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Abstract: In recent years, offshore wind power has been developing rapidly, and single piles are
among the commonly used foundations for wind turbines. Presently, experimental studies of the
grouted connections of pile foundations are limited to the study of scaler models. Numerical simula-
tions are more suitable for the mechanical analysis of the full-size structure instead of experimental
ones. In numerical simulations, the linear elasticity model is widely adopted, but the plastic dam-
age is studied scarcely. So, shear bond parameter research concerning grouted joints needs to be
supplemented. In this paper, a bilinear random-motion reinforcement model based on the classical
metal plasticity theory is adopted for steel, and the model for the grouting material is based on
the Sidiroff energy equivalence principle. The plastic damage model for the grouted connecting
section is established; the stresses and deformation distribution of the steel pipes and grout in the
connecting section are analyzed using the changed shear bond parameters. The results show that
the rectangular and triangular shear bonds are more reasonable than the semicircular shear bond
transfer. Increasing the height of the shear bond may reduce the maximum stress and the maximum
vertical displacement of the grout, and the shear bond width change has less influence on the joint
bond stress and displacement.

Keywords: offshore wind power; grouting connection section; shear bond; plastic damage

1. Introduction

In recent years, wind power projects have been developing increasingly. According
to the report of the Global Wind Energy Council (GWEC), by the end of 2021, the total
installed capacity of global offshore wind power was 57.2 GW, which was six times the
total installed capacity in 2010. Furthermore, the number of offshore wind power plants
has increased quickly.

The supporting structure of wind turbines is an important part of offshore wind power
engineering. Presently, single-pile and jacket foundations are the most widely used in
offshore wind power projects and account for more than 70% of the active offshore wind
power foundations [1,2]. In the single-pile supporting structure, the lower pile foundation
and the upper pipe are connected by grouting. The principle of the grouted connection is
that a closed annular space is formed between the connecting section of the upper pipe and
the pile foundation; then, a high-strength grouting material is injected into the space to
make the lower and upper sections a whole. The grouted connecting section is the key part
of the force transmission between the upper supporting structure and the pile foundation.
Whenever failure or damage occurs in the connecting section, the safety and reliability of
the whole offshore wind turbine are directly affected [2,3]. The schematic diagram of the
filled connecting section of a single-pile foundation is shown in Figure 1.
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Figure 1. Wind farm grouted joint. 

The tubular joints are the most critical parts of a tubular structure. A tubular joint 
reinforced with a collar plate is used to improve the strength of the connecting segment 
[4]. It is concluded that the collar-plate reinforcement method is a valuable alternative for 
tubular connection design [5]. 

The study of grouted connections without shear bonds can be traced back to the 1960s. 
Evans concluded that the shearing strength and bonding force of the joint section were 
mainly related to the characteristics of the grouting material and the roughness of the steel 
pipe surface [6]. Later, experimental research on the bond strength of the joint segment 
became more systematic, and the parameters relative to the joint segment became more 
comprehensive. Billington’s experimental study found that the ultimate bond strength of 
the grouted joint section was proportional to the radial stiffness coefficient of the grouted 
joint section and the compressive strength of the grouting material and obtained the cal-
culation formula of the ultimate bond strength [7]. Through the grouted connecting sec-
tion test and actual engineering application, it was found that a grouted connecting sec-
tion without shear bonds had low axial stress performance and was prone to vertical slip. 
Therefore, some scholars began to focus on the influence of shear bonds on the axial bear-
ing capacity of the grouted connecting section. In 1988, Forsyth, Tebbett, et al. studied the 
influence of setting shear bonds on the ultimate bond strength of grouted joints. They 
observed that when the height-to-distance ratio of the shear bonds was less than 0.075, the 
bond strength had a linear relationship with the height-to-distance ratio [8]. In 2009, 
Huang Liwei and Yang Feng established a scaled model of the grouted connecting section 
of the catheter and conducted static tests. The test results showed that the connection per-
formance of the grouted connecting section with shear bonds was much higher than that 
without shear bonds [9,10]. In 2014, Li Wei et al. conducted axial static load tests on the 
grouted connecting section of a large-diameter, single-pile foundation [11]. The test results 
indicated that the axial bearing capacity of the grouted connection without shear bond 
depended on the bond strength between grout and steel pipe, and the axial bearing ca-
pacity and deformation performance of the connecting section was significantly improved 
after setting the shear bond. Therefore, the comprehensive performance of a grouted joint 
can be improved significantly with the addition of shear bonds. 

