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Abstract: An embedded-ring foundation connected to the steel tower above it by inserting the steel
ring into the concrete foundation is a traditional and widely used form for wind turbine towers. An
insufficiently embedded depth of the steel ring leads to stress concentration on the corner of the
concrete above the windward-side T-shaped plate. A damage zone of concrete develops, leading to
gaps between the steel ring and the foundation concrete and a decline in the restrain stiffness of the
foundation pier, which induces a larger horizontal displacement of the steel tower and a decrease in
the natural frequency for the wind turbine system. To improve the fatigue life of the concrete around
the steel ring under the precondition of not destroying the original foundation, a strengthening
method using a circumferential prestressing technique is proposed in this paper. A series of numerical
analyses were carried out to analyze the stress state change in the foundation concrete before and
after strengthening. The fatigue life of the concrete above the T-shaped plate was evaluated according
to CEB-FIP model code (fib Model Code for Concrete Structures 2010). The results show that the
strengthening method can effectively decrease the fatigue stress amplitude and improve the fatigue
life of the concrete above the T-shaped plate.

Keywords: wind turbine; embedded-ring foundation; circumferential prestress; fatigue life; finite
element method

1. Introduction

Due to climate change and the desire to preserve fossil energy resources, wind energy has received
worldwide interest and wind power has become one of the fastest-growing sources of energy in the
world. Wind turbines are playing a significant role in the infrastructure development of many countries
and regions. The global cumulative installed wind capacity reached 539.1 GW by the end of 2017. In
China, onshore wind turbines have been rapidly increasing over the past ten years as the Chinese
government attempts to meet its renewable energy targets. In earlier years, the steel towers of wind
turbine systems were usually connected by embedding steel rings into concrete foundation piers.
However, embedded depths are usually too shallow to provide sufficient constraint stiffness for steel
towers. Under the high-cycle fatigue loading induced by a wind turbine’s normal operation, higher
fatigue stress occurs on the steel tower, the concrete foundation, and other structural components [1].
Therefore, different damage types have recently occurred in a large number of existing onshore concrete
foundations with embedded steel rings as the connection method with the steel towers, such as surface
cracks (Figure 1a), concrete leaching (Figure 1b), gaps between the steel ring and the foundation pier
(Figure 1c), and cracking above the T-shaped plate of the insert ring (Figure 1d). Excluding thermal
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and drying shrinkage cracking during the production process or in the foundation’s early age, the
damage causes of embedded-ring wind turbine foundations may have different origins such as fatigue
loading, low strength concrete, unreasonable structural design, poor workmanship, structural defects,
and so on [2]. The occurrence and development of damage signs in embedded-ring wind turbine
foundations are often a slow process over years or even months. The interface concrete around the
steel ring is constantly ground up under the dynamic loading of the wind turbine system because
of the insert ring’s structural defects. Rainwater penetrates into the gaps and leads to tiny grains of
concrete leaching, as shown in Figure 1b. At present, the damages in embedded-ring foundations
have entered a centralized period of considerable increase in China. In some extreme cases, the gaps
between embedded-ring and concrete foundations have exceeded more than 20 mm that will lead to
the catastrophic collapse of turbines if the gaps and cracks cannot be handled in a timely and reasonable
manner. The field investigations in some wind farms show that embedded-ring foundation damages
are an urgent and widespread issue which must be taken seriously.
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In recent years, some researchers have paid more attention to the common quality defects of 
embedded-ring foundations for wind turbine systems. Currie et al. [3] presented an assessment of 
embedded-ring foundation failure modes in large onshore wind turbines and proposed a novel 
condition-based monitoring solution to aid in the early warning of failure. Fan et al. [4] proposed a 
simplified fatigue analysis approach to assess the fatigue strength of the steel ring in an embedded-
ring foundation according to the Chinese Classification Society specification. Kang et al. [1] analyzed 
the stress distribution in the foundation concrete near the steel ring and found that the gap between 
the steel ring and the concrete foundation increased the distinct stress, while the stress level increased 
with the increasing gap. Currie et al. [5] developed a wireless structural integrity monitoring 

Figure 1. Damages of an embedded-ring foundation. (a) Surface cracks; (b) Concrete leaching; (c) Gaps;
(d) Visual detection in a bore hole: cracking above the T-shaped plate.

