 m and 2.0 m with aspect ratios (L/D) in the range 
of 2.9–8 and loading eccentricities (h/L) from 0.9 to 4.5. According to 
the analysis of the measured bending moment and pile displacement 
data, bending of the tested piles due to the finite pile rigidity was re-
ported in McAdam et al. (2020). Details of the tests analyzed in this 
study are summarized in Table 2. 

Fig. 20 presents the measured and back-calculated load-deflection 
response of the field tests in the PISA project. As shown in the figure, the 

responses of different diameter monopiles can be well predicted by the 
rotational spring model and the proposed empirical equations, espe-
cially at small deflections related to monopile foundation design for 
offshore wind turbines. The good agreement between the test results and 
model predictions demonstrates the reliability of the rotational spring 
model (Eq. (5) and Eq. (7)) and the pile flexural rigidity correction 
method (Eqs (8)–(10)). 

Summarizing the results in Section 3, 4 and 5, it is clear that the non- 
linear moment-rotation response of a laterally loaded monopile in uni-
form sand can be easily obtained from the proposed simple rotational 
spring model. The model is anchored to centrifuge and field pile testing 
data, and encapsulates the rotational mechanism of monopiles in a 
single spring as well as the effect of pile flexural rigidity. Compared with 
the existing design approach (e.g. p-y load transfer method), the devel-
oped model does not need to define multiple lateral, distributed moment 
and pile base springs to achieve an acceptable solution (as in Byrne et al., 
2015; Wang et al., 2020). It can be applied easily in preliminary 
soil-structure interaction analyses and integrated simply in structural 
dynamic analyses. To allow the easy use of the model, a step-by-step 
flow chart containing the equations is provided in Fig. 21. 

Fig. 16. Pile displacement and rotation profiles at different loads: (a) displacement profiles; (b) rotation profiles (Note: D = 6 m, L = 30 m, t = 0.06635 m).  

Fig. 17. Illustration of the correction for pile rigidity.  
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6. Example application of the rotational spring model to design 

In this section, a typical monopile supporting a 10 MW offshore wind 
turbine (OWT) is selected as an example to show the usefulness and 
simplicity of the proposed rotational spring model in foundation design 
and the structural dynamic analysis of OWTs. The key parameters of the 
OWT are summarized in Table 3 (Velarde, 2016). The loads from wind, 
wave and current are equivalent to a horizontal force applied at a 
loading eccentricity (h) of 50 m above the seabed surface. The ground 
comprises sand with an estimated elastic shear modulus profile given by: 

Fig. 18. The relationship between the correction factor (CR, θ) and the loading 
eccentricity ratio (h/L); Note: simulations indicated no dependence of CR, θ on D 
or L/D and so many of the data points overlap. 

Fig. 19. Comparison of moment-rotation response at mudine before and after correction for different piles: (a) D = 6 m, L/D = 5, h/L = 1.67, D/t = 91, CR, θ = 1.73; 
(b) D = 10 m, L/D = 3, h/L = 1.67, D/t = 94; CR, θ = 1.73; (a) D = 6 m, L/D = 5, h/L = 2.67, CR, θ = 1.61, D/t = 91; (b) D = 10 m, L/D = 4, h/L = 0.625, CR, θ = 1.61, 
D/t = 94. 

Table 2 
Key features of piles and sand in tests of McAdam et al. (2020).  

Test NO. Test 
M1 

Test 
M2 

Test 
M3 

Test 
M4 

Test M5 Test M6 

D (m) 0.273 0.273 0.762 0.762 2.0 2.0 
t (m) 0.007 0.007 0.01 0.01 0.038 0.038 
L (m) 1.43 2.18 2.24 3.98 10.61 10.57 
L/D 5.24 8 2.94 5.22 5.31 5.29 
h/L 3.5 2.3 4.46 2.51 0.93 0.94 
G0, 0.75L (MPa) 70 70 70 83 120 120 
Ck 3.81 4.55 3.29 3.81 3.83 3.82 
KR, 0 (MNm/ 

rad) 
149 413 881 3812 103365 102454 

CR, θ 2.68 2.89 2.56 2.85 3.27 3.27  
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G0 (MPa) = 20 [z (m)]0.5, as shown in Fig. 22b.  

1. The first step is to calculate the shear modulus at the depth of the 
rotation center G0, 0.75L (MPa) = 20 × (35 × 0.75)0.5 = 102.5 MPa.  

2. Then, according to the elastic foundation stiffness equations in 
Fig. 14, the value of Ck can be calculated as Ck = 6.2 × exp (− 1.62 ×
35/10) +1.85 × exp (0.053 × 35/10) = 2.2. Alternatively, as 
explained above, a Ck value of 2.5 can be used without any signifi-
cant loss in accuracy. 

Fig. 20. Comparison of the measured and calculated load-defelction response of pile tests in PISA project: (a) D = 0.273 m; (b) D = 0.762 m; (c) D = 2.0 m.  

Fig. 21. Flow chart indicating the steps for calculating the moment-rotation response of monopiles.  
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3. Therefore, the initial rotational stiffness KR, 0 = CkDL2G0, 0.75L = 2.2 
× 10 × 352 × 102.5 = 2.82 × 106 MNm/rad.  

4. The secant stiffness of the rotational spring for a rigid pile at any 
rotation, θ, can be obtained by using KR, 0 in Eq. (5): KR = MR/θDL3γ’ 

= KR,0 × 1/{1+[θ/(0.0002 × (10 × 35/100)0.5)]0.7} = 2.82 × 106/ 
[1+(θ/3.74 × 10− 4)0.7]  

5. In this case, considering MR = H(h+0.75L) = θ × KR, the moment 
response at mudline can be also easily calculated as M = h/ 
(h+0.75L) × θKR.  

