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Abstract—Hybrid monopile-footing foundation, i.e., the 

addition of circular load-bearing plates at the mudline of 

large diameter offshore piles subjected to large horizontal-

moment loads, is an innovative offshore structure. In this 

paper, the ultimate horizontal bearing capacity of hybrid 

monopile foundations is investigated by numerical 

simulation, in ABAQUS v6.14-1, using the small strain finite 

element method to simulate hybrid monopile-footing 

foundation subjected to lateral loads and to study the 

horizontal bearing performance of hybrid monopile-footing 

foundations in saturated soft clay soils with different circular 

footing foundation diameters. The Tresca model is used in 

this simulation and the validity of this simulation is verified 

by comparing the analysis with the theoretical and numerical 

solutions of circular footing foundations. The lateral load 

bearing performance of hybrid monopile foundations in soft 

clay soils is obtained by comparing and analysing the 

ultimate lateral bearing capacity for different circular 

footing foundation diameters.   

 

Keywords—hybrid monopile-footing foundation, undrained 

capacity, numerical analysis 

I. INTRODUCTION 

With the shortage of traditional energy supplies and the 

growing environmental problems, there is an urgent need 

for renewable energy sources to replace traditional fossil 

energy sources [1]. For renewable energy, wind energy is 

of great concern to mankind for its cleanliness, safety, 

efficiency and environmental friendliness [2]. Due to the 

continuous development of the offshore wind industry, the 

design of offshore foundation is constantly evolving in 

terms of capability and design. As coastal wind farms 

continue to develop into deeper water areas and the 

capacity of wind turbine generators continue grows, more 

innovative foundations are needed to satisfy the 

installation of deep water wind farms, so the hybrid 

monopile-footing foundation comes into being. The 

design of the hybrid monopile-footing foundation is based 

on existing standards for both monopile and gravity 

foundations, thus accelerating the research into this 

innovative concept [3–5]. 
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The lateral resistance of hybrid monopile-footing 

foundation was widely studied by using experiments and 

numerical simulations in the past few decades. Lehane et 

al. [6, 7] found that the lateral bearing capacity of hybrid 

monopile-footing foundation was three times higher than 

that of the original monopile foundations through an 

experimental centrifuge study. Trojnar [8] carried out full-

scale experiments and numerical simulations and showed 

that the lateral stiffness of the hybrid monopile-footing 

foundation was increased by 40-70%. Wang et al. [3] and 

Trojnar [8] showed by centrifuge experiments that the 

failure mechanism was dominated by overturning failure 

accompanied by slight sliding. 

Based on the summary of previous research results, a 

detailed discussion on hybrid monopile-footing 

foundations has been carried out, however, due to the lack 

of comprehensive research on hybrid monopile 

foundations, so far, the horizontal bearing performance of 

hybrid monopile-footing foundations in clay soils has not 

been fully developed. This study therefore focuses on the 

horizontal bearing characteristics of hybrid monopile-

footing foundation in normally consolidated clay soils. 

Five different soil surface circular footing diameters are 

considered, and the failure mechanisms of hybrid 

monopile-footing foundations in different diameters are 

analysed to explain and predict the overturning resistance 

of hybrid monopile foundations in clay soils. 

II. NUMERICAL MODEL 

In this paper, finite element analysis was carried out 

using the commercial software ABAQUS version 6.14 and 

a small strain finite element analysis method was used, 

considering that the undrained bearing capacity of the 

hybrid monopile-footing foundation could be fully 

demonstrated with a small displacement. The hybrid 

monopile-footing foundation is “wished-in-place” 

assumption, which means that installation process is 

ignored, as many have done for skirt foundations [9–12]. 

A. Hybrid Monopile-footing Model 

Fig. 1 shows the geometry of a hybrid monopile-footing 
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consisting of two basic components, a circular footing 

placed at the mudline, and a monopile foundation buried 

in the soil. As shown, the model has a solid monopile with 

a diameter of 1.1m (𝐷𝑝 = 1.1𝑚)  and a pile length of 

5.5m (𝐿𝑝 = 1.1𝑚) , and a circular foundation with a 

diameter of 2-10m (𝐷𝑤 = 2 − 10𝑚) and a thickness of 
0.95m(𝑡 = 0.95𝑚) [6–7, 13–14]. 