In recent years, some researchers have paid more attention to the common quality defects of
embedded-ring foundations for wind turbine systems. Currie et al. [3] presented an assessment
of embedded-ring foundation failure modes in large onshore wind turbines and proposed a novel
condition-based monitoring solution to aid in the early warning of failure. Fan et al. [4] proposed a
simplified fatigue analysis approach to assess the fatigue strength of the steel ring in an embedded-ring
foundation according to the Chinese Classification Society specification. Kang et al. [1] analyzed the
stress distribution in the foundation concrete near the steel ring and found that the gap between the
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steel ring and the concrete foundation increased the distinct stress, while the stress level increased with
the increasing gap. Currie et al. [5] developed a wireless structural integrity monitoring technique to
monitor the stability of wind turbines by measuring the displacement pattern and subsequently alerting
authorities of any significant movement of the embedded ring. Huang [6] proposed a nondestructive
testing technique to detect the concrete quality of the interface between the embedded ring and the
foundation pier using an ultrasonic method combined with engineering practice. Bai et al. [7] presented
a numerical study on the fatigue behavior of the embedded-ring foundation of onshore wind turbines.
Liu and Yang [8] investigated the interaction of the steel ring and the concrete foundation by numerical
simulation and found that the studs welded onto the steel ring can increase the contact between the
steel ring and the foundation concrete. Lyu et al. [9] found that the strength of steel bars threaded
through the holes on the wall of the steel ring could not satisfy the shear strength of the foundation and
that strengthening measures should be taken in design. Fatigue failure is also a significant failure mode
for offshore wind turbines. Braithwaite and Mehmanparast [10] examined the effect of the connecting
bolts’ tightening sequence on preload level maintenance by three different analyses.

The retrofitting measure most commonly used in embedded-ring foundations is to drill holes
on the top surface of foundation piers and pump cement slurry to fill gaps and cracks. This method
can have an immediate strengthening effect, but the gaps and cracks will occur again in a short
time because the force transmission mechanism between the steel embedded-ring and the concrete
foundation pier is not changed. Kang et al. [1] proposed to add annular beams on the top surface of the
original foundation pier to improve the compressive stress distribution between the steel embedded
ring and the concrete foundation after the cracks and gaps were repaired by pumping cement slurry.
The numerical results showed that this strengthening measure can effectively increase the surface
strength of the foundation pier but limitedly decrease the local stress of concrete near the T-shaped
plate. He et al. [11] developed a retrofitting strategy for the deficient foundation using an external
prestressing technique, in which six girders were installed on the top surface of the foundation pier
and prestressed anchor bolts were arranged symmetrically on both sides of the girders. The numerical
results showed that the implementation of prestressing loads can reduce the width of cracks near the
T-shaped plate. However, this strengthening method requires the drilling of many holes on the top
surface of the concrete foundation pier, and reinforcing bars in the concrete must be cut out during the
drilling process. In this study, a strengthening method by applying circumferential prestress around
the original foundation pier is proposed to improve the stress state of concrete around the insert
ring without destroying the original foundation. A series of numerical analyses were carried out to
investigate the stress state change in the foundation concrete around the insert ring. The changes in
fatigue stress amplitudes before and after strengthening were compared to show the change in fatigue
life of the foundation concrete.

2. Design Concept of the Circumferential Prestressed Strengthening Method

Embedded column footing is widely used in steel frame structures because of its advantages of
constructive convenience and high bending stiffness, in which the overturning moment acting on
the steel frame column base is mainly resisted through the lateral pressure provided by the concrete
foundation contacting with the lateral sides of the steel frame column. The axial force acting on the
steel column base is transferred to the foundation concrete by contacting with the base plate below. In
order to ensure the transfer mechanism, as shown in Figure 2a, the depth of the tubular steel column
embedded in the concrete foundation or column should not be less than 3 times its outer diameter [12].
Sufficient shear studs should be welded onto the surface of the embedded steel column to obtain an
excellent binding force.