Most of the above experimental studies used scale models, which have certain size 
effects, scale errors, and necessary simplifying assumptions. Instead, numerical simula-
tions can define the complex boundary conditions and contact relations of joint segments, 
and the output parameters, such as stress, deformation, and damage, are more precise. In 
2012, Zhong Weiqiu et al. conducted FE simulations of the grouted connecting segment. 
They found that the axial load of the connecting segment without shear bonds was mainly 
borne by the bonding force of the contacting surface and the mechanical biting force, and 
the setting of shear bonds could significantly improve the axial bearing capacity of the 
grouted connecting segment [12]. In 2012, M Klose simulated the axial bearing capacity of 

Figure 1. Wind farm grouted joint.

The tubular joints are the most critical parts of a tubular structure. A tubular joint
reinforced with a collar plate is used to improve the strength of the connecting segment [4].
It is concluded that the collar-plate reinforcement method is a valuable alternative for
tubular connection design [5].

The study of grouted connections without shear bonds can be traced back to the
1960s. Evans concluded that the shearing strength and bonding force of the joint section
were mainly related to the characteristics of the grouting material and the roughness
of the steel pipe surface [6]. Later, experimental research on the bond strength of the
joint segment became more systematic, and the parameters relative to the joint segment
became more comprehensive. Billington’s experimental study found that the ultimate bond
strength of the grouted joint section was proportional to the radial stiffness coefficient of the
grouted joint section and the compressive strength of the grouting material and obtained
the calculation formula of the ultimate bond strength [7]. Through the grouted connecting
section test and actual engineering application, it was found that a grouted connecting
section without shear bonds had low axial stress performance and was prone to vertical
slip. Therefore, some scholars began to focus on the influence of shear bonds on the axial
bearing capacity of the grouted connecting section. In 1988, Forsyth, Tebbett, et al. studied
the influence of setting shear bonds on the ultimate bond strength of grouted joints. They
observed that when the height-to-distance ratio of the shear bonds was less than 0.075,
the bond strength had a linear relationship with the height-to-distance ratio [8]. In 2009,
Huang Liwei and Yang Feng established a scaled model of the grouted connecting section
of the catheter and conducted static tests. The test results showed that the connection
performance of the grouted connecting section with shear bonds was much higher than
that without shear bonds [9,10]. In 2014, Li Wei et al. conducted axial static load tests on the
grouted connecting section of a large-diameter, single-pile foundation [11]. The test results
indicated that the axial bearing capacity of the grouted connection without shear bond
depended on the bond strength between grout and steel pipe, and the axial bearing capacity
and deformation performance of the connecting section was significantly improved after
setting the shear bond. Therefore, the comprehensive performance of a grouted joint can be
improved significantly with the addition of shear bonds.

Most of the above experimental studies used scale models, which have certain size
effects, scale errors, and necessary simplifying assumptions. Instead, numerical simulations
can define the complex boundary conditions and contact relations of joint segments, and
the output parameters, such as stress, deformation, and damage, are more precise. In
2012, Zhong Weiqiu et al. conducted FE simulations of the grouted connecting segment.
They found that the axial load of the connecting segment without shear bonds was mainly
borne by the bonding force of the contacting surface and the mechanical biting force, and
the setting of shear bonds could significantly improve the axial bearing capacity of the
grouted connecting segment [12]. In 2012, M Klose simulated the axial bearing capacity
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of the grouted connecting section with shear keys. The results show that the axial load is
transmitted by the shear action between the shear keys and the grouting material, and the
stress concentration occurs within the grout close to the shear bond. The grouted joints
with shear key can still continue to bear the load after reaching the axial bearing capacity,
The failure process shows certain plastic characteristics [13]. Some other scholars simulated
the axial bearing capacity of grouted joints [14]. The results indicated that the shape, size
and angle of shear keys have great influences on the stresses of grout.

