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ABSTRACT 

Grouted connections are a critical structural element of monopile-supported offshore 

wind turbines (OWTs), connecting turbine towers with foundation piles. Due to engineering 

requirements, they are normally installed at the mean water level (MWL), leading to high risk 

of ship collisions. In this study, transient response and damage analysis were performed on 

the grouted connections of monopile OWT when subjected to ship impacts. Taking into 

account the sandwich construction of the grouted connection of the OWT and the non-linear 

behaviour of the structure materials, a finite element model of a vessel of 2000-ton 

displacement collision with a 5 MW monopile OWT was developed using explicit finite 

element code LS-DYNA. The ship was assumed to strike head-on and at the middle of the 

grouted connection. Characteristics of the collision system in terms of energy, velocity, 

impact force and the response of the ship and the grouted connection were analysed. Internal 

contact forces, stress and effective plastic strain distribution of the grouted connection were 

discussed. Four phases of the collision process were identified: initial collision, motion 

towards maximum OWT deflection, towards vessel-OWT separation, and after separation. 

The ship collision response and damage of the grouted connection were considerably 
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influenced by the strain rate effect of the structure materials. Collided by a ship, even at a low 

velocity of 2 m/s, the grouted connection for monopile OWT could suffer heavy or major 

damage. The current analysis sheds light on the dynamic response of grouted connections of 

monopile OWTs to ship impact. It lays a solid foundation for future analysis on the design of 

grouted connections of OWTs. 

Keywords: grouted connection; monopile offshore wind turbine; ship collision; finite 

element model; transient response 

 

1. Introduction 

Offshore wind power as a renewable green resource attracts significant interest for its 

potential to protect the ecological environment. Taking advantage of vast available offshore 

areas and strong wind resources, the offshore wind market has grown exponentially 

worldwide over the last decade. According to the European Wind Energy Association 

(EWEA), Europe’s cumulative offshore wind power capacity reached 12631 MW at the end 

of 2016, across a total of 3589 offshore wind turbines (OWTs) [1]. Statistics compiled by the 

Chinese Wind Energy Association show the country had installed a total of 1630 MW of 

offshore wind capacity by the end of 2016, and more than twenty offshore wind farms are 

under construction or in planning [2]. However, as the development of offshore wind industry 

grows, more wind farms will be built and located closer to traffic areas for commercial and 

passenger ships. In addition, the use of offshore supply vessels within wind farms is required 

to perform a regular inspection and maintenance. As a result, the probability of OWT stricken 

by ships will increase. On 6th October 2006, a jack-up barge collided with an offshore wind 

turbine in the Scroby sands wind farm. About 20 cm off the tip of the 40 m blade was broken 

and vital maintenance works on wind turbines were interrupted [3]. On 21st September 2003, 

a float dock broke loose from the tug and threatened the wind farm in Lolland, Denmark [4]. 

For this reason, analysis should be conducted to evaluate the risk of ship collision events and 

ship collision safety of OWT structures.  

In monopile OWT, grouted connection is usually used to connect the turbine tower to 



 

 

the monopile foundation, as illustrated in Fig. 1. However, grouted connections are usually 

installed at the mean water level (MWL) due to engineering requirements. In ship collision 

scenarios, ship collision greatly impacts on the large diameter grouted connections within a 

very short period of time. This short impact time by ships may lead to deformation of the 

wind turbine and local damage of the grouted connection. More specifically, the yield or 

crushing of the grout, which are concrete yet fragile material with a high compression 

strength but a low tension strength, will occur. Accordingly, for safe design and reliable 

utilization of OWTs, transient behaviour of grouted connections subject to ship impact 

requires to be better understood. 

  

Fig. 1. Monopile OWT and its grouted connection 

Ship collisions were traditional concerns for bridge structures over navigable waterways, 

offshore oil and gas platforms and ship collision with other ships. Efforts have been made to 

investigate ship impact forces and damage to structures. By analysing ship-ship collision, 

Minorsky [5] proposed an empirical relationship between the resistance of penetration and 

the energy absorbed in the collision process. Based on the test results of high energy ship 

collisions, Woisin [6] modified Minorsky’s method and proposed a new empirical formula for 

ship-bridge collision. Based on the idealised structural unit method, Paik and Pedersen [7] 

presented a mathematical method to evaluate structural damage due to ship collisions. 

Zeinoddini et al. [8] studied the effects of axial pre-loading on a cylindrical member of an 



 

 

offshore structure struck by a supply vessel. It was found that the axial pre-loading has a 

remarkable effect on the lateral collapse load and the energy the cylindrical member can 

absorb prior to collapse. Jin et al. [9] proposed a comprehensive procedure to evaluate the 

damage to an offshore jacket platform that collided with a large barge. Wang et al. [10] 

presented a flexible energy-dissipating crashworthy device, consisting of hundreds of steel-

wire-rope coil connected in parallel and series. Travanca and Hao [11] studied the dynamic 

behaviour of steel offshore platforms that were subjected to ship impact.  

As the development of offshore wind energy industry grows, attentions are attracted to 

ship collision safety of OWTs. Analysis have been conducted to investigate collision risk[12], 

impact damage [13, 14] and crashworthy device [15] of OWTs. Dai et al. [3] investigated the 

magnitude of the collision risk and risk-influencing factors of vessel collisions with OWTs, 

and concluded that collisions between turbines and service vessels with a low speed can 

cause damage to the turbines. Biehl and Lehmann [16] studied the anti-impact performances 

of monopile, jacket and tripod OWTs subject to side impacts of tankers, container and bulk 

carries. Results showed that monopile and jacket OWT were safer than tripod OWT. In order 

to minimise the damage to tripod substructures caused by collisions with service boats, Lee 

[17] numerically analysed the influences of boat speed and material of the rubber fender on 

strain energy, total deformation, plastic strain, internal energy, and deformation of the 

supporting foundation. Based on the simulation results, minimum thickness of rubber fenders 

was suggested relative to different barge speeds to relieve the impact damage for the structure. 