The embedded-ring wind turbine foundation, in which the steel ring connected to the bottom
flange of the steel tower is embedded into the concrete foundation pier, is similar to an embedded
frame column footing in appearance and structural form. However, because the relative depth of the
steel ring embedded in the concrete foundation is much less than that of the steel column embedded in
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the concrete foundation or column, the transfer mechanisms of the ultimate bending capacity are very
different between these two forms of embedded foundations. The diameter of the tubular tower base
for megawatt wind turbines is generally greater than 4 m and the embedded depth of the steel ring in
the wind turbine foundation is usually between 1.2 m and 2 m. Therefore, the ratio of the embedded
depth to the diameter of the steel ring is lower than 0.5, which is much smaller than the requirements
in JGJ99-2015 [12]. Reinforcing bars are usually threaded through the holes on the steel ring’s wall to
further strengthen the connection between the steel ring and the concrete foundation. In general, no
studs are welded onto the steel ring’s wall because most wind turbine companies consider that it has a
negative effect on the steel ring’s fatigue strength. Therefore, the overturning moment acting on the
tower base is resisted by the anchoring effect of the T-shaped plate and the lateral pressure provided
by the foundation concrete contacting with the steel ring, as shown in Figure 2b.Energies 2020, 13, x FOR PEER REVIEW 4 of 18 
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Figure 2. Transfer mechanism of the ultimate bending capacity for an embedded foundation. (a) Steel
insert column; (b) Steel insert ring.

Figure 3 shows the reinforced concrete beam-slab foundation of a wind turbine, in which the steel
tower is connected to the foundation by means of an embedded steel ring. Obvious gaps and cracks
occurred on the top surface of the foundation pier and the steel tower swayed noticeably after the
wind turbine operated for only 20 months. During the field investigation, it was found that rainwater
had permeated into the gaps and cracks between the concrete foundation and the steel ring. The flow
of water around the steel ring and through the holes on its wall was induced due to the pumping
effect caused by the dynamic loading and then led to the leaching of the concrete and the mortar in
the transition zones between the steel ring and the concrete foundation. It was also found that there
were no studs welded onto the steel ring’s wall which was connected to the concrete foundation pier
only through the reinforcing bars threading through the holes. The local pressure stress of the concrete
on and beneath the T-shaped plate as well as on the top edge of the steel ring was relatively large.
Under alternating loads, the concrete located at the interface between the steel ring and the concrete
foundation pier was ground up, resulting in gradually increasing gaps between them. After drilling
holes from the top surface of the foundation pier to the area above the T-shaped plate, cracks were
observed on the lateral walls of the holes using an endoscope, as shown in Figure 1d.
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Figure 3. Structure of an embedded-ring foundation.

The fatigue life of concrete mainly depends on the stress level and the stress amplitude of concrete
under the action of fatigue loading [13], and then it can be improved by decreasing their values.
Prestressing is a mature technique of introducing a predetermined stress into the reinforced concrete
structure to improve its behavior. The cracking of the concrete structure can be reduced or avoided
by pre-compression, providing the ability to resist the crack-inducing tensile stresses generated by
in-service loading, and then the fatigue life can be enhanced because the cyclic stress amplitude is
reduced [14]. In this paper, a circumferential prestressing technique is proposed to exert on the pier of
the beam-slab spread foundation. Beforehand, the gaps and cracks on the foundation pier should be
filled and repaired using high strength epoxy resin with better elasticity than concrete. In order to
reduce the pressure stress of the concrete on and beneath the T-shaped plate, the overturning moment
resisted by the lateral pressure of the foundation pier contacting with the steel ring should be increased
by increasing the embedded depth of the steel ring. Because the bolts of the bottom flange may become
loose during the wind turbine’s operation, regular inspections should be carried out over the whole
service life. Therefore, the concrete foundation pier is proposed to be heightened to the bottom flange
of the steel tower by planting reinforcing bars as far as possible, thereby increasing the embedded
depth of the steel ring in the wind turbine foundation. Finally, the circumferential prestressed steel
strands are arranged on the lateral surface of the column pier to remove or reduce the tensile stress
generated by external loads, as shown in Figure 4.
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For a circular cross-section as shown in Figure 5, the radial compressive stress f generated in
concrete by applying circumferential prestress can be obtained from Equation (1) according to the
equilibrium condition:
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where ∆d is the spacing between steel strands, p is the value of pretension force, and D is the diameter of
the circular cross-section. The edge stress in the tension zone of the foundation pier can be determined
according to Equation (2) for meeting the first-level cracking control requirements in the Code for
Design of Concrete Structures (GB50010-2010) [15]:

σtk − σpc ≤ 0, (2)

where σtk is the maximum principle stress at the edge of the concrete foundation pier under the
characteristic value of load combination and σpc is the edge prepressing stress of the concrete
foundation pier.

