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ABSTRACT: Offshore wind turbines are widely installed on monopile foundation, which have larger diameter and smaller 
slenderness ratio. This dimensions generally beyond the limit of current pile foudnation. The interaction between monopile and 
around soil needs be investigated urgently to gain a much safer and economic industrial design. In this study, series of finite element 
modelling are performed to gain a further understanding of soil failure model around a laterally loaded monopile in clayey soil. The 
geometry/shape of this soil failure zone is studied in detail. The results show that the shape of soil failure zone is like an upside-down 
cone and have a circular shape in a plan view, which is different from current assumption widely used to derive the ultimate lateral 
resistance of ground soil. Further, this geometry/shape is generally independent of monopile’s dimension, load eccentrcity and soil 
condition. 

RÉSUMÉ : Les éoliennes offshore sont largement soutenues par la fondation monopile, qui a un diamètre plus grand et un plus petit ratio 
d'élancement. Cette dimension est généralement supérieure à la limite de la formation de poils courante. L'interaction entre monopile et 
autour des sols doit être étudiée d'urgence pour obtenir un design industriel sûr et économique. Dans cette étude, une série de 
modélisation par éléments finis est réalisée afin de mieux comprendre le modèle de défaillance du sol autour d 'un monopile chargé 
latéralement dans un sol argileux. La géométrie / la forme de cette zone de défaillance du sol est étudiée en détail. Les résultats montrent 
que la forme de la zone de rupture du sol est comme un cône renversé et ont une forme circulaire dans une vue en plan, qui est différente 
de l'hypothèse courante largement utilisée pour dériver la résistance latérale ultime du sol moulu. De plus, cette géométrie / forme est 
généralement indépendante de la dimension du monopile, de l'excentricité de la charge et de l'état du sol. 
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1  INTRODUCTION. 

As a much more feasible and efficient solution to the climate 
change and limitation of fossil resources, the clean and 
renewable wind energy has been explored extensively in recent 
years. To gain a much stronger and more stable wind resources, 
many wind farms have been constructed or planned offshore. 
Current practice shows that the large diameter monopile 
foundation (with outer diameter D generally ranging from 3.5 to 
8 m) has obvious advantage for sites with water depth up to 35 
m. For this high rise structure of offshore wind turbines, winds 
and waves induced lateral loads are generally the governing 
factors for design of monopile foundation. In addition, since the 
electricity generators are very sensitive to the deformation of 
supporting structures, accurate prediction of the lateral reponse 
of monopile is a crucial task facing the geotechnical engineers. 

Over the years, several methods have been developed to 
predict the response of laterally loaded piles (Matlock 1970, 
Poulos et al. 1980, Randolph 1981, Ashour et al. 1998, Zhang 
2009). Among them, the most widely used method in the 
industrial design is the nonlinear P-y curve method (Matlock 
1970, Reese et al. 1974), where P is the lateral reaction of 
ground soil and y the lateral displacement of pile or soil. In this 
method, the laterally loaded piles are represented with a beam 
resting on the ground soil, which is modeled by a series of 
discreted independent nonlinear springs. The P-y curves define 
the stiffness of ground soil and are capable to simulate soil’s 
nonlinear stress-strain response. Even though the P-y method 
has been successfully applied to the design of offshore pile 
foundation used by oil/gas platform, and adopted by the 
offshore industrial codes/standards such as API (2011) and 
DNV (2014), the reliability of current P-y models during the 
design of large diameter monopile has been questioned by a 
number of researchers (Achmus et al. 2009, Leblanc et al. 2010, 
Li et al. 2017). Another method commonly used to predict the 
lateral respose of laterally loaded piles is the strain wedge 