Ren and Ou [18] proposed a crashworthy device for OWT using steel sphere shell, circular 

ring aluminum and form pad. Graczykowski and Szulc [19] numerically simulated ship 

collision with wind turbine towers protected by pneumatic structures. Results showed that 

inflatable structures can effectively protect the wind turbine towers and the ship against 

serious damage. Liu and Hao [20, 21] analysed anti-impact performance of monopile, tripod 

and jacket OWT foundation and proposed a cylindrical crashworthy device for monopile 

OWTs, which contains a rubber blanket and an outer steel shell. Bela et al. [22] analysed 

offshore supply vessel of 3000 tonnes displacement collision with monopile OWT. The 



 

 

results showed that the monopile OWT can withstand collisions without collapsing with an 

impact velocity of up to 6 m/s. However, the grouted connection was not considered in the 

simulation. Moulas et al. [23] analysed the damage of monopile and jacket wind turbine 

foundations subjected to ship collision. The study showed that the collision energy, the height 

of the vessel and the area of the impact are all critical factors for ship collision with monopile 

foundation. It was stated that ship with low profile hit on the transition piece resulting in less 

extensive damage. However, the striking ship was assumed to be rigid, and the sandwich 

construction of the grouted connection was not considered in the analysis.  

In published papers, little attention has been paid to the dynamic response and the 

damage of the grouted connection of OWTs in the previous studies of ship collision-safety of 

OWTs. Nevertheless, ship hitting the grouted connection could lead to local deformation and 

crushing of the grout layer, and thus result in failure of the grouted connection. Further 

research is needed to better understand the responses and safety of the grouted connection 

when subjected to ship impact. The purpose of this study is to investigate the dynamic 

response and damage of the grouted connection of monopile OWT when subjected to ship 

collision. The study case is a 5 MW monopile wind turbine with a conical grouted connection 

standing in a wind farm in the East China Sea. The ship-OWT collision model is developed 

using the explicit finite element code LS-DYNA. The grouted connection is modeled as cone 

shape concentric tubes with different materials, and the non-linear and failure of the grout 

material is accounted for. The pile-seabed soil interaction was model using p-y curve method 

[24]. A deformable ship of 2200 tonnes displacement navigating at different initial velocities 

head-on strikes on the middle of the grouted connection were simulated. The dynamic 

responses of the grouted connection and the OWT, and damage of the grout layer were 

analysed.  

The remainder of this paper is arranged as follows: Section 2 describes the 

characteristics of the 5 MW monopile OWT and the grouted connection adopted in this study, 

and outlines the vessel-OWT collision system. The finite element model of the vessel-OWT 

collision system is developed and validated in Section 3 and 4, respectively. In Section 5, 



 

 

modal analysis is conducted to investigate the modal characteristics of the monopile OWT. 

The behaviour of the vessel-OWT collision system and the responses of the grouted 

connection are thoroughly analysed in Sections 6. Finally, conclusions are made in Section 7. 

2. Problem Description 

2.1. Physical description of the OWT and the grouted connection 

In this study, the National Renewable Energy Laboratory (NREL) 5 MW baseline wind 

turbine [25] is used as a reference wind turbine, with main parameters listed in Table 1. The 

wind turbine is to be installed with a monopile foundation in a wind farm in the East China 

Sea. The mean water depth of the wind farm is 18.5 m. The underwater terrain is flat with 

quaternary sediments of Holocene deposition and late Pleistocene deposition. The soil profile 

at the site is represented in Table 2.  

Table 1 NREL 5-MW baseline wind turbine [25] 

Rating 5 MW 

Rotor orientation, configuration Upwind, 3 blades 

Rotor, hub diameter 126 m, 3 m 

Hub height (relative to basic flange) 80 m 

Cut-in, rated, cut-out wind speed 3 m/s, 11.4 m/s, 25 m/s 

Cut-in, rated rotor speed 6.9 rpm, 12.1rpm 

Rotor, Nacelle, Tower mass 110000 kg, 240000 kg, 347460 kg 

Coordinate location of overall CM (-0.2 m,0.0 m,64.0 m) 

 

Table 2 Soil parameters for p-y curve calculation 

Soil layer 

number 
Soil layer 

Thickness 
Effective 

unit weight 

Undrained 

shear strength 

Internal 

friction angle 
ε50 

(m) (kN/m3) (kPa) (degree)  

○1  Silty soft clay 6.10 7.35 13  0.03 

○2 -1 Silty clay 4.9 7.84 15  0.02 

○2 -2 Silty sand 6.4 8.82  27  

○3 -1 Silty sand 3.2 9.80  32  

○3 -2 Silty clay 7.00 8.33 15  0.02 

○4 -1 Silty clay 13.4 9.80 55  0.007 

○4 -2 Silty clay 5.9 8.33 23  0.01 

○5  Silty sand 10.2 9.72  28  

○6  Silty sand 3.6 9.64  37  



 

 

○7 -1 Silty clay 5.7 9.50 102  0.007 

○7 -2 Silty sand 10.3 10.28  38  

Noted: ε50 is strain corresponding to a stress of 50% of the ultimate stress in a laboratory 

stress-strain curve. 

 

A geometric description of the monopile OWT is shown in Fig. 2 (a). A conical grouted 

connection without shear key is employed to connect the turbine tower to the pile foundation. 

The grouted connection is located at the MWL. The geometry of the grouted connection is 

illustrated in Fig. 2 (b), and the parameters are list in Table 3. The monopile is 81.0 m long 

and has a diameter varying within 5.62 ~ 6.14 m and a thickness of 45~100 mm. Soil layer ○6  

acts as bearing stratum for the monopile. The base flange is 10 m above MWL.  