The characteristic value P1,k of gravity stress at the midpoint of the cantilever foundation slab on
the windward side can be calculated according to Equation (3):

P1,k =
Gk
A
−

ac − r1 − (r1 + r2)/2
ac

Pk,max, (3)

where Gk is the characteristic value of self-weight including foundation and soil, Pk,max is the
characteristic value of the maximum base reaction, A is the area of the foundation slab; r1 and
r2 are the radius of the circular foundation slab and the foundation pier, respectively, and ac is the
width of the compression zone of the foundation slab [16].

The characteristic value of the windward-side moment in the radial direction of the foundation
slab at the root of the foundation pier can be calculated by Equation (4) [17]:

MR,k =
P1,k

3(r1 + r2)

(
2r3

1 − 3r2
1r2 + r3

2

)
. (4)

The standard value of the maximum tensile stress at the edge of equivalent section is as follows:

σtk =
MR,k

I/ymax
, (5)

where I is the moment of inertia of the section and ymax is the distance between the neutral axis and the
edge of the tension zone under bending condition.

To ensure the foundation pier under the three-dimensional pressure state, the edge prepressing
stress of the concrete foundation pier σpc is taken to be 1.2σtk, in which the losses of prestressing
stress due to short-term relaxation, anchorage slip, elastic deformation of concrete, friction, etc., are all
included. The initial prestressing force p of each strand applied to the foundation pier immediately
after tensioning and anchoring should be calculated by Equation (6):

P =
σpc∆dD

2
. (6)

3. Numerical Analysis

3.1. Finite Element Model

The numerical simulation was carried out to investigate the strengthening effect of the
circumferential prestressed technique on the embedded-ring wind turbine foundation. The
three-dimensional numerical model of the beam-slab foundation (shown in Figure 3) was developed
by using the general finite element analysis software ABAQUS (2018, Dassault Systemes S.A., Paris,
France), as shown in Figure 6. Only half of the global model, in which the soil below the foundation
base is included and the lateral soil of the foundation is neglected, was built considering that the loads,
constraints, and structures were all symmetric with respect to the wind direction. The foundation
concrete, the steel ring, and the ground soil were all modeled with C3D8R elements, and the reinforcing
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bars were represented by T3D2 elements. The radial and circular directions of the foundation pier
were 54 and 24 units, respectively. Grid refinement was performed on the T-plate and the concrete of
the foundation pier in contact with the T-plate. Specific numbers of component meshing are listed in
Table 1. The contact surfaces between the foundation and the soil as well as between the steel ring
and the foundation pier were modelled as Coulomb contact constraint. The contact surfaces both
between concrete and concrete and between steel and concrete were assumed to be hard contact. The
friction functions were set as penalty functions, in which the friction coefficients were set to 0.3 and 0.4,
respectively. The reinforcing bars were embedded directly into the concrete. The width and the depth
of the soil were, respectively, taken 4 times and 3 times the diameter of the foundation. The bottom
segment of the tower with a height of 4.3 m was included in the numerical model in order to apply
the external loads. The fixed constraints were applied on the bottom of the soil. A reference point
was established on the center of the top circle of the tower segment, coupling its three translational
degrees of freedom with those of all nodes at the top end of the tube wall in x, y, and z directions. The
bending moment, torque, and vertical force under different operational cases (as shown in Table 2)
were applied on the reference point.
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Table 1. Element number of different components.

Component Type Element Number

Solid ground 7360
Steel bars 33,278

Foundation 38,808

Table 2. Forces at the tower base under different load cases.