In summary, the experimental studies of grouted joints of the pile foundations are
limited to the study of scaler models. Numerical simulations are more suitable for the
mechanical analysis of the full-size structure instead of experimental methodology. Per-
forming the numerical simulations, the stress state can be more accurately described by
using plastic damage model than that of non-damage elastic one. Therefore, a full-size
plastic damage model of the grouted joints is established in this paper based on the Sidiroff
energy equivalence principle, and the stresses, deformations of steel pipe and grout in the
connecting section are analyzed, where shear bonds with different shapes and different
quantities were designed.

2. Fundamental Principle
2.1. Axial Bearing Capacity of Grouted Joints

The grouted joints of single-pile foundation with shear bond are shown in Figure 2.
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Figure 2. Diagram of grouted connecting section of single pile foundation with shear bond.

The circumferential shear bonds are set on the aspectant surfaces of the upper and
lower steel pipes. Under axial load, cracking of the grouting material could be avoided
effectively. Once the crack occurs in the joints, stress will be redistributed, and the load
could be transmitted normally. It is assumed that the axial load is evenly distributed on all
the shear bonds.

The load over the unit length of the annular shear bond is:

FV1shk =
Pa,d

2πRpn
(1)

In Equation (1), Rp is the outer radius of the steel pile; Pa,d is the axial load acting on
the joint segment; n is the number of effective shear bonds on both sides of the grouted
connecting section.

The interface shear strength of the grouted joints with shear bonds is:

fbk =

[
800
Dp

+ 140
(

h
s

)0.8
]

k0.6 f 0.3
ck (2)
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In Equation (2), h is the height of the shear bonds measured radially from the surface
of steel pipe; Dp is the diameter of steel pipe; fbk is the cubic compressive strength of the
grouting material; s is the vertical distance between adjacent shear keys; k is the radial
stiffness coefficient, which is defined as:

k =

(
2Rp

tp
+

2Rs

ts

)−1
+

Eg

E

(
2Rs − 2ts

tg

)
(3)

In Equation (3), Eg is Young’s modulus of grouting material; Rs is the outer diameter
of the upper pipe; ts is the wall thickness of the upper pipe. The interface shear strength fbk
shall not be greater than the compressive strength of the grouting material.

The axial bearing capacity of the grouted joints with shear bonds is mainly related to
the compressive strength of the grouting material, the parameters of shear keys and the
size of the connected section.

2.2. Flexural Capacity of Grouted Joints

For the grouted joints of single-pile foundation, shear bonds are mostly fixed in the
middle 1/2 area of the grouted connection, as shown in Figure 3. In this area, the grouting
material and steel pipe should not be separated obviously when subjected to bending
moment.
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When subjected to bending moment, the maximum nominal radial pressure pnom at
the top and the bottom parts of the grouted joint is calculated as follows:
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ELg
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In the Equation, keff is the effective spring stiffness of the shear bond; µ is the charac-
teristic friction coefficient, which can be assigned as 0.7; Rp is the outer radius of steel pipe
pile; Rtp is the outer radius of upper pipe; tp is the wall thickness of the steel pile; ttp is the
wall thickness of the upper pipe; Lg is the effective length of grouted section; L is the full
length of the grouted section; tg is the thickness of the grouting material.

The effective spring stiffness per unit length of the grouted connecting segment with n
shear keys is expressed as:
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In Equation (5), seff and s are the effective vertical spacing and vertical center spacing,
respectively, between two adjacent shear keys; ω is the width of shear key; E is the elastic
modulus of steel; µ is the Poisson’s ratio of steel; n is the number of effective shear bonds
(the actual number of shear bonds on both sides of the grouted joint is n + 1); ϕ is the design
coefficient (it is assigned as 1.0 in the calculation of the load on the shear bond, and 0.5 in
the calculation of the maximum nominal radial contact pressure).