 

 
 

(a) Monopile OWT (b) Grouted connection 

Fig. 2. Geometric description of the monopile OWT and the grouted connection 

 

Table 3 Geometry parameters of the grouted connection 

Grouted 

 length 

Lg (m) 

Pile 

radius 

Rp (mm) 

Pile thickness 

tp (mm) 

Sleeve Thickness 

tTP (mm) 

grout layer  

Thickness 

tg (mm) 

Cone  

angle 

α(°) 

9.5 2810 ~ 3072 100 70 120 1.5° 



 

 

 

2.2. Motion equation of the Ship-OWT collision system 

Fig. 3 illustrates the monopile OWT impacted by a vessel. The ship-OWT collision 

system follows the laws of conservation in terms of mass, momentum and energy. The initial 

status of the system involves the OWT being static and the vessel approaching the OWT at a 

velocity of vo. Denoting the mass of the ship and the OWT with m1 and m2, the conservation 

of momentum of the system can be mathmatically described by:  

1 0 1 1 2 2m v m v m v                                                               (1) 

v1 and v2 in Eq. (1) correspond to the velocity of the vessel and the OWT after collision. It is 

noted that both m1 and m2 incorporate the additonal mass from the seawater associated with 

the vessel and the OWT, respectively. For the vessel:  

1 s sm m km                                                                 (2) 

ms represents the mass of the vessel; k is the additional mass coefficient, and is chosen as 0.1 

in this study for a head-on collision [26]; m2 includes the self mass of the OWT, mO, the mass 

of seawater in the hollow space in the pile, mw, and the mass of the around seawater 

accelarated with the pile, ma [27]:  

2 O w am m m m                                                           (3) 

2 / 4a am C D 
                                                        (4) 

Ca is the added mass coefficient, and for a circular cylinder Ca = 1.0 [28]; D is the out 

diameter of the pile.  

The governing equation of the motion of the vessel-OWT collision system can be 

written as: 

[ ]{ } [ ]{ } [ ]{ } 0M u C u K u  && &                                                    (5) 

where [M], [C], and [K] are the mass, damping and stiffness matrices of the system, 

respectively; { }u&& , { }u& and { }u  are the accelation,velocity and displacement vectors, 

respectively.  

The total damping ηtot of the OWT structure comprises of aerodynamic damping ηareo, 



 

 

hydrodynamic damping ηhydro, soil damping ηsoil, and structural damping (includes material 

damping and control damping) ηstruc [29]. In this study, a value of 0.30% [30] steel damping, 

0.37% [30] hydrodynamic damping and 0.80% [29] soil damping is used. Aerodynamic 

damping of wind turbines varies according to the operational condictions. In vessel-OWT 

collision simulation, the wind turbine is assumed to be idling, and no aerodynamic damping 

is considered. In large scale OWTs, vibration-control systems, which increase the damping of 

the wind turbine assemble, are usually adopted to reduce structural vibration [31-33]. 

However, these vibration-control systems are normally specifically designed, and out of 

scope of this study, and therefore were not considered. 

It is well understood that OWTs are subject to various loads in an offshore environment, 

such as aerodynamic, hydrodynamic, sesimic, and operational loads. In line with the focused 

objective of the current study, that is to explore the collision mechanism of the ship-OWT 

system, these environmental loads are neglected in the process. However, in real engineering 

practice when designing or evaluating the factor of safety of OWTs, environmntal loads shall 

be comprehensively taken into account.  

 

Fig. 3. The vessel-monopile OWT collision system 

3. Numerical model development 

Monopile OWTs and vessels are large scale structures with complex geometric 

configuration. The ship-OWT collision is complicated in nature, involving non-linear 



 

 

material behaviour, complicated contact mechanics and large structure deformation, etc. The 

explicit finite element code LS-DYNA is chosen to be the modelling tool as it offers robust 

solutions for contact problems, and shows great advantages in simulating collision problems. 

In addition, it supports shared memory parallelism and massage passing parallelism, fulfilling 

the requirement of large scale computation and storage when modelling full scale collision 

problems. 

3.1. Material model 

3.1.1. Steel model 

The Q345 steel [34] is selected as the basic steel material for the monopile, the transition 

piece, the turbine tower and the vessel bow. The properties of the Q345 steel are listed in 

Table 4. An elastic-plastic material model, named MAT_PLASTIC_KINEMATIC (MAT3) in 

LS-DYNA is used as the material model for the steel. Fig. 4 shows the elastic-plastic 

behaviour of the steel material model with the kinematic hardening effects used in this study. 

The strain rate effect in MAT3 model is considered using the Cowper and Symonds equation 

for dynamic yield of the steel as expressed below: 

1/1 ( ) qd

s C

 


 

&
                                                           (6) 

where σs and σd are the static and dynamic yield strengths, respectively; &is the strain rate; 

and q and C are constant chosen to describe the strain rate-sensitive behaviour of the material. 

In this study, the constant q=40.4 s-1 and C=5 proposed by Jones [35] are used. 

 

Table 4 Q345 steel property [34] 

Density 

ρ (kg/m3) 

Elastic modulus  

E (GPa) 

Yield stress 

fy (MPa) 

Tangent modulus 

Et (GPa) 

Poisson’s 

ratio υ 

7850 206 345 300 0.3 

 



 

 

 

Fig. 4. Elastic-plastic behaviour of steel with kinematic and isotropic hardening 

 

3.1.2. Grout model 

According to Germanischer Lloyd [36], grout has a high compression strength and its 

mechanical behaviour is comparable to high-strength concrete. The material model 

MAT_CONCRETE_DAMAGE_REL3 (MAT72_R3) in LS-DYNA is used to model the 

grouted layer in this study. The constitutive behaviour of concrete material is described by 

the stress-strain relationship illustrated in Fig. 5(a) [37]. The MAT72 R3 model uses three 

independent yield failure surfaces, corresponding to initial yield Δσy, maximum failure Δσm 

and residual failure Δσm in Fig. 5 (b) for the yield and failure of the concrete. In a loading or 

reloading process, the concrete material maintains elastic until the stress reaches the initial 

yield surface. Subsequently, plastic hardening ensues and the deviatoric stress further 

increases to the maximum yield surface when the loading process continues. The material 

undergoes softening and arrives at the residual yield surface with further straining. Detail 

description of the MAT72 R3 material can be referred to Ref. [37, 38] 



 

 

 
 

(a) (b) 

Fig. 5. (a) Constitutive behaviour of the concrete material model [37]; and (b) failure 

surfaces of the concrete material model [38]  

Under the vessel collision, the grout elements might experience excessive damage due to 

the large impact force. In the numerical simulation, a numerical errosion algorithm, i.e. the 

Mat_Add_Erosion is adopted to eliminate grout elements that are no longer contibuting to 

resisting the impact loads to aviod computional overflow caused by element large 

deformation. In LS-DYNA, many errosion criteria are available such as strain-based 

approaches (maximum principal strain, shear strain), or stress-based approaches (pressure, 

principal stress, etc.). In this study, the maximum principal strain erosion criteria is selected 

for the analysis of grout under impact force as it has been previously used for the analysis of 

impact and blast of concrete with success[39, 40]. According to Xu and Lu [41], typical 

concrete strain at the peak tensile stress under static loading is around 0.0002. Taking the 

softening phase into consideration, the concrete fracture strain can be assumed as 

5×0.0002=0.001. Considering other factors such as the strain rate effect and the confinement 

effect from the reinforcement, the dynamic fracture strain can reach 0.02 or even higher[42]. 