Load Conditions Mr/(kN·m) Mz/(kN·m) Fr/kN Fz/kN

Extreme load case 66,863 −3385 915 −3298
Normal operational case 42,681 751 561 −4124

Peak value of fatigue load 24,632 1553 315 −2993
Valley value of fatigue load 2197 −1231 43 −3068

The strength grade of concrete is C30. The concrete damaged plasticity (CDP) model in ABAQUS,
which was determined according to the damage plasticity model proposed in the literature [18,19],
was adopted as the constitutive model, as shown in Figure 7. The differences between tensile cracking
and compressive crushing of the concrete material can be considered in this model. The strength grade
of reinforcing bars is HRB400. The steel ring and the tower segment were made of Q345B. The ideal
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elastic–plastic model was used for the reinforcing bars, the tower segment, and the steel ring. The
linear elastic constitutive model was used for the soil. The physical and mechanical parameters of the
concrete, steel, and soil are shown in Tables 3–5, respectively.
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Table 3. Physical and mechanical parameters of the concrete.

Strength
Grade Ec/MPa µ ftk/MPa fck/MPa ρ/(kg m−3)

C30 30,000 0.2 2.01 20.1 2500

Table 4. Physical and mechanical parameters of the steel.

Strength Grade Es/MPa µ fy/MPa ρ/(kg m−3)

HRB400 200,000 0.30 360 7850
Q345B 206,000 0.30 345 7850

Table 5. Physical and mechanical parameters of the soil.

Soil Layer Es/MPa µ Fsk/kPa ρ/(kg m−3)

Completely
weathered shale 30 0.2 200–250 2092

3.2. Numerical Results

3.2.1. Extreme Load Case

The maximum principal stress and the maximum principal strain of the foundation concrete
before strengthening under the extreme load case are shown in Figure 8. From Figure 8a, it can be
seen that the maximum principal stress of the windward-side concrete in the foundation pier before
strengthening reached the characteristic tensile strength 2.01 MPa of concrete, which means the concrete
at these zones cracked. The numerical results are consistent with the observed phenomena in the
field investigation that many cracks appeared on the windward-side top surface of the foundation
pier. Meanwhile, serious stress concentration phenomena occurred in the windward-side concrete on
both lateral sides of the T-shaped plate, where the maximum principal stresses had not reached the
characteristic tensile strength of concrete. However, from Figure 8b, it can be seen that the maximum
principal strain at these local zones was greater than the cracking strain 8.36 × 10−5, which is the strain
value corresponding to the peak tensile stress, as shown in Figure 8b. It should be noted that no steel
bars were planted around the steel ring except the reinforcing bars passing through the holes because
the foundation pier concrete was separated by the insert ring. That is to say that cracks may appear
in the concrete of these zones under the extreme load case. The stiffness degradation and damage
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failure in concrete led to a decrease in the tensile stress. The cracking zone shows an obvious trend of
expanding outward from the foundation pier. The maximum principal stress of a large zone on the
leeward-side foundation slab reached the characteristic tensile strength 2.01 MPa of concrete. That is to
say that the concrete in this zone may crack. The foundation slab with cracks still holds a relative high
bearing capacity because of the restriction provided by reinforcing bars.

Energies 2020, 13, x FOR PEER REVIEW 10 of 18 

 

cracks still holds a relative high bearing capacity because of the restriction provided by reinforcing 
bars. 

 

 

 
(a) (b) 

Figure 8. Maximum principal stress and strain of foundation concrete before strengthening under the 
extreme load case. (a) Maximum principal stress; (b) Maximum principal strain. 

The maximum principal stress and the maximum principal strain of the foundation concrete 
after strengthening under the extreme load case are shown in Figure 9. From Figure 9a, it can be seen 
that the maximum principal stress of the windward-side concrete in the foundation pier was 
significantly reduced and the foundation pier was almost in the three-dimensional pressure state. 
Even though the tensile stresses still appeared in some local zones on the top surface of the foundation 
pier, their value was reduced to far below the characteristic tensile strength of concrete. However, it 
should be noted that the strengthening method to improve the stress concentration caused by the 
structural defects of the T-shaped plate was invalid. From Figure 9b, it can be seen that the maximum 
principal strain values of the windward-side concrete on and beneath the T-shaped plate and the 
leeward-side concrete outside the T-shaped plate were greater than the cracking strain 8.36 × 10−5. 
This means the cracks still appeared in the concrete of these zones because of the structural defects 
of the T-shaped plate. However, the plastic zone was significantly reduced because of the application 
of the circumferential prestress and the increase in the embedded depth of the steel ring. In addition, 
it should be noted that the leeward-side tensile stress of the foundation slab had no obvious change 
because the circumferential prestressing was only applied to the foundation pier. Therefore, the 
strengthening effectiveness of the circumferential prestressing on the foundation slab was not 
included in the present study. 