The maximum nominal contact pressure generated by the bending moment should
meet the following requirement:

pnom ≤ 1.5 MPa (6)

The flexural capacity of the grouted joints could be limited by controlling the maximum
nominal contact pressure between the steel pipe and the grouting material at the end of
the grouted section. Under bending moment, the steel pipe and the grouting material at
the end of the grouted joints squeeze each other. The limitation of the maximum nominal
contact stress between the steel pipe and the grouting material ensures that the crushing of
the grouting material and the yielding of the steel pipe could be avoided.

2.3. Material Theory and Model Validation

The grouted connection involves steel and grouting material. Based on the classical
metal plasticity theory, the elastoplastic material model is adopted for the steel, which meets
the Von Mises yield criterion, and the constitutive relationship conforms to the bilinear
kinematic hardening model. For the high strength grouting material, a plastic damage
model is selected to simulate its mechanical behaviors [15]. In the application of plastic
damage model, damage factor is to be defined, whose calculation methods include energy
equivalence principle method, graphic method, Najar method, Mander method, maximum
fatigue strain method, etc. [16]. In this paper, Sidiroff energy equivalence principle is used
to calculate the damage factor.

The Sidiroff’s energy equivalence principle assumes that a stress acting on the dam-
aged material and the non-damaged material produce the same residual energy [17]. When
the plastic damage model is used to simulate the compression and tension behavior of
grouting materials, a series of parameters need to be determined [18]. By referring to
the parameter of high-strength concrete and the test results of scholars such as Chen
Guochen [19], Wu Yuan [20] and Zhang Yi [21], the parameters are determined as follows:
(i) The expansion angle (ϕ) at high confining pressure in p-q plane is set as 38 degrees;
(ii) The rheological angle (ε) of the plastic potential energy equation is 0.1; (iii) The ratio
of concrete strength under biaxial compression to uniaxial compressive strength is 1.16;
(iv) The ratio of the second stress invariant (Kc) on the pull meridian q(TM) to that on
compression meridian q(CM) is 2/3; (v) The default value of viscosity coefficient is 0.0001;
(vi) The tensile and compressive stress-strain curves of high-strength grouting materials are
calculated by the Yu Zhiwu-Ding Faxing constitutive equation [22]. (vii) Damage factors
are calculated by the energy equivalence principle.

The uniaxial compression stress-strain curve of grouting material obtained by simula-
tion, as well as the result derived by constitutive formula are shown in Figure 4.

The two curves are highly coincident. They have obvious elastic and elastic-plastic
stages. The ultimate load of grouting material obtained by numerical simulation is 1551 kN,
while that calculated by constitutive formula is 1495 kN. It shows that the constitutive
model of material used in this paper is feasible.
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2.4. Modeling Theory and Experimental Confirmation

The meshing technique is critical in modeling the grouted joints. To analyze the me-
chanical behaviors under axial load, axisymmetric models are established by using Hex
mesh, where four-node quadrilateral bilinear uncoordinated axisymmetric unit (CAX4I)
is adopted. Under bending moment action, the three-dimensional solid models are estab-
lished, and the eight-node hexahedral linear reduction integral unit (C3D8R) is used for
the whole grouted joints. It is assumed that the steel pipe firmly contacts with the grout
surface in the normal direction, where the interface pressure can be completely transmitted
between the interfaces. When the contact pressure is zero or negative, the contact surface
between the steel pipe and the grouting material will be separated. The contact in the
tangential direction satisfies the Coulomb friction model, where the shear stress can be
transferred on the interface. Before the shear stress reaches the critical value, there is
no relative displacement on the contact surface between the steel pipe and the grouting
material. A reference point is set at the position of the upper end of the steel pipe in the
connecting section model, which is coupled with the upper end of the steel pipe in the
grouted connecting section, and the load acts on the reference point [2,15,23,24].