In the present analysis, the element erosion creterion is conservatively set to the maximum 

principal strain of 0.1 is adopted. This is to aviod massive deletion of the elements and 

maintain mass conservation.  

The behaviour of concrete materials is strain rate sensitive. Under impact loads, the 

strength of the grout can be enhanced due to high strain rate response. In this study, the 



 

 

dynamic increase factor (DIF) recommended by the Comite Euro-international du Beton (fib) 

[43] is employed. The DIF relations for grout material are calculated as: 

0.014( )cd cm c coCDIF f f    & &  for | c&|≤30 s-1

    

                                (7) 

1/30.012( )cd cm c coCDIF f f    & &

  

for | c&|>30 s-1                                (8) 

0.018( )ctd ctm ct ctoTDIF f f    & &  for | ct& |≤10 s-1

 

                                 (9) 

1/30.0062( )ctd ctm ct ctoTDIF f f    & &

  

for | ct& |>10 s-1                          (10) 

where CDIF and TDIF are the DIF for grout in compression and tension, respectively;  fcd and 

fcm are the dynamic and static compressive strength, respectively; fctd and fctm are the dynamic 

and static tensile strength, respectively; c&and ct& are the strain rate in compression and 

tension, respectively; c&=30×10-6 s, cto& =1·10-6 s.  

According to DNVGL-ST-026 design standard, the characteristic strength of the grout 

should be converted to in-situ strength as: 

fcn=fck(1- fck/600)                                                     (11) 

ftn=ftk(1-( ftk/25)0.6)                                                   (12) 

where fcn and ftn are in-situ compression and tension strength, respectively; fck and ftk are 

characteristic compression and tension strength, respectively.  

In this study, the ultra high performance grout Ducorit® S1 [44] is selected as the grout 

material for the grouted connection. The density, compressive strength, tension strength,  and 

Poisson’s ratio of the grout Ducorit® S1 are 2250 kg/m3, 110.0 MPa, 5.0 MPa and 0.19 [44], 

respectively. Accordingly, the in-situ compression and tensile strength of the grout material 

are 89.8 MPa and 3.1 MPa, respectively. Fig. 6 shows the DIF of the grout material. In he 

MAT72 R3 model, DIF for the grout material is inputted as strength enhancement curve. 

Thus, the input parameters for the grout material are summarized and listed in Table 5. 

 

 



 

 

Table 5 Grout material and erosion criterion 

Density 

ρ (kg/m3) 

Compressive strength  

fc (MPa) 

Tension strength 

ft (MPa) 

Poisson’s 

ratio υ 

Strength 

enhancement 

Failure  

principle strain 

2250 89.8 3.1 0.19 DIF 0.1 

 

 

(a) 

 

(b) 

Fig. 6. DIF for (a) grout compressive strength and (b) grout tensile strength 

 

3.2. OWT and ship model 

3.2.1. OWT model 

The finite element model of the vessel-OWT collision system is shown in Fig. 7, with 

the material type and element type of each component listed in Table 6. The section of the 

monopile foundation associated with the grouted connection (labelled by ‘1’ in Fig. 7), the 

grout layer (‘2’ in Fig. 7) and the transition piece (‘3’ in Fig. 7) are modeled using eight-node 

solid elements. The rest of the monopile and the turbine tower are modelled by four-node 

shell elements. Solid elements of the transition piece and the monopile are bonded to the shell 

tower and the pile foundation using CONSTRAINED_SHELL_TO_SOLID algorithm. The 

nacelle, hub and blades of the wind turbine are simplified as a lumped mass concentrated on 

the top of the tower with an eccentricity based on the installation requirement. The motion of 

these components is considered to have little effect on the behaviour of the grouted 

connection. 

In the model, a relative dense mesh is used for the grouted connection. It is of major 

interest because it may suffer from damage in the collision process. In the grouted connection, 



 

 

2 elements are used to discretize the thickness of the transition piece and the inner pile, and 3 

elements are used to discretize the grout layer. In the circumference direction, 360 elements 

are used, while in the axial direction (longitude direction), 210 elements are used. The 

resultant mesh size of the grout layer is about 50 mm, and the aspect ratio of the solid 

elements is kept below 1.5, which fulfills the requirement of the recommended practice 

DNVGL-RP-0419 [45]. The monopile foundation and the turbine tower are modelled using a 

relatively course mesh to reduce the computational cost. This is also due to the fact that a less 

significant level of deformation hence stress concentration is expected in these regions.  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 7. Finite element model of the vessel-OWT collision system: (a) the entire system;  

(b) zoom in of area A, grouted connection; (c) zoom in of area B, and (d) construction of the  

vessel bow (perspective) 

 

Table 6 Material and element types of the vessel-OWT collision system 

 Number Component Material Element 

Ship 
6 Bow MAT3 SHELL163 

7 Hull MAT3 SOLID164 



 

 

OWT 

3 Transition piece MAT3 SOLID164 

2 Grout MAT72 R3 SOLID164 

1 Inner pile MAT3 SOLID164 

4 Tower MAT3 SHELL163 

9 Lumped mass — MASS166 

5 Pile foundation MAT3 SHELL163 

Seabed 8 Nonlinear springs MATS04 COMBIN165 

 

3.2.2. Ship model 

According to the design code of OWTs [26], the characteristic impact load on an OWT 

shall be the impact load from an unintended collision by the maximum authorised service 

vessel in a daily operation. In this study, a bulk carrier with a clipper bow and a total weight 

of 2200 tons including the added mass from the sea water is employed. The principal 

dimensions of the bulk carrier are listed in Table 7. 