  
(a) (b) 

Figure 9. Maximum principal stress and strain of foundation concrete after strengthening under the 
extreme load case. (a) Maximum principal stress; (b) Maximum principal strain. 

Figure 8. Maximum principal stress and strain of foundation concrete before strengthening under the
extreme load case. (a) Maximum principal stress; (b) Maximum principal strain.

The maximum principal stress and the maximum principal strain of the foundation concrete after
strengthening under the extreme load case are shown in Figure 9. From Figure 9a, it can be seen that
the maximum principal stress of the windward-side concrete in the foundation pier was significantly
reduced and the foundation pier was almost in the three-dimensional pressure state. Even though the
tensile stresses still appeared in some local zones on the top surface of the foundation pier, their value
was reduced to far below the characteristic tensile strength of concrete. However, it should be noted
that the strengthening method to improve the stress concentration caused by the structural defects
of the T-shaped plate was invalid. From Figure 9b, it can be seen that the maximum principal strain
values of the windward-side concrete on and beneath the T-shaped plate and the leeward-side concrete
outside the T-shaped plate were greater than the cracking strain 8.36 × 10−5. This means the cracks
still appeared in the concrete of these zones because of the structural defects of the T-shaped plate.
However, the plastic zone was significantly reduced because of the application of the circumferential
prestress and the increase in the embedded depth of the steel ring. In addition, it should be noted that
the leeward-side tensile stress of the foundation slab had no obvious change because the circumferential
prestressing was only applied to the foundation pier. Therefore, the strengthening effectiveness of the
circumferential prestressing on the foundation slab was not included in the present study.

Energies 2020, 13, x FOR PEER REVIEW 10 of 18 

 

cracks still holds a relative high bearing capacity because of the restriction provided by reinforcing 
bars. 

 

 

 
(a) (b) 

Figure 8. Maximum principal stress and strain of foundation concrete before strengthening under the 
extreme load case. (a) Maximum principal stress; (b) Maximum principal strain. 

The maximum principal stress and the maximum principal strain of the foundation concrete 
after strengthening under the extreme load case are shown in Figure 9. From Figure 9a, it can be seen 
that the maximum principal stress of the windward-side concrete in the foundation pier was 
significantly reduced and the foundation pier was almost in the three-dimensional pressure state. 
Even though the tensile stresses still appeared in some local zones on the top surface of the foundation 
pier, their value was reduced to far below the characteristic tensile strength of concrete. However, it 
should be noted that the strengthening method to improve the stress concentration caused by the 
structural defects of the T-shaped plate was invalid. From Figure 9b, it can be seen that the maximum 
principal strain values of the windward-side concrete on and beneath the T-shaped plate and the 
leeward-side concrete outside the T-shaped plate were greater than the cracking strain 8.36 × 10−5. 
This means the cracks still appeared in the concrete of these zones because of the structural defects 
of the T-shaped plate. However, the plastic zone was significantly reduced because of the application 
of the circumferential prestress and the increase in the embedded depth of the steel ring. In addition, 
it should be noted that the leeward-side tensile stress of the foundation slab had no obvious change 
because the circumferential prestressing was only applied to the foundation pier. Therefore, the 
strengthening effectiveness of the circumferential prestressing on the foundation slab was not 
included in the present study. 

  
(a) (b) 

Figure 9. Maximum principal stress and strain of foundation concrete after strengthening under the 
extreme load case. (a) Maximum principal stress; (b) Maximum principal strain. 
Figure 9. Maximum principal stress and strain of foundation concrete after strengthening under the
extreme load case. (a) Maximum principal stress; (b) Maximum principal strain.



Energies 2020, 13, 533 11 of 17

From Figure 10, it can be seen that the stress of the steel bar at the cantilevered plate on the
windward side before strengthening reached 400 MPa, which means it entered a plastic phase; as a
contrast, the stress of the steel bar at the cantilevered plate after strengthening was 250 MPa. The stress
of reinforcement has a significant decrease of 37.5%.
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Figure 10. Von Mises stress of steel bar before and after strengthening under the extreme load case.
(a) Von Mises stress of steel bar before strengthening (MPa); (b) Von Mises stress of steel bar after
strengthening (MPa).