6. Finally, the rotation should be corrected by including the extra value 
from pile bending Δθ = ΔθF/CR,θ, where ΔθF = H(h + h+0.75L) ×
0.75L/2EI, H = M/h, and CR,θ = 0.75 × [3 × 2.8+(50/35)0.75]/[2.8+
(50/35)0.75] = 1.77.  

7. The resulting moment-rotation response at the mudline is presented 
in Fig. 23a. 

One typical application of the rotational spring model is to assist with 
rapid determination of the natural frequency of an offshore wind tur-
bine. To illustrate this application, a beam-spring model of a typical 
OWT was built in Abaqus, where the soil was represented by the 
calculated nonlinear rotational spring at a depth of 0.75L. 3D beam el-
ements (‘B31’) were used to model the monopile and turbine tower, 

while ‘Spring1’ element in Abaqus was adopted to model the nonlinear 
soil spring. The blade, hub, and nacelle weights were simulated by 
adding a point mass at the tower head. An eigenvalue analysis using the 
linear perturbation method was then performed using the built-in ‘Fre-
quency’ function in Abaqus. Fig. 23b presents the computed natural 
frequencies of the turbine at different monopile rotations. It is seen that 
the whole system has a natural frequency of around 0.25 Hz when the 
foundation rotation is small and its response is governed by the elastic 
stiffness. However, due to the soil nonlinearity shown in Fig. 23a, the 
foundation stiffness decreases with increasing rotation, leading to a 
lower system natural frequency, as shown in Fig. 23b. For example, the 
natural frequency at a pile rotation of 0.25◦ is 0.23 Hz which is 8% 
smaller than the value of 0.25 Hz at low rotations. 

7. Summary 

This paper presents a synthesis of recent and new research on 
laterally monotonically loaded monopiles in drained sand, which 
involved field tests, centrifuge model tests and finite element simula-
tions. The study was motivated by questions concerning the contribution 
of the pile base to resistance, the relevance (or otherwise) of the API p-y 
model and the need for a simple approach that can be employed in soil- 
structure interaction analyses for preliminary design. 

The paper has demonstrated that:  

(i) The contribution of pile base resistance (i.e., base shear force and 
moment) to the lateral response of monopiles in drained sand is 
negligible for the conditions investigated.  

(ii) The API p-y model is not suitable for prediction of the lateral 
response of rigid monopiles in sand largely because of the inap-
propriateness of the specified initial stiffness and stiffness 
degradation characteristic. 

(iii) The normalized net pressure curves (p/D-y/D) and the soil pres-
sure (Pu = pu/D) at ultimate capacity are independent of the pile 
diameter (D) and load eccentricity (h).  

(iv) The profile of net pressure of a rigid pile at all levels of lateral 
loading can be approximated as the simplified pile-soil interac-
tion model originally proposed by Petrasovits and Award (1972).  

(v) A correspondence exists between the elemental shear modulus of 
the sand (G0) and the initial pile rotational stiffness (KR,0).  

(vi) The flexibility of monopiles has to be considered in design at 
small pile displacements. 

Table 3 
Input parameters of the DTU-10 MW OWT (Velarde, 2016).  

DTU-10 MW Key Parameters Value 

Rated power, (MW) 10 
Tower height, LT (m) 115.63 
Tower top diameter, Dt (m) 7 
Tower bottom diameter, Db (m) 10.5 
Tower wall thickness, tT (mm) 20–38 
Top mass, mt (t) 674 
Substructure height, Ls (m) 40 
Substructure diameter, Ds (m) 10.5 
Monopile depth, Lp (m) 35 
Monopile diameter, Dp (m) 10 
Monopile wall thickness, tp (mm) 120 
Monopile aspect ratio, L/D 3.5 
Structure stiffness, E (GPa) 210 
Structure density, ρπιλε (kg/m3) 8500 
Effective soil unit weight, γsoil (kN/m3) 10 
Shear modulus of the soil at rotation center, G0, 0.75L (MPa) 102.5 
Rotational stiffness coefficient, Ck 2.2 
Initial stiffness of rotational spring, KR,0 (Nm/rad) 2.82E+12  

Fig. 22. Design inputs of the example application: (a) offshore wind turbine supported by monopile (D = 10 m, L = 35 m); (b) nonhomogeneous small strain soil 
shear modulus profile (G0). 
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Based on these findings, a simplified approach is proposed to model 
the nonlinear response of a monopile as a rigid beam hinged at the 
rotation center at a depth of 0.75L with movement constrained by a 
rotational spring of stiffness KR and then allowing separately for pile 
bending. The rotational spring stiffness for a rigid pile at very low pile 
rotations (KR,0) can be established using a new correlation with the in- 
situ soil small strain shear modulus (G0), while the rate of degradation 
of rotational stiffness (KR) as the rotation (θ) increases is developed 
using the newly compiled data measured in lateral load tests on 26 rigid 
piles. A new simple method of correcting the expression for KR to ac-
count for the flexibility of monopiles is finally derived and shown to be 
consistent with both FE simulations of flexible monopiles and (flexible) 
test piles performed in the PISA project (McAdam et al., 2020). An 
example illustrating application of the proposed approach for an 
offshore wind turbine is provided to demonstrate the simplicity and 
efficiency of the model. 
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