 

Table 7 Principal dimensions of the bulk carrier  

Overall length 

(m) 

Moulded breadth 

(m) 

Moulded depth 

(m) 

Moulded draft 

(m) 

70 12.3 5.6 4.5 

 

In the finite element model, as shown in Fig. 7, a total 55 m length of the front of the 

vessel is modelled to reduce the computational effort from the full-length vessel model. The 

modeled portion of the vessel consists of two zones, the bow (6 in Fig. 7 (d)) and the hull (7 

in Fig. 7 (a)). The bow, including the main deck, bulkhead, bottom plate and bracing, etc., is 

modeled with four-node shell elements. The hull is modeled with eight-node solid elements. 

The mass density of the hull is modified and mass elements are added at the back of the hull 

gives the vessel a total weight of 2200 tons while keeping its gravity center in the geometry 

center. In Travanca and Hao’s model [46], the plate thickness of the 2000 deadweight tonnage 

(DWT) vessel is considered to range from 8.5 to 18.0 mm. For simplicity, the plate thickness 

of the bow in this analysis is set to constant of 12.0 mm, and the stiffness thickness is set to 

16.0 mm. The vessel bow, which undergoes large deformation during the collision process 



 

 

due to the huge impact contact forces from the OWT, is modelled using high density finite 

element mesh. The mesh size is 0.2 m (from a convergence study). The rear part of the hull, 

where a relatively small deformation is expected, is modelled with a relatively coarse mesh 

with sizes about 1 m.  

 

3.3. Contact model 

The modelling of the contact between the grout and the monopile and the contact 

between the grout and the transition piece, denoted as S1 and S2 respectively in Fig. 7(c), 

involves penetration and sliding along interface. In grouted connections, the grout is bonded 

to the monopile and the transition piece, which gives rise to some passive shear capacity of 

the grout-steel interfaces. However, cyclic loads integral to the grouted connection are 

considered very likely to erode the initial passive capacity. The design standard DNVGL-ST-

0126 [47] explicitly excludes any passive shear capacity in the design of grouted connection, 

and the DNVGL-RP-19 [45] recommends to not include any passive shear capacity 

associated with the plain steel-grout interaction for finite element analysis of grouted 

connection. In DNVGL-RP-19, the penalty contact interaction methodology and surface-to-

surface approach are recommended for finite element analysis of the contact interaction of 

different components of the grouted connections.  

In this study, the contact algorithm AUTOMATIC_SURFACE_TO_SURFACE (ASTS) 

in LS-DYNA is used for both the contact between the grout and the monopile, and the contact 

between the grout and the transition piece. This algorithm is penalty-based contact algorithm. 

The sliding contact type only considers the Coulomb friction interaction between the 

interfaces. The dynamic and static friction coefficients associated with the two contact 

interfaces of the grout layer are set to 0.7 [26].  

The collision contact and slipping of the vessel and the transition piece is modeled by 

the contact algorithm ASTS. A kinetic and a static friction coefficient both with a value of 0.2 

[48] were used in the model for the contact between steel components. To tie together the hull 

to the bow, at their contact area the CONTACT_TIED_NODES_TO_SURFACE (TDNS) 



 

 

algorithm is used. During the collision process, large deformation may occur in the outer and 

inner shells of the vessel bow, and they may come into contact each other. The contact 

algorithm CONTACT_AUTOMATIC_SINGLE_SURFACE (ASSC) with a friction value of 

0.2 is used to deal with the occurrence of contact in this region.  

3.4. Boundary conditions at the seabed 

The transient response of the OWT and the grouted connection to the ship impact is very 

sensitive to the boundary constrain at the seabed level, due to the geometric nature and the 

large flexibility of the monopile OWT. On the other hand, when a monopile OWT is stuck by 

a vessel, the impact force acting on the OWT is mainly horizontal, and the pile–soil 

interaction is mainly in horizontal direction. The rocking of the OWT tower may lead to a 

vertical force. However, this vertical force is too small to force the monopile foundation to 

deflect in the axial direction because of the relative huge resistance from the soil. The vertical 

resistance from the soil along the monopile has little effect on the dynamic vibration of the 

foundation which can be ignored. In the simulation, the vertical direction constrain of the 

monopile is simplified as fixed in the axial direction at the bottom of the monopile. The 

constrain in the horizontal direction is represented by the lateral soil resistance deflection (p-y) 

curve method [24]. As illustrated in Fig. 8, nonlinear spring elements, at a spacing of 1 m in 

the z direction, are placed to simulate lateral resistance from the seabed.  

 

Fig. 8. Seabed boundary constraint of the monopile 

4. Model validation and calibration 



 

 

4.1. Calibration of the ship model 

In finite element simulation of vessel collision with offshore structures, the vessel bow 

model is of prime importance in that it will undergo deformation and absorb a certain amount 

of system energy. The stiffness of the bow affects the transient interaction of the ship and the 

offshore structures. To calibrate the ship model detailed in Section 3.2.2, the crushing force, 

crushing depth and deformation energy of the bow are analysed. The obtained crushing force 

and crushing energy of the vessel bow are shown in Fig. 9 (a) and (b), respectively. It can be 

seen that the simulation results of the present model agree well with the design standards 

specified in [49], evidencing the validity of the ship model proposed in the present study. 

  

Fig. 9. Deformation behaviour of the vessel bow model 

4.2. Validation and damage definition of the grout material 

4.2.1 Validation of the grout material model 

The automatic parameter generation scheme of MAT72 R3 in LS-DYNA is derived from 

test data of concrete materials with a uniaxial compressive strength of 45 MPa [38, 50]. The 

grout in the grouted connection, however, is considered ultrahigh-strength concrete with a 

compressive strength of approximately 120 MPa [51]. To ensure the validity of modelling the 

grout using MAT72 R3, the laboratory test conducted by Wee et al. [52] is reproduced herein 

using a numerical experiment. Details in terms of specimen preparation and test setup and 

procedures were described by Wee et al. [52]. In the numerical test, a single element 

compression was carried out on a cubic element with the size of the mesh size of the grout 

layer in the grouted connection simulation of 52 mm, as shown in Fig. 10. The element is 

subjected to an unconfined uniaxial compression under displacement control. The generated 



 

 

stress-strain relationship, particularly the ultimate strength, by using the MAT72 R3 model, 

denoted by the solid line in Fig. 11, compares well with the captured experimental data, 

labeled as black squares. These results indicate the reliability of modelling the high strength 

grout using MAT72 R3 model. 