 

Figure 1. Hybrid monopile-footing foundation. 

B. Soil Properties 

The soil in this study is a normally consolidated clay, 

modelled as a linear elastoplastic material, following the 

Tresca failure criterion (i.e., 𝜏𝑚𝑎𝑥 = 𝑆𝑢)
 [15]. In order to 

obtain useful normalized results and to facilitate validation 

of the existing finite element solutions, the mudline 

undrained shear strength was idealized to be 5 kPa. The 

typical small strength at the mudline (0.1 kPa) was not 

used in this study, as the calculations between them were 

consistent [15]. 

The effective unit weight of the soil is 𝛾′ = 6𝑘𝑁/
𝑚3 and Poisson’s ratio 𝑣  is 0.49 , which is consistent 
with the existing marine soft clays [15]. The undrained 

Young’s modulus linearly increasing with depth with 

constant 𝐸𝑢/𝑆𝑢  10000, this high rigidity ratio can 
significantly reduce the cost of calculations as less 

displacement is required when failure is reached. the high 

rigidity ratio does not affect the ultimate bearing capacity, 

comparing the results for 𝐸𝑢/𝑆𝑢 500 [15]. 

C. Meshes 

In this study, a three-dimensional finite element model 

is used, and because of the axial symmetry of this model 

in the vertical direction, a semi-cylindrical model is used 

for the study, and a typical representative model is shown 

in Fig. 2. The vertical and horizontal boundaries are set at 
a distance of 4𝐷𝑤 from the footings(𝐷𝑤 is the maximum 
diameter of a circular footing of 10m) to avoid boundary 

effects. The top surface of the model is completely free and 

the bottom surface is fixed in all three coordinate 

directions. Moreover, the front and sides of the model are 

constrained for horizontal displacement. All cell meshes of 

this model are meshed using first order fully integrated 

hexahedral stress type (C3D8) cell meshes. All models 

with different 𝐷𝑤  are treated using similar meshing 

principles. The minimum mesh in the model is 0.1𝐷𝑝 in 

the area of gradual refinement near the footing [13–14].  

 

Figure 2. The three-dimensional finite element model. 

D. Validation 

The sign conventions for loads and displacements 

adopted in this paper followed the standardized 

convention suggested by Butterfield et al. [4], which had 

a right-handed system of coordinates and clockwise 

rotation. Table I presents all the notations adopted and 

defined in this paper. 

There is no exact theoretical solution available for 

hybrid monopile-footing foundation up to now. However, 

the accuracy of this study can be verified by comparing the 

theoretical solution with the known theoretical solution for 

circular footing and the numerical solution for circular 

footing of this model, which is listed in Table II. 

TABLE I. SUMMARY OF SYMBOLS USED IN THE STUDY [4]. 

 Vertical Horizontal Moment 

Load V H M 

Ultimate bearing capacity 𝑉𝑢𝑙𝑡 𝐻𝑢𝑙𝑡 𝑀𝑢𝑙𝑡 

Bearing capacity factor 𝑁𝑐𝑣 = 𝑉𝑢𝑙𝑡
/𝐴𝑆𝑢 

𝑁𝑐ℎ = 𝐻𝑢𝑙𝑡

/𝐴𝑆𝑢 

𝑁𝑐𝑚 = 𝑀𝑢𝑙𝑡

/𝐴𝐷𝑆𝑢 

Normalized load 𝑉/𝑉𝑢𝑙𝑡 𝐻/𝐻𝑢𝑙𝑡 𝑀/𝑀𝑢𝑙𝑡 

Displacement 𝑣 ℎ 𝜃 

Notification: A =
1

4
𝜋𝐷2  Hybrid monopile circular footing area; 𝑆𝑢 ; 

Undrained shear strength at load reference points. 

TABLE II. VERIFICATION OF UNIAXIAL BEARING CAPACITY OF 

CIRCULAR FOOTING. 

circular 

footing 
𝑁𝑐𝑣 = 𝑉𝑢𝑙𝑡
/𝐴𝑆𝑢 

𝑁𝑐ℎ = 𝐻𝑢𝑙𝑡

/𝐴𝑆𝑢 

𝑁𝑐𝑚 = 𝑀𝑢𝑙𝑡

/𝐴𝐷𝑆𝑢 

Authors 

Method of 

characteristics 

6.05 — 0.69 Houlsby & 

Wroth 

[12,16] 

Finite element 

method 

5.91 — 0.69 Gourvenec 

& Randolph 

[17,18] 

Upper bound 

results 

6.05 — — Martin [19] 

Finite element 

method 

6.17 1 0.67 Randolph & 

Puzrin [20] 

Finite element 

method 

5.94 1.02 0.71 Fu [21] 

Finite element 

method 

6.0260 1.1050 0.7324 This study 



 

 

 

 

 

      

 

        

 

        

 

  

 
 

        

         

  

        

       

        

   

        

       

        

   

 

 

International Journal of Structural and Civil Engineering Research Vol. 12, No. 2, May 2023

54

III. RESULTS AND DISCUSSION 

According to the finite element data results, as shown 

in Fig. 3, it can be found that the lateral displacements to 

reach the ultimate horizontal bearing capacity of the 

hybrid monopile-footing foundation with different circular 

footing diameters are different, the larger the diameter of 

the circular footing, the larger displacements to reach the 

ultimate bearing capacity. It can be seen that the ultimate 
horizontal bearing capacity of the hybrid monopile-

footing foundation with a circular footing diameter of 10m 

is about 6 times the ultimate horizontal bearing capacity of 

the monopile foundation. It can be seen that the addition 

of a circular footing at the mudline will greatly increase 

the horizontal bearing capacity of the monopile. 
As shown in Figs. 4 and 5, it can be found that the 

ultimate horizontal bearing capacity factor of the monopile 

foundation is the largest, 28.55, and the ultimate horizontal 

bearing capacity coefficient of the hybrid monopile 

circular footing foundation with a circular foundation 

diameter of 10m is the smallest, 2.03. Moreover, with the 

increasing diameter of the circular footing foundation, the 

ultimate horizontal bearing capacity factor of the hybrid 

monopile footing foundation is decreasing. As the 

diameter of circular footing increases, the horizontal 

bearing capacity of hybrid monopile-footing foundation 

gradually transitions from being borne by the monopile to 

being borne by both of them, and finally to being mainly 

borne by the circular footing. In this process, the contact 

section area of foundation keeps increasing, so the bearing 

capacity factor keeps decreasing. 

 

Figure 3. Horizontal bearing capacity curve. 

 

Figure 4. Normalised horizontal load bearing capacity curve. 

 

Figure 5. Horizontal load bearing capacity factor curve. 

According to Fig. 5, it can be seen that the horizontal 

load bearing capacity factor curve presents non-linear 

characteristics, from which we can get the bearing 

capacity factor and circular footing diameter relationship 

is not linear. With the increasing diameter of the circular 

footing, hybrid monopile-footing foundation bearing 

capacity factor gradually tends to a constant. From the 
bearing capacity factor curve, it can be analyzed that when 

the diameter of the circular footing is infinite, the influence 

of buried piles on the ultimate horizontal bearing capacity 

of the hybrid monopile-footing foundation can be ignored, 

and the ultimate horizontal bearing capacity of the hybrid 

monopile-footing foundation is mainly determined by the 

circular footing at the mudline. 

IV. CONCLUSION 

In this study, the parametric study of the hybrid 

monopile-footing foundation in cohesive soil has been 

performed. A series of numerical simulation tests are 

conducted by considering the effect of circular footing 

diameters. The influence factors are carefully assessed, 

and the hybrid monopile foundation is compared with 

traditional foundations to illustrate the improvement. 

The analytical methods are proposed to estimate the 

lateral capacity of the new foundation by using 

traditional design methods. The following conclusions 

are drawn from this study: 
1) The hybrid monopile foundation demonstrates a 

larger lateral bearing capacity in cohesive soil 

compared to the monpile foundation. 

2) The lateral capacity increases nonlinearly with the 

circular footing diameter. this improvement is more 

pronounced when the circular footing diameter is 

smaller than 6 m. 

3) The failure model of the hybrid monopile-footing 

foundation includes rotation and translation. The pile 

and circular footing work systematically to resist the 

external loadings.  
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