method developed by Ashour, et al. (1998). This method is 
similar with the wildely used P-y method, not only in the 
capablity of soil’s nonliner response, but also in the soil failure 
model assumed in front of the laterally loaded piles, i.e the 
shape of soil failure zone is assumed to be a wedge (see Fig. 1). 
It should be noted that this wedge failure model was proposed 
to analyze the laterally loaded piles with small diameter and 
large slenderness ratio (ratio of pile embedded length Lem to 
outer diameter), for example, Reese, et al. (1974) used this 
model to analyze test piles with outer diameter of 0.61 m and 
slenderness ratio of 34.4. The dimensions of this kind of piles 
are different from monopiles used by offshore wind turbines, 
while the latter generally have outer diameters larger than 3.5 m 
and slenderness ratio smaller than 10. Therefore, the 
applicability of current soil failure model to the ground soil 
around larger diameter monopiles is not clear. Li, et al. (2017) 
reports series of field tests on scaled monopile in sandy soil and 
concludes that the soil failure model depends on the soil density. 
Based on series of 1-g scale model tests, Otani, et al. (2006) and 
Hajialilue-Bonab, et al. (2013) investigat the failure model of 
soil around laterally loaded model piles with various 
demensions in sandy soil. Both studies concluded that the shape 
of observed soil failure zone is different from currently assumed 
wedge shape, but it is in the shape of upside-down cone and a 
circular in a plan view which parallel to the ground surface. 
However, study on soil failure model in front of monopile 
driven in clayey ground is rare. 

In this paper, a series of numerical modelling are 
conducted to investigate the soil faiulre model in front of 
laterally loaded monopile in clayey soil. The geometry/shape of 
soil failure zone are discussed in detail, as well as the effect of 
slenderness ratio of monopile, load eccentricity, and magnitude 
of applied load. The objective of this study is to present the soil 
failure model in front of laterally loaded monopile in clayey 
ground, and to gain an insight into the soil-pile interaction. The 
parameters used to quantify the geometry /shape of soil failure 
zone are given and maybe employed to evaluate or refine the 
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 theoritical derivation of ultimate lateral resistance of ground 
soil around monopile, which is a key parameter during the 
application of aforementioned P-y method and strain wedge 
method. 

 
Fig. 1. Strain wedge in front of laterally loaded piles 

(reproduced from Reese, et al. 1974) 

2  VALIDATION OF FE MODEL 

Three-dimensional (3D) FE modelling with Abaqus/Standard 
(Abaqus 6.13) is verified against measurement from centrifuge 
test reported by Guo, Lehane et al. (2014). This test simulated a 
monopile with diameter D of 0.88 m, and slenderness ratio 
(Lem/D) of 11.8. The lateral load was applied via a loading arm 
at a height Lup of 0.95 m above the mudline. It should be noted 
that all deminsions mentioned in this study is in prototype scale, 
unless specified. 

The soil domain is modelled with a cylindrical shape, and 
has a radius of 10D and a height of 2Lem. The monopile is 
installed in the center of this soil domain. Geometries of soil 
domain are verified to be adequate in eliminating boundary 
effects. The bottom of the numerical model is fixed against 
translation in all directions whereas the side boundary is fixed 
against lateral translation. 

The monopile, open-endded steel tube, is modeled as a 
solid pile, and is assumed to be linear elastic with equivalent 
stiffness modulus Ep of 41.3 GPa, and Poisson’s ratio υp, of 0.3. 
Tresca material model with an associated flow rule is adopted 
to model the undrained clayey ground. A uniform rigidity index 
Es/Su of 300 (USACE, 1990), and a Poisson’s ratio νs of 0.495 
are adopted to simulat the undrained ground condition, where 
Es is the undrained Young’s modulus of clay, and Su is the soil 
undrained shear strength. The undrained shear strength Su of the 
Kaolin clay is estimated with measurement of net cone 
penetration resistance (qnet), and a cone factor Nkt of 12 was 
recommended by Guo, et al. (2014). Therefore, the undrained 
shear strength generally increases linearly with depth at a rate 
of 1.63 kPa/m. 

The pile-soil interaction is simulated using surface-to-
surface contact pair formulation. The test pile side is selected as 
the master surface while the clayey soil side in contact with the 
pile is selected as the slave surface. The friction coefficient μ 
between test pile and around soil is estimated to be 0.3 based on 
the clay plasticity index PI (Lehane, et al. 2000), which is 
within the range of 0.2 and 0.4 (Jeong, et al. 2004).  

 
Fig.2. Schematic of FE model 

A relatively fine mesh, consisting of 40680 C3D8H soil 
elements and 4620 C3D8R pile elements, is used in this FE 
model. Biased mesh seeding is applied to the soil domain to 
obtain a structured mesh with higher mesh density in the region 
around the pile, see Fig.2. 