 

Fig. 10. Model setup for concrete element compression test 

 

 

Fig. 11. Compression Stress-Strain relationship of ultrahigh-strength concrete of 120 MPa 

 

4.2.2 Damage definition of the grout material  

In ship-collision scenario, the grout layer may suffer from local yielding and crushing 

due to the large impact forces. This local yielding of the grout layer leads to deterioration of 

the grouted connection. In order to define the yield failure of the grout material, single grout 

element tests are carried out on the same cubic elements used in Section 4.2.1, which have 

approximately the same size as the mesh size of the grout layer of the grouted connection. 



 

 

The elements are loads in unconfined uniaxial compression (UC) and tension (UT), and 

triaxial compression (TCC) and tension (TTC) with constant confinement, and under 

displacement control. The obtained relationships of stress and the effective plastic strain 

(named as scaled damage measure in [53]) of the grout are shown in Fig. 12. It can be seen 

from the figure that the effective plastic strain increases from 0 to 1 as the stress increases 

from the initial yield to the ultimate stress, and thereafter increases from 1 to 2 (for 

compression) or 1.9 (for tension) as the grout transitions from the ultimate stress to complete 

loss of its strength. The confined stress has only a small effect on the effective plastic strain 

of the grout. Consider a yield failure criterion of the grout with a residual strength of one 

third of the ultimate strength of the material, the corresponding effective plastic strain for the 

grout in compression and tension are 1.82 and 1.84, respectively. In ship-OWT collision 

analysis, a threshold value of 1.82 is used to investigate the yield failure of the grout layer. 

 

 

(a) grout compression 

 

(b) grout tension 

Fig. 12. Stress-effective plastic strain relationship of single element 

 

4.3. Cement composite tubular member under lateral impact 

As seen in Fig. 1 and Fig. 7(b) and (c), the grouted connection is a cement composite 

sandwich-type tube, characterised by rather small thickness-diameter ratios and complicated 

force transfer mechanisms at its interfaces. To validate the response of the sandwich-type 

tubular member to lateral impact, collision responses of test specimen CCFPIP-2-1 in Yu [54] 

is simulated. The specimen is a 2 m long cement composite tube, and 219.1 mm in outer 



 

 

diameter, 168.3 mm in inner diameter, and the thickness of the outmost, middle, and inner 

layer is 6.3 mm, 19.1mm and 6.3 mm, respectively. A drop weight of 1350 kg, which has a 

wedge-shaped indenter with a semi-cylindrical head (r=30 mm) and a width of 300 mm, falls 

along a steel rails from 3.4 m height resulting in a velocity of 7.56 m/s impacts onto the 

midspan of the composite tubular. The finite element model is shown in Fig. 13. The dynamic 

response and damage of the specimen are investigated. 

Fig. 14(a) shows the comparison of the time history of the impact force of the present 

study and the experimental test from Yu [54]. The global displacement at the middle span and 

the local indentation profiles of the specimen is plotted in Fig. 14 (b) and (c), respectively. 

The damage of the concrete layer of the specimen is shown in Fig. 15. It should be noted that 

the big red contour in the finite element model results, as shown in Fig. 15(c), indicates 

failure of the concrete. It can be seen that the force-displacement, local indentation and 

failure of the concrete layer of the specimen of the current model agree well with that of Yu’s 

study [54]. Therefore, the present finite element model is reliable in predicting the response 

of cement composite tubular to lateral impact.  

 

Fig. 13. Finite element model of lateral impact on cement composite tubular 

 

  



 

 

(a) Time history impact force (b) Time history global displacement 

 

(c) Local indentation profiles 

Fig. 14 Comparison of lateral impact response of composite tube of the present FE 

 model and Yu's [54] study 

 

 

Fig. 15. Damage in the concrete layer of the composite specimen: (a) cracks at the  

midspan region in test [54]; (b) crushing around the impact zone in test [54];  

(c) FE model simulation results 

5. Modal analysis of the OWT 

The natural frequencies and vibration modes are fundamental to OWT dynamic 

performance. Fig. 16 shows the first six order modal shapes of the monopile OWT, with the 

corresponding natural frequencies presented in Table 8. It is noticed that the natural 

frequencies appear in pairs with the associated pair of vibration modes in 

two orthogonal horizontal directions. The dominate vibration mode are Fore-aft and Side-side. 
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Fig. 16. The first six-order modal shapes of the monopile OWT: 1st- to 6th-order from 

left to right 

Table 8 The first six-order modal frequencies of the monopile OWT. 

Modal order 1st 2nd 3rd 4th 5th 6th 

Frequency (Hz) 0.253 0.253 1.508 1.531 3.192 3.260 

Vibration type Fore-aft Side-side Fore-aft Side-side Fore-aft Side-side 

 

6. Ship-OWT collision simulation 

6.1. Collision mechanisms and collision phases of the ship-OWT system 

The 2200-ton vessel with initial velocity v0 = 2 m/s is used for the collision analysis 

represent the collision of a vessel being abnormal sailing but not in full speed. The vessel is 

assumed to strike head-on with the middle section of the grouted connection. Since the 

analysis is focus on collision response of the grouted connection, a calm sea state and idling 

state of the wind turbine are assumed to eliminate the interference from wind and wave.  

Time histories of the collision process are plotted in Fig. 17 to Fig. 20 in terms of time-

velocity, time-deflection, time-impact force and time-energy curves. By examining the 

temporal variation of these parameters, the collision process can be classified into four stages, 

initial collision, motion towards maximum OWT deflection, motion towards separation, and 

free vibration of the OWT after separation. These four stages are interpreted in detailed as 



 

 

follows: 

(a) Initial collision (t ≤ t0 = 0.1 s). Before collision, the vessel freely approaches the 

OWT from a distance of u0 = 0.05 m with a velocity of v0 = 2 m/s. The kinetic energy of the 

vessel accounts for the total energy of the entire system. This stage, upon collision at t = 

0.025 till right before t0 = 0.1 s, does not register significant energy transform within the 

system, nor prominent deflection or compression of the OWT/grouted connection.  