Damage refers to a deterioration of the material’s properties under monotonic or repeated loading
conditions. Damage factor is used to measure the degree of material damage. The value ranges from
0 to 1, where 0 means no damage to the material and 1 means complete loss of strength. The concrete
damaged plasticity (CDP) model used in the finite element analysis in this paper can simulate the
damage and failure behavior of concrete under load. From Figure 11, it can be seen that the concrete
on the windward-side pier before the strengthening had obvious tensile damage, and the damage of
the concrete after the strengthening was significantly improved.
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3.2.2. Normal Operational Case

The maximum principal stress and the maximum principal strain of the foundation concrete before
and after strengthening under the normal operational case are shown in Figure 12. From Figure 12a,
it can be seen that the maximum principal stress of the windward-side concrete in the foundation
pier near the T-shaped plate before strengthening did not exceed the characteristic tensile strength of
concrete. However, from Figure 12b, it is obvious that the maximum principal strain near the T-shaped
plate was greater than the cracking strain, although the plastic zone was significantly smaller than that
under the extreme load case. That is to say that cracks may appear in the concrete of these zones under
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the normal operational case due to the structural defects of the T-shaped flange plate. This can explain
why the concrete above the T-shaped plate of the insert ring showed cracks after one or two years
of operation, as shown in Figure 1d. From Figure 12c,d, it can be seen that the stress concentration
phenomena still existed in the concrete around the T-shaped plate after strengthening, but the plastic
zone was significantly reduced.
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3.2.3. Peak Value and Valley Value of Fatigue Loading

The maximum principal stress and the minimum principal stress of the foundation concrete
before and after strengthening under the peak value of fatigue loading are shown in Figure 13. From
Figure 13a,c, it can be seen that the stress concentration phenomena before strengthening were most
serious in the concrete around both the windward-side and leeward-side T-shaped plate due to its
structural defects. From Figure 13b,d, it is clear that the minimum principal stress of the foundation
pier on the windward side after strengthening changed from tension to compression, and the whole
foundation pier was basically in the three-dimensional pressure state except for some local zones near
the T-shaped plate. Both the tensile stress and the compressive stress of the foundation pier were lower
than the characteristic compressive strength of concrete. From the comparison of the compressive
stress above the T-shaped plate before and after strengthening, as shown in Figure 14a, we can see that
the windward-side maximum principal stress above the T-shaped plate was evidently reduced.
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The maximum and minimum principal stress of the foundation concrete before and after
strengthening under the valley value of fatigue loading are shown in Figure 15. From Figure 15c,d, we
can see that the maximum principal stress of the foundation pier after strengthening was significantly
reduced and the minimum principal stress of the foundation pier changed from tension to compression.
The whole foundation pier was in the three-dimensional pressure state and the stress concentration
phenomena near the windward-side T-shaped plate were no longer apparent. The comparison of the
compressive stress above the T-shaped plate before and after strengthening is shown in Figure 14b,
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from which it can be seen that the compressive stress of concrete above the T-shaped plate after
strengthening increased approximately from 0.2 MPa to 1.2 MPa.Energies 2020, 13, x FOR PEER REVIEW 14 of 18 
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4. Fatigue Strength Calculation

Wind-induced fatigue is a random variable amplitude fatigue problem under the variable loading
of a wind turbine system [13]. The variable amplitude load spectrum is a relatively precise method for
analyzing the fatigue resistance of structural components [4]. Generally, variable amplitude loads can
be obtained through two methods. One is to obtain the load spectrum with the help of existing similar
structures or numerical models under various load cases; the other is to estimate the variable amplitude
load spectrum according to damage theories and engineering experiences. However, the variable
amplitude load spectrum is difficult to apply in practical engineering design because of its high time
cost. The fatigue resistant design based on the constant amplitude load equivalently generated by the
variable amplitude load spectrum is a simple, rapid, and comparatively accurate method [20–22]. In
this paper, the fatigue analyses and verification of the embedded-ring foundation were carried out
according to the equivalent fatigue damage load method.

According to the Design regulations on subgrade and foundation for wind turbine generator
system (FD003-2007) [23], the fatigue strength calculation of materials for wind turbine foundation
should meