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ABSTRACT: Scour around the monopile foundations of offshore wind turbines (OWTs) has emerged as a critical 

design and maintenance concern due to its significant influence on structural performance and long-term stability. This 

study investigates the influence of scour on the behavior of monopile foundations through three-dimensional finite 

element (FE) analyses conducted in PLAXIS 3D using the UBC3D-PLM constitutive model. The numerical model 

employed herein was previously validated against laboratory experiments reported in an earlier study by the third 

author, ensuring its reliability. The analyses encompass both static and cyclic loading conditions, simulating the 

combined effects of wind and wave-induced cyclic loads typically acting on offshore wind turbines. The reference 

monopile represents a large diameter “XL monopile” with a diameter of D = 9 m and an embedded length of L = 50 
m. Following static loading, cyclic loading was applied up to N = 5 cycles to capture the cyclic degradation response. 

A parametric study was performed by varying scour width and depth to represent different scour slope geometries, 

allowing for systematic evaluation of how key scour parameters influence foundation response. The primary objective 

is to assess the initial degradation of lateral stiffness and displacement behavior as a function of scour geometry, thereby 

addressing a current research gap concerning monopile foundations under cyclic loading. Results are presented in a 

form to elucidate the effects of scour on monopile response and to provide practical insights for the design and 

maintenance of OWT monopile foundations subjected to scour-induced degradation. 

 

1 INTRODUCTION 

The global shift toward renewable energy has led 

to a rapid expansion in the use of offshore wind 

turbines (OWTs) supported by monopiles being the 

predominant choice for foundation type. However, 

seabed scour—the erosion of the seabed around 

monopiles induced by waves and currents—poses a 

significant threat to the long-term stability and 

structural performance of these systems (Lin et al., 

2014; Li et al., 2021; Menéndez-Vicente et al., 2025). 

Scour depths can reach up to 1.5 to 2 times the pile 

diameter, altering the stress distribution in the 

surrounding soil and substantially reducing the pile’s 
lateral resistance (Lin and Lin, 2019; Li et al., 2021). 

Previous studies indicate that scour depth is a 

critical parameter that can reduce the lateral capacity 

by a significant amount. The loss of soil resistance 

around a monopile will affect the lateral stiffness and 

moment capacity of the foundation (Lin and Lin, 2019; 

Li et al., 2021). Moreover, foundations of OWTs are 

subjected to numerous load cycles throughout their 

design life due to wind and wave loads. The unloading 

and reloading lateral stiffness are affected by scour, 

and cyclic loading can cause stiffness degradation 

(Galavi et al., 2013; Petelas and Galavi, 2013). 

However, numerical studies mainly focus on the static 

load conditions, leaving a critical gap concerning the 

combined effect of static and cyclic loads, as well as 

the influence of scour on large-diameter monopile 

foundations.   
This paper aims to address this gap by utilizing a 

3D finite element model that employs the UBC3D-

PLM soil model, which has been validated against 

laboratory experiments by Akdag and Rackwitz 

(2023). In this study, parametric numerical analyses 

were conducted to simulate both static and cyclic 

loading with five loading cycles under various scour 

geometries. The reduction in lateral stiffness was 

investigated to provide a preliminary result of the 

analyses on the displacement behavior of monopiles 

with different scour geometries, thereby providing 

practical insight for the design and maintenance of 

OWT monopiles exposed to scour.  

https://www.sciencedirect.com/science/article/pii/S0013795225003023#bb0065
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2 NUMERICAL MODEL 

2.1 Geometry and materials 

 In this study, the identical three-dimensional 

symmetric finite element mode, which was developed 

by Akdag and Rackwitz (2023), was implemented. 

The FE model represents a large-diameter monopile 

theoretically designed for an 8–9 MW OWT supported 

by a monopile with a diameter of 𝐷 = 9 m and a 

diameter-to-thickness ratio of 𝐷/𝑡 = 75, as illustrated 

in Fig. 1.  In addition to this baseline model, scour is 

introduced around the pile to varying depths to 

investigate its influence on monopile behavior. The 

pile is modeled with a total embedded length of 50 m 

below the seabed and an additional 65 m above the soil 

surface, while the water level is defined at 45 m. To 

minimize boundary effects, the soil domain extends 

8.5D in the x-direction and 4.5D in the y-direction, 

with a depth of 3D beneath the pile base. 