 (b) Motion towards maximum OWT deflection (0.1 s = t0 < t ≤ t1 = 1.0 s). This stage 

can also be identified as loading process, which is symbolised by the connected motion of the 

vessel (bow) and the OWT/grouted connection after they gain the common velocity at 0.1 s. 

The OWT and the grouted connection travel together in the direction of v0, away from the 

initial position of the OWT, until they reach the maximum deflection of 0.24 m and their 

velocity decreases to zero, as shown in Fig. 18 and Fig. 17. In this stage, a significant amount 

of vessel kinetic energy is transformed to the internal energy of the wind turbine, the internal 

energy of the vessel bow, and the kinetic energy of the wind turbine. Consequently, by 

examining the energy curves in Fig. 20, the kinetic energy of the entire vessel-OWT system 

decreases as the system is gaining internal energy from the collision, reaching their local 

extreme, maximum for internal and minimum for kinetic, at t1 = 1.0 s.  

(c) From maximum OWT deflection to separation (1.0 s = t1 < t ≤ t2 = 1.5 s). This stage 

can also be identified as unloading process. The vessel and the OWT/grouted connection still 

stay attached in this stage. After arriving at a zero velocity at t1 = 1.0 s, both the vessel and 

the grouted connection change their direction of motion and move against v0. They reach a 

local maximum of 0.70 m/s at 1.3 s. Due to the rocking motion of the OWT, this stage also 

witnesses the maximum velocity at the top of the turbine tower, being 1.3 m/s. The kinetic 

energy of the entire system at this stage, even though is increasing, reaches a local peak rather 

smaller than that at t0 = 0.1 s.  

 (d) After separation (t > t2 = 1.5 s). Upon reaching t2 = 1.5 s, the impact (interaction) 

force between the OWT and the vessel drops to zero, as read in Fig. 19. The vessel, from t2 

onwards, is subjected to no external force and continues its motion with a velocity of 0.49 



 

 

m/s in the direction opposite to v0 and leaves the grouted connection. The grouted connection, 

on the other hand, suffers no impact from the vessel but the boundary constraints from the 

seabed and freely vibrates. Only the conversion between the kinetic and the internal energy of 

the grouted connection occurs, in addition to the energy dissipation due to damping.  

 

Fig. 17. Time history of the velocity of the vessel and the grouted connection, GC 

represents grouted connection 

 

 

Fig. 18. Time history of the deflection of the vessel and the grouted connection 



 

 

 

Fig. 19. Time history of the collision force and the contact force between contact 

surfaces in grouted connection 

 

 

Fig. 20. Time history energy change of the vessel-OWT collision system 

 

6.2. Responses of the grouted connection 

As shown in Fig. 19, the contact forces acting on the two interfaces S1 and S2 show 

approximately the same variation pattern with respect to time. They also show same variation 

trend with the impact force. After t2 = 1.5 s when the impact force equals zero, the contact 

forces change with time in a sine form due to the free vibration of the OWT. 



 

 

 

Fig. 21. Time evolution of the radial compression of the grouted connection 

The radial compression of the grouted connection is examined at the impact position, as 

shown in Fig. 21. It can be seen from Fig. 21 that the time variation of the compression in the 

grouted connection agrees extremely well with the variation of the impact force. At the 

beginning of the collision process, the grouted connection witnesses a sudden compression of 

10.3 mm due to the impact force of the thin-layer at the tip of the vessel bow. After the 

crushing of the thin-layer at the vessel bow, the grouted connection is further compressed to a 

maximum value of 66.4 mm at t = 0.6 s due to the impact force driven by the principle part of 

the vessel bow. The compression of the grouted connection decreases to a small value as the 

vessel bow separates from the grouted connection, and then gradually decreases to a constant 

value of about 1 mm indicates a small plastic compression of the grouted connection.  

Contour plots of stress distribution in the transition piece and the monopile are shown in 

Fig. 22. Two critical time instants are selected, i.e., at t = 1.0 s for the maximum impact force 

and at t = 5.00 s when the ship and the OWT are separate. Stress concentration at the impact 

position is spotted during the impact contact process. After the vessel separates from the 

OWT, small region of residual stress is observed at the impact location in the transition piece 

implying irreversible plastic deformation. No plastic strain is observed in the inner pile. 



 

 

 

Fig. 22. Stress distribution in the transition piece and the inner pile (v0=2.0 m/s) 

 

The effective plastic strain distribution of the grout layer is shown in Fig. 23. Apart from 

at t = 1.0 s and t = 5.0 s, a time instant at t = 1.5 s is also chosen to investigate the failure 

process of the grout layer. Element erosion, which indicates excessive stain in the grout 

element, is observed at the top and the bottom of the grout layer. According to the definition 

of yield failure damage of the grout element, seen Section 4.2, damage is observed in the 

grout layer at the impact location and its vicinity region due to the impact loading of the 

vessel. A comparison of damage at the time instant t = 1.0 s, t = 1.5 s and t = 5.0 s shows that 

the damage at the time instant t = 5.0 s is more serious than that in the time instant t = 1.5 s 

which is a little more serious than the damage at the time instant t = 1.0 s. This indicates the 

grouted layer undergoes damage in sub-processes loading, unloading and free vibration of the 

vessel-OWT collision process. The comparison of damage in the inner and outer surfaces of 

the grout layer shows that the failure zone in the inner surface, as shown in  Fig. 23 (e, f, and 

g), is greater than that at the outer face (Fig. 23 (b, c, and d)). This is because the inner face 

suffers from tension, whereas the outer face subject to compression.  

To evaluate the damage of the grouted connection, four damage states of the grouted 

connection defined according to the ratio of grout elements eroded Ree and ratio of grout 

element yield failure Ref, as shown in Table 9, are considered. It is calculated from the 

simulation results that Ree =0.133% and Ref =1.747%, which indicates 0.133% grouted 

elements are eroded and 1.747% grouted elements suffer from yield failure damage during 



 

 

the collision process. It means the vessel striking at the grouted connection leads to heavy 

damage of the grouted connection. 