In order to verify the effectiveness of the numerical simulation method for grouted
joints, an FE model is established referencing Lee’s experiment [22]. The size, material
properties and loading mode are all corresponding to the grouted joints in the test. The
numerical simulations are highly consistent with the experimental results, as shown in
Figures 5 and 6. The overall trend of the curves is generally consistent. The peak load of
the FE model is 5623 kN, and that of the test is 5394 kN. The error is 4.2%, which is within
the acceptable range. It shows that the modeling and numerical simulation method are
reliable.

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 5. Mises stress of the grouted joint. 

 
Figure 6. Comparison of simulation and experiment. 

The simulated failure mode of the grouting material is compared with the experi-
mental one. The tensile damage cloud diagram and the image of experiment are shown in 
Figure 7. 

     

(a)  (b)  

Figure 7.Comparison of the cloud diagram of grout’s tensile damage with the experimental damage. 
(a) Cloud diagram of tensile damage. (b) Comparison of fracture morphology. 

In Figure 7, the simulated fracture morphology, position and cracking angles are co-
incident with that of the test. The load-displacement curve and failure pattern of the 

Figure 5. Mises stress of the grouted joint.



J. Mar. Sci. Eng. 2022, 10, 1853 7 of 14

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 5. Mises stress of the grouted joint. 

 
Figure 6. Comparison of simulation and experiment. 

The simulated failure mode of the grouting material is compared with the experi-
mental one. The tensile damage cloud diagram and the image of experiment are shown in 
Figure 7. 

     

(a)  (b)  

Figure 7.Comparison of the cloud diagram of grout’s tensile damage with the experimental damage. 
(a) Cloud diagram of tensile damage. (b) Comparison of fracture morphology. 

In Figure 7, the simulated fracture morphology, position and cracking angles are co-
incident with that of the test. The load-displacement curve and failure pattern of the 

Figure 6. Comparison of simulation and experiment.

The simulated failure mode of the grouting material is compared with the experimental
one. The tensile damage cloud diagram and the image of experiment are shown in Figure 7.

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 5. Mises stress of the grouted joint. 

 
Figure 6. Comparison of simulation and experiment. 

The simulated failure mode of the grouting material is compared with the experi-
mental one. The tensile damage cloud diagram and the image of experiment are shown in 
Figure 7. 

     

(a)  (b)  

Figure 7.Comparison of the cloud diagram of grout’s tensile damage with the experimental damage. 
(a) Cloud diagram of tensile damage. (b) Comparison of fracture morphology. 

In Figure 7, the simulated fracture morphology, position and cracking angles are co-
incident with that of the test. The load-displacement curve and failure pattern of the 

Figure 7. Comparison of the cloud diagram of grout’s tensile damage with the experimental damage.
(a) Cloud diagram of tensile damage. (b) Comparison of fracture morphology.

In Figure 7, the simulated fracture morphology, position and cracking angles are
coincident with that of the test. The load-displacement curve and failure pattern of the
model are in good agreement with Lee’s test results. The FE model can actually simulate
the mechanical characteristics of the grouted connection.

The resistance against fatigue is generally quantified in terms of the number of cycles
or time (days/years) prior to failure, because of which it is usually named fatigue life [25].
This study can be further extended to improve the current research results and establish a
more advanced model to capture the fatigue behavior of concrete and the interface [26]. The
optimization of shear keys in the grouted joints is considered to improve the distribution of
stress and deformation, improve the durability, and extend the service life of the offshore
wind power plant [27–29].

3. Result and Discussion
3.1. Influence of Shear Key Shape on the Bearing Capacity

To investigate the influence of shear keys on the bearing capacity of grouted joints,
shear keys with three shapes are employed. It is shown in Figure 8.
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Figure 8. Shear keys of three shapes. (a) Rectangle. (b) Triangle. (c) Semicircle.

Under a specified axial load, shear keys with different shapes lead to different stresses
in the grout. So, the Tresca stress is applied to judge whether a shear key of a certain
shape is appropriate or not. According to the numerical simulation results, the Tresca
stresses of the grout close to the internal and external steel walls are extracted, and the axial
distribution of the Tresca stress is shown in Figure 9.
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The maximum Tresca stresses are 27.09 MPa, 20.05 MPa and 40.38 MPa for the rectan-
gle, triangle and semicircle keys, respectively. The position of peak Tresca stress values for
the three shapes are all close to the first shear key. The distribution of peak stresses at the
shear keys along the internal and external walls is opposite. There is plastic damage in the
grout at the shear keys, and local failure occurs at the end shear keys. The phenomenon of
stress concentration corresponding to the semicircular shear key is more serious. Therefore,
the force transmission efficiency of the grouted connection by using the rectangular and
the triangular shear keys is more reasonable than that of the semicircle.

Under specific bending moment, the maximum principal stress criterion is used to
judge whether the grouting material is damaged under tension and compression. A higher
principal stress is more likely to lead to damage of the grout. The maximum principal
stresses in the grout close to the shear keys are as follows in Table 1.

Table 1. The maximum principal stresses in the grout.

Principle Stresses Rectangle Triangle Semicircle

Principal compressive
stress/MPa 28.65 26.79 39.87

Principal tensile stress/MPa 5.61 7.15 1.99
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Under the bending moment, the maximum compressive stress of the semicircular
shear key is still the largest, but the principal tensile stress is the smallest. Although the
triangle shear keys lead to the lowest principal compressive stress, the tensile stress is
much higher. It means that the grouted joints of triangular shear keys are more prone to be
destructed by tension under bending moment. However, bending moments can lead to
failure of the grouted joints of semicircular shear keys because of compression. The stresses
and displacement in the grouted joints of rectangular shear keys under bending moment
load are a bit smaller than those of the triangular shear keys, and the steel pipe is more
closely connected with the grouting material.

3.2. Influence of Shear Key Size on Bearing Capacity
3.2.1. Being Subjected to Axial Compression

In order to investigate the influence of shear key size on the bearing capacity, shear
keys with different sizes are adopted to simulate the maximum Mises stresses in the steel
pipes, maximum Tresca stresses in the grout and maximum vertical displacements of
grouted joints.

The variation of maximum stress/displacement of steel pipes and grout with rectan-
gular shear keys in different heights is shown in Figure 10.
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In Figure 9, the maximum Mises stress in the steel pipe increases with the height of the
shear key, and the maximum Tresca stress in grout decreases because of the increasement
of the contact area between the shear key and the grout. A higher shear key lead to higher
stress, especially at the end shear key of the connecting segment. Therefore, the shear key’s
height is proposed to be limited within 35 mm.

The maximum vertical displacement of the connecting segment goes down gradually
with the increasing height of the keys. The mechanical binding force between steel pipe
and grouting material is strengthened.

The influence of a varied width of the shear keys on the axial mechanical performance
of the grouted joints is analyzed. The maximum Mises stresss in the steel pipe, maximum
Tresca stress in the grout and vertical displacement are shown in Figure 11.

The uper and lower compressive area of the shear keys is unchanged. So, the maximum
Tresca stress in the grout changes slightly under the same axial load. The increased shear
key width results in the relief of the stress concentration at the shear bond position, so as
to the maximum Mises stress in the steel pipe. The maximum vertical displacement in
the connecting section basically remains constant, for which the change in width has little
effect on the force transmission between steel pipe and grout.
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3.2.2. Being Subjected to Bending Moment

Under bending moment, The variation trends of maximum stresses in steel pipes and
grout, as well as the maximum displacement of the grouted joints are shown in Figure 12.
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In Figure 12. Variation of shear key’s height has little impact on the maximum Mises
stress of the steel pipe. The maximum Tresca stress in the grout decreases by 47 percents
with the shear key’s height raising from 10 mm to 60 mm, and the stress concentration is
relieved significantly. The maximum horizontal displacement of the joint segment increases
by 15.6% with the increase of shear bond height, which is caused by the decrease of grout
thickness in the grouting area. Through the interaction between shear keys and grouting
material, the bending moment transmission is no longer only dependent on the end of the
grouted joint, but the middle grouting area is also involved, so that the bending moment
can be transferred from the inner pipe to the outer pipe more smoothly.

The Mises stresses vertically along the steel pipe with shear keys’ heights of 10 mm,
30 mm and 60 mm are extracted, as shown in Figure 13.

It indicates in Figure 13a,b that Mises stress on the tension side of the inner pipe is
greater than that on the compression side, especially the stress at the shear keys. Stress
concentration is obvious at the position of the shear bond. The Mises stress in the inner
pipe is gradually reduced from the first shear key at the upper end to the lower end of the
joint. It shows at the Figure 13c,d that the regularities of stress distribution in the outer
pipe are opposite to that of the inner pipe. The Mises stress of the outer pipe is mainly
concentrated in the shear bond position of the lower part, which gradually increases from
the first shear bond at the uper position to the last one at the bottom. As the height of shear
keys increased from 10 mm to 60 mm, Mises stress and its distribution did not change
significantly at both sides of the pipes.
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The vertical distribution of the Tresca stresses in grout at the compression side along
the inner and outer steel walls are shown in Figure 14.
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(b) Stresses along the outer wall.

At the compression side, the peak Tresca stress in the grout along the inner wall is
greater than that along the outer wall. The stresses in both steel walls are concentrated
at the shear bonds. A higher shear key leads to a lower Tresca stress. The highest stress
along the inner wall is at the first shear bond at the top, and the peak value declines in turn.
The Tresca stress distribution along the outer wall is different, where the highest stress is
close to the middle position of the connection. As the shear bond height increased from
10 mm to 60 mm, the Tresca stress in the grout turns lower, which means that the stress
concentration in the grout is alleviated.

Considering the influence of shear key width on the bending bearing capacity, dif-
ferent widths are adopted. The variation of maximum stress and maximum horizontal
displacement of the grouted joints under bending moment is shown in Figure 15.
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In Figure 15, the maximum Tresca stress in grout decreased by 23.7% as the shear
key width increases from 20 mm to 60 mm, and the maximum horizontal displacement of
grouted joints decreased by 20%. Therefore, appropriately increasing the shear bond width
can reduce the maximum stress and horizontal displacement of grouted joints.

4. Conclusions

In this paper, the FE models of the grouted joints of offshore wind turbine tower
is established based on plastic damage theory. The reliability of the simulation method
is verified by comparing the simulation results with the test results in the aspects of
load-displacement curve, ultimate bearing capacity and failure process. The relationships
between the mechanical performance of the grouted joints and the shear keys with different
shapes and sizes are analyzed. Under axial load, the stresses concentrate at the shear
bond position, and the stress concentration at the end is more obvious. The Tresca stresses
generated by the semicircular shear keys in the grout are significantly greater than that
of rectangle and triangle, which means that the semicircular shear keys are detrimental
for the grouted joints in bearing axial load. Under the bending moment, the maximum
compression stress of the semicircular shear key is still the largest, but the principal tensile
stress is the smallest. The triangle shear keys lead to the highest tensile stress, which
means that the grouted joints of triangular shear keys are more prone to be destructed by
tension under bending moment. The maximum tensile and compressive stresses generated
by the rectangular shear keys are in the medium. The comprehensive performance of
rectangular shear bond is better in load transmission and resistance to deformation than
those of triangle and semicircle.

For the grouted joints with rectangular shear keys, the maximum stress in the grout
and the maximum vertical displacement under axial load tend to be reduced by moderately
increasing the shear bond height, but the variation of shear bond width has little effect
on the vertical displacement and the axial mechanical performance of the grouted joints.
Under a bending moment, a higher shear keys lead to obvious reduction of the maximum
stresses in the grout, and the maximum horizontal displacement of the connecting section
increases slightly.

For the grouted connection of single-pile foundation of the 4 MW offshore wind
turbine, it is recommended that the rectangular shear keys are staggered on inner and outer
steel pipes, and the spacing could be 300 mm. As to the size, heights of 30–40 mm and
widths of 50–60 mm are appropriate.
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