 

 
Figure 1. Geometry of the monopile and soil domain 

without scour. 

 

The material and geometric properties were 

adopted from Akdag and Rackwitz (2023) and are 

summarized as follows: a rigid loading plate was 

modeled at a height of ℎ = 65 m with an elastic 

modulus of 𝐸 = 1 × 1016 GPa to ensure negligible 

deformation during the application of lateral and 

vertical loads. The plate’s unit weight and thickness 
were set to 𝛾 = 0.1 kN/m3

 and 𝑡plate = 0.05 m, 

respectively, to eliminate any mass or stiffness effects. 

The monopile was modeled as steel with a unit weight 

of 𝛾 = 78 kN/m3
and an elastic modulus of 𝐸 = 210 ×106 kN/m2

. Two different soil models were employed 

depending on the loading conditions. For static loading 

conditions, the HSsmall model was employed, as it 

accounts for the nonlinear dependency of stiffness on 

strain amplitude, even at small strains. The advanced 

model parameters were adopted based on the 

recommendations provided in Bentley (2022). Table 1 

and Table 2 shows parameters of these soil models. 

 
Table 1 Dense sand parameters considered in the FEM 

analysis for HSsmall model 

Parameter Value 

Buoyant unit weight, γ′[kN/m3] 10.50 

Poisson’s ratio, ν 0.20 

Power for stress level dependency of 

stiffness, m 

0.50 

Internal friction angle, φ′[°] 45.8° 

Dilation angle, [°] 15.8° 

Cohesion, c΄, [kN/m2] 1. 10−4 

Initial void ratio, 𝒆𝒊𝒏𝒊𝒕 0.52 

Secant stiffness in the standard 

drained triaxial test, 𝑬𝟓𝟎𝒓𝒆𝒇[kN/m2] 

80. 103 

Tangent stiffness for primary 

oedometer loading, 𝑬𝒐𝒆𝒅𝒓𝒆𝒇 [kN/m2] 

53. 103 

Unloading/reloading stiffness at 

engineering strains, 𝑬𝒖𝒓𝒓𝒆𝒇 [kN/m2] 

240. 103 

Reference shear modulus at very 

small strains, 𝑮𝟎[kN/m2] 

130. 103 

Shear strain at which, 𝑮𝒔=0.722 • 𝑮𝒐, 𝜸𝟎.𝟕 [kN/m2] 

1. 10−4 

Failure ratio, 𝑹𝒇 0.90 

Interface, 𝑹𝒊𝒏𝒕𝒆𝒓 0.57 

 

Table 2 Dense sand parameters considered in the FEM 

analysis for UBC3D-PLM model. 

Parameter Value 

Saturated unit weight, 𝜸𝒔𝒂𝒕 [kN/m3] 20.50 

Poisson’s ratio, ν 0.20 

Initial void ratio, 𝒆𝒊𝒏𝒊𝒕 0.52 

Elastic bulk modulus factor, 𝒌𝑩∗𝒆  1025 

Elastic shear modulus factor, 𝒌𝑮∗𝒆  1465 

Plastic shear modulus                             

factor, 𝒌𝑮∗𝒑
 

6620 

Rate of stress-dependency of elastic 

bulk modulus 𝒎𝒆 

0.55 

Rate of stress-dependency of elastic 

bulk modulus 𝒏𝒆 

0.55 

Rate of stress-dependency of elastic 

bulk modulus 𝒏𝒆 

0.45 

Cohesion, c΄, [kN/m2] 1. 10−4 

Corrected SPT blow count, (𝑵𝟏)𝟔𝟎 38.50 

Peak friction angle, ′ p [°] 45.8° 

Constant volume friction angle, 𝝋𝒄𝒗 

[◦] 
37.25° 

 Densification factor 1.0 

Fitting parameter to adjust post-

liquefaction behavior, 𝒇𝑬𝒑𝒐𝒔𝒕 1.0 

Failure ratio, 𝑹𝒇 0.9 

 Interface, 𝑹𝒊𝒏𝒕𝒆𝒓 0.57 
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For dynamic phases involving cyclic loading, the 

UBC3D-PLM soil model was performed under un-

drained conditions, as recommended by Petalas and 

Galavi (2013), since it can effectively capture the stiff-

ness degradation behavior of dense, non-cohesive soils 

under dynamic and cyclic loads. The sand layer was 

treated as fully saturated and no drainage was 

permitted during the dynamic steps. 

    
 Table 3 Scour geometries considered in the study 

 

2.2  Loads 

 Four critical design load cases for OWTs 

monopiles have been defined in the literature 

(Wichtmann, 2005; LeBlanc et al., 2010; Barari et al., 

2017; DNV, 2021). Among these, the loading scenario 

corresponding to the serviceability limit state (SLS) 

was adopted in this study. For operational conditions, 

a pile head rotation of 0.5° is the serviceability limit 

state, SLS, which limits the pile head rotation. To 

apply maximum cyclic load, initially a series of 

monotonic load analyses were performed. These series 

static load analyses conducted using HSsmall soil 

model. In this step a maximum horizontal load 

corresponded to nearly 0.5° of rotation was obtained 

as  𝐻 = 29𝑀𝑁. The lateral load applied in the 

dynamics analyses was chosen as approximately half 

of this maximum load in terms of cyclic loading for 

N=5 cycles. 

2.3 Scour Geometry 

To investigate the effects of scour, a parametric 

study was conducted using different scour geometries 

by deactivating the soil around the pile. According to 

Li et al. (2021), the scour depth in offshore monopile 

structures can reach up to 1.3 to 2 times the pile 

diameter. In this study, five different scour geometries 

were considered to examine the influence of varying 

geometric parameters, as presented in Table 3. A 

representative scour geometry is given in Fig.2 where 

Ds is the depth and Ws is the top scour width. 

 

Figure 2. Scour geometry 

2.4 Staged Loading Phases 

Three-dimensional FE analyses were carried out in 

several steps. In the initial step, the geostatic stress 

state was established using the 𝐾0-procedure, which 

calculates the at-rest earth pressure condition to 

generate initial stresses in the soil. The next step 

involved activating the pile and applying the static 

vertical load. This step was performed as a static 

analysis with a plastic calculation type, using the 

HSsmall soil model to accurately capture the stiffness 

degradation at small deformations. A vertical load of 10 MN was applied at a height of ℎ = 65 m, acting at 

the center of the top rigid plate, consistent with the 

application carried out by Akdag and Rackwitz (2023). 

In the subsequent step, scour geometries were 

introduced by removing soil around the pile to 

represent different scour conditions, as described in 

Section 2.3. Cyclic loading was applied as a dynamic 

step, and the UBC3D-PLM soil model was used for 

this phase of the analyses. Each loading cycle had a 

duration of 5 seconds (f=0.2Hz). The maximum defor-

mations were observed at 𝑁 = 4.5 cycles. 

3 RESULTS 

The results are presented in several forms: (i) 

normalized displacement at N = 4.5 (22.5 seconds), 

representing the normalized maximum lateral 

displacement measured at the midpoint of the pile 

head; (ii) average pile head rotation over the dynamic 

loading duration; and (iii) lateral displacement at the 

midpoint of the pile over the dynamic loading 

duration.  

Figure 3 shows the lateral displacement normalized 

by the pile diameter, D, normalized lateral 

Scour No Scour Depth, 

Ds (m) 

Scour Width, 

Ws (m) 

 

1 4.5 13.5 

2 4.5 9 

3 4.5 4.5 

4 9 4.5 

5 13.5 4.5 
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displacements, 𝑢𝑥/𝐷, at the midpoint of the pile at N 

= 4.5. As the scour depth increased while the scour 

width remained constant, the horizontal displacement 

values consistently increased. For scour depths of 4.5 

m, 9 m, and 13.5 m, the displacement values increased 

by approximately 2.2, 2.8, and 3.6 times, respectively, 

for Ws = 4.5 m, compared to the non-scour condition. 

It was also observed that increasing the scour width 

while keeping the scour depth constant had no 

noticeable effect on horizontal displacement, which is 

an expected outcome since the loss of soil support 

primarily depends on the depth of material removal 

rather than the lateral extent of the scour. This result 

indicates that scour depth is the dominant factor 

influencing lateral displacement. This finding is 

consistent with previous studies in the literature (Lin 

et al., 2014). 

Figure 4 illustrates the pile head rotation over five 

loading cycles (N = 5) for various scour geometries. 

The results clearly demonstrate that scour depth is the 

dominant parameter influencing rotational behavior. 

As the scour depth increases, both the maximum 

rotation and the overall rotational trend become more 

pronounced. For scour depths of 4.5 m, 9 m, and 13.5 

m, the maximum rotation values increase by 

approximately 1.15, 1.35, and 1.6 times, respectively, 

for Ws = 4.5 m compared to the non-scour condition. 

Similar to the displacement response, the effect of 

scour on rotation follows the same pattern, with deeper 

scour conditions leading to greater rotational 

deformations. The trend also indicates that as the 

number of loading cycles increases, the cumulative 

rotation gradually grows and may eventually approach 

the serviceability limit of 0.5° (DNV, 2021), which is 

important in the design and maintenance of offshore 

monopiles.  

Figure 5 shows the lateral displacement variation at 

the pile head over five loading cycles. As the scour 

depth increases, the maximum lateral displacement 

under cyclic loading also rises, confirming that scour 

depth is the dominant parameter. For the most critical 

scour condition (𝐷𝑠 = 13.5 m, 𝑊𝑠 = 4.5 m), the 

displacement under loading increased from 0.0710 m 

at N=0.5 to 0.0809 m at N=4.5, representing an 

approximate 1.15 times increase over five loading 

cycles. However, the observed maximum lateral 

displacement at N=4.5 with the most severe scour 

assumption used in this study is only  𝑢𝑥,max /𝐷 ≈0.9%. The minimum permanent lateral displacement 𝑢𝑥,min for the deepest scour case changes from 𝑢𝑥,min /𝐷 ≈ 0.16% at 𝑁 = 1 to 𝑢𝑥,min /𝐷 ≈ 0.26% at 𝑁 = 5. Although cyclic loading amplifies the 

displacement responses for all cases, such 

displacements can be considered small compared to 

the monopile diameter 𝐷. 

 
 

 

 
Figure 3. Normalized lateral displacement with various scour geometries. 
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Figure 4. Influence of scour variation on monopile head rotation with number of loading cycles, 𝑁. 

 

 
Figure 5. Influence of scour variation on monopile head lateral displacement with number of loading cycles, N 

 

4 CONCLUSIONS 

This study investigated the effects of scour on 

large-diameter monopiles of offshore wind turbines 

subjected to combined static and cyclic loads. Scour 

significantly amplifies both rotations and lateral 

displacements, with scour depth identified as the most 

influential parameter. Compared to the non-scour 

condition, lateral displacements increased several-

fold, while rotations increased by up to 52% for the 

deepest scour. Within this range, permanent rotations 

remained approximately 0.05° after N= 5 cycles for 

the deepest scour dimension, whereas the maximum 

rotations went slightly higher than 0.25°   still under 

the 0.5° serviceability limit. Trend analysis indicates 

that with an increasing number of cycles, these limits 

could be exceeded, highlighting the need for further 

investigations considering a higher number of cyclic 

loadings. 

While the results indicate the important influence 

of scour under combined static and cyclic loading, we 

note that the cyclic analyses conducted in this study 

were limited to five cycles, which aim to capture the 

initial cyclic stiffness degradation and the early-stage 

response of the monopile–soil system under various 

scour geometries. Further investigation of long-term 

cyclic degradation, incorporating higher cycle counts, 

is needed to provide more representative insights for 

long-term design. 
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