 

Table 9 Damage states of the grouted connection 

Damage 

 states 

Critical  

response 

Description 

DS1 Ree ≈ 0, Rey ≈ 0 No damage 

DS2 Ree ≈ 0, 0 < Rey ≤ 1% Moderate damage 

DS3 0 < Ree ≤ 0.5%, 1% < Rey ≤ 5% Heavy damage 

DS4 Ree  > 0.5%, Rey  > 5% Major damage 

Noted: Ree is calculated as (Ne/Nt)×100%, and Rey is calculated as (Ny/Nt)×100%, where 

Nt,  Ne and Ny are the total number of grout elements, number of grout element eroded and 

yield failure during the vessel impact process.   

 

 

 

Fig. 23 Effective plastic strain of the grouted layer (v0=2.0 m/s) 



 

 

6.3. Influence of the strain-rate effect of the materials 

The previous two sections considered the strain-rate effects of the steel and the grout. To 

explore the importance of the strain-rate effects, the scenario presented in this section 

employed the same initial impact velocity but discarded the strain-rate effects of the materials.  

The obtained time history impact force of the collision system and compression of the 

grouted connection are plotted in Fig. 24 and Fig. 25, respectively. For comparison purposes, 

the results of the vessel collision considered the strain rate effect of the materials are also 

drawn in the Fig. 24 and Fig. 25. It is observed from the Fig. 24 that the slope of the impact 

force at the beginning of the collision and the beginning of the crushing of the principle part 

of vessel bow of the collision scenario without strain rate of the materials is a little bit smaller 

than that of the collision scenario with the strain rate effect of the materials. In addition, after 

the crushing of the thin-layer at the tip of the vessel bow, the impact force of the collision 

scenario without the strain rate effect increase directly to the maximum value of 8.5 MN at t= 

0.6 s while the impact force of the impact scenario with strain rate effect of the materials 

undergoes a fluctuation when increasing to 7.0 MN at t= 0.5 s, and reaches the maximum 

value of 8.5 MN at t= 0.8 s. Without strain rate effect of the materials, the maximum 

compression of the grouted connection is 78.7 mm, which is 18.5% higher than 66.4 mm of 

the impact scenario with strain rate effect. The resultant ratio of grout elements eroded and 

yield failure are 0.31% and 2.51%, respectively, much higher than 0.13% and 1.75% of the 

impact scenario with strain rate effect. Therefore, the strain rated effect of the material has 

considerable influence on the collision response and damage of the grouted connection. 

 



 

 

 

Fig. 24. Impact force acting at the grouted connection 

 

 

 

Fig. 25. Compression at the grouted connection 

 

6.4. Influence of the impact velocity 

The influence of the impact velocity was investigated for four additional head-on 

collision simulations in which the ship initial impact velocity are 1 m/s, 3 m/s, 4 m/s  and 5 

m/s. The obtained critical responses of the grouted connection in terms of maximum impact 

force, maximum compression in the grouted connection, Ree, Rey and damage states of the 

grouted connection are listed in Table 10. The contour plots of effective plastic strain of the 

grout layer for each impact velocity are shown in Fig. 26. It can be seen from Table 10 that 

the maximum impact force and compression in the grouted connection increase with the 

increase of the initial impact velocity. According to the damage states defined in Section 6.1, 

the striking ship with initial velocity no larger than 1 m/s collides the grouted connection may 

lead to moderate damage in the grouted connection. The vessel with initial velocity ranges 

from 2 m/s to 3 m/s and collides with the grouted connection will result in heavy damage of 

the grouted connection. Being impacted by the vessel with initial velocity equal to or larger 

than 4 m/s, the grouted connection suffers major damage or collapse. 4 m/s is identified as a 

critical impact velocity for the striking ship to collide with the grouted connection that will 



 

 

results in major damage or collapse of the grouted connection. This critical impact velocity of 

4 m/s is much smaller than 7 m/s of the critical impact velocity for a monopile OWT without 

grouted connection in Bela et al. [22]. In [22], a monopile OWT, which is similar to the 

monopile OWT used in this study but does not taken into account the grouted connection, 

was shown  to withstand  collision of a deformable 3000-tonne offshore supply vessel 

without collapsing until the impact velocity reached 7 m/s.  

 

Table 10 Response of the grouted connection under different impact velocity 

Impact 

velocity 

Max impact 

 force (MN) 

Max compression 

 (mm) 

Ree  

(%) 

Rey 

(%) 

Damage  

state 

1 m/s 2.3 16.8 0.00 0.09 Moderate damage  

2 m/s 8.5 66.4 0.13 1.75 Heavy damage 

3 m/s 11.5 70.5 0.27 4.86 Heavy damage 

4 m/s 12.4 74.6 0.47 7.25 Major damage 

5 m/s 20.7 82.8 1.48 10.53 Major damage/collapse 

 



 

 

 

Fig. 26. Effective plastic strain of the grouted layer under different impact velocity 

 

7. Conclusions 

Being a critical structural element of an OWT, grouted connections are susceptible to 

ship collision. In this study, a finite element model is developed to investigate the mechanical 

behaviour of the grouted connection when subjected to vessel collision. The model is 

calibrated and validated in terms of the ship model, grouting material model and the impact 

response of a sandwich tube. The velocity, deflection, impact force, energy of the collision 

system, compression at the grouted connection and damage of the grout layer are analysed. 

Four stages, distinguished by an initial collision, motion towards maximum OWT deflection, 

maximum OWT deflection to separation, and after vessel-OWT separation, are identified. 

The strain rate effects of the steel and grout material of the vessel bow and the grouted 

connection are found to have considerable influence on the vessel collision response of the 



 

 

grouted connection. Collision of the vessel with an initial velocity no larger than 1 m/s may 

lead to moderate damage of the grouted connection. Being impacted by the vessel with an 

initial velocity larger than 2 m/s, the grouted connection will suffer heavy to major damage, 

even leading to collapse of the structure.  

This study is expected to shed light on the response of grouted connections when 

subjected to vessel collision impact. It also constitutes the first step of the analysis of the 

design implications of grouted connection to ensure safety and reliability of OWTs. Aspects 

currently being investigated include crashworthy devices and grouted connection structural 

specifications.  
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