Comparison of load-displacement response at pile head 
between measured by Guo et al. (2014) and calculated with FE 
model is shown in Fig. 3, which shows that both agree with 
each other well. This agreement proves the validity of this FE 
model, which provides a reliable basis for further studies on 
larger diameter monopiles under laterally loading. 

 
Fig.3. Comparison of load-displacement response between measured 
and calculated 

3  PARAMETRIC STUDY 

3.1  Cases simulated in this study 

Following the validation of the FE model, a series of FE models 
is built to study the effect of monopile’s slenderness ratio and 
load eccentricity on the clayey soil failure model. The solid 
monopile with equivalent stiffness is still used to simulate 
open-endded steel pipe monopile. The diameter of monopile is 
6 m in this study, and the wall thickness of the monopile is 
66.35 mm (= 6.35 + D/100), which produces the minimum wall 
thickness without the occurrence of localized buckling (API 
2001). Geometries of monopiles simulated in this study are 
summarized in Table 1. 

The properties of ground soil is the same as the validated 
FE model, which is orginally from the centrifuge test on scaled 
monopile driven in clayey soil (Guo, et al., 2014). 

Table 1. Geometries of monopiles simulated in this study. 

Case No. 
Slenderness 
ratio, Lem/D 

Load eccentricity, 
Lup/D 

Lem=6D_Lup=6D 6 

6 
Lem=8D_Lup=6D 8 
Lem=10D_Lup=6D 10 
Lem=12D_Lup=6D 12 
Lem=6D_Lup=D/6 6 1/6 
Lem=6D_Lup=10D 6 10 

Lem=6D_Lup=15D 6 15 

3.2  Definition of Soil Failure Zone 

In order to investigate the geometry/shape of soil failure zone 
around a laterally loaded monopile, the definition of soil failure 
zone is needed. Generally, the magnitude of shear strain γ in the 
soil domain may be employed (Vardanega et al., 2012; 
Hajialilue-Bonab et al., 2013). According to Vardanega et al., 
(2012), the mobilized shear strength of Kolin clay can be 
related to the magnitude of shear strain. In this study, a shear 
strain equal to 1.44% is adopted as criterion to define the soil 
failure, and the corresponded shear strength of ground soil is 
about 0.8 Su (Vardanega, et al., 2012). This definition is similar 
with that used by Hajialilue-Bonab et al. (2013), who defined 
the loose sandy soil failure zone with shear strain of 1% in the 
laboratory 1-g model tests. 
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4  ANALYSIS AND DISCUSSION 

Fig.4 and Fig.5 show the plane view (at ground surface) and 
side view (parallel to the loading direction and pass the axis of 
monopile) of soil failure zone around laterally loaded 
monopiles. Comparisons of figures (a) and (b) in Fig 4 and 5 
respectively show that the geometry/shape of soil failure zone 
developed at the passive side (in front of monopile) is 
independent of monopile’s slenderness ratio. In such case, the 
geometry/shape of soil failure zone may generally be defined by 
two parameters: depth of failure zone H and project angle β 
from the passive side of vertical monopile to far side of soil 
failure zone, see Fig. 5. It should be mentioned that, in the rear 
side close to the short monopile’s tip, soil failure zone still 
develops, the reason for this is soil in this zone experiences 
non-ignorable displacement due to the large movement of pile 
tip. In a addition, failure zone is also developed in the rear side 
of monopile at shallow depth, which is regarded as the tension 
failure of soil under tension. A further study on geometry/shape 
of failure zone shown in Fig.4 shows that the shape may be 
approximated with a circle in the plain view parallel to the 
ground surface, which is difference from current assumption of 
strain wedge failure, e.g. Ashour et al. (2000). However, the 
observed shape in this study is in line with the laboratory 
observations by Otani et al. (2006) and Hajialilue-Bonab et al. 
(2013), even though both studies focus on the laterally loaded 
piles in sandy soil. Therefore, the shape of upside-down cone 
recommended by Otani et al. (2006) and Hajialilue-Bonab et al. 
(2013) may be validate for soil failure zone in front of laterally 
loded monopile in clayey soil, see Fig. 6. 

  (a) 

(b) 
Fig.4 Plan view of soil failure zone: (a) Lem=6D_Lup=6D; (b) 
Lem=12D_Lup=6D 

 
Fig.5 Side view of soil failure zone: (a) Lem=6D_Lup=6D; (b) 
Lem=12D_Lup=6D 

To further study on the development of soil failure zone as 
the increasing of applied lateral load, values of normalized 
depth H/D of soil failure zone are plotted against the 

normalized lateral displacement y0/D of monopile at mudline, 
see Fig. 7. As expected, the depth of soil failure zone increases 
as the increasing of monopile lateral movement, and the effect 
of slenderness ratio and load eccentricity is negligible under the 
condition of y0/D < 15%. For the short monopiles (i.e. Lem = 
6D), the maximum depth of developed soil failure zone is about 
4D (at y0/D < 15%), which is close to the rotation depth of 
monopiles. While for the longer piles (Lem = 8D、10D and 
12D), this depth keeps increasing even byond the displacement 
range of y0/D < 15%. 

(a) (b) 
Fig.6 Soil failure model around lateral loaded monopile driven in 
clayey soil: (a) assumed shape; (b) plan view (reproduced from 
Hajialilue-Bonab, et al. (2013)) 

 
Fig.7 Variation of normalized depth of soil failure zone with 
normalized pile lateral displacement at mudline 

Fig.8 shows the variation of parameter β with normalized 
lateral displacement y0/D of monopile at mudline. It can be seen 
that, the value of angle β decreases as the increasing of 
normalized lateral displacement y0/D, and a constant value of 
34° is shown when the value of y0/D reaches 10%. In addition, 
the slenderness ratio and load eccentricity has negligible effect 
on the value of angle β. 

 
Fig.8 Variation of project angle β of soil failure zone with normalized 
pile lateral displacement at mudline 

A futher comparison of soil failure zone between sandy 
soil and clayey soil around a laterally loaded pile is performed, 
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 see Fig.9 and Fig.10. In both figures, the depth and angle of soil 
failure zone are determined on the basis of y0 = 15%D from Fig. 
7 and 8. In Fig. 9, the width B of soil failure zone, see Fig. 6(a), 
is determined with geometric calculation from values of H and 
β, and the stiffness factor T is calculated using Eq. (1): 

5 /p p hT E I n     (1) 

Where Ip is the inertia of monopile’s cross section, and nh 
is the coefficient of soil modulus. In this study, 500 kN/m3 is 
assigned to coefficient nh for normally consolidated soft clay 
(Tomlinson et al., 2015). 

 
Fig.9 Variation of normalized width of soil failure zone with foundation 
relative stiffness 

 
Fig.10 Variation of normalized depth of soil failure zone with 
foundation relative stiffness 

Comparison shown in Fig.9 and Fig.10 demonstrates that 
the soil failure zone around the lateral loaded monopiles is 
independent of the soil condition (i.e. sandy and clayey soil), 
the dimensions of monopile and load eccentricity. It should be 
emphasized that failure zone in sandy soil is determined with 1-
g laboratory scale tests on piles with diameter no more than 3 
cm (Hajialilue-Bonab, et al. 2013), and that in clayey soil is 
from numerical simulation on monopiles with diameter of 6 m. 
 
5  CONCLUSION 

Series of numerical modelling has been conducted to 
investigate the soil failure model around laterally loaded 
monopile driven in clayey soil. The FE model is firstly verified 
against measurement from centrifuge tests. Then, parametertic 
study is performed to investigate the effect of monopile 
dimension, load eccentricity, and magnitude of applied load on 
the shape/geometry of soil failure zone. 
 The soil failure model around lateral loaded monopile in 

plain view (perpenticuler to the pile axis) is more like a 
circular, and the volume of soil failure zone is a upside-down 
conical shape, regardless of the magnitude of applied load; 

 As the applied load increasing, the volume of soil failure 
zone increases by increasing the depth H of failure zone. 
however, the value of β decreases from about 50° to a 
constant value of 34°. Both parameters seem independent of 
monopile’s dimension and load eccentricity. 

 Conclusions drawn from numerical modelling on monopiles 
in clayey soil agree reasonably well with those from 1-g 
laboratory tests on piles driven in sandy soil, which indicates 
that soil failure model around laterally loaded monopile may 
be indenpendent of soil condition. However, this need be 
further evaluated with numerical and physical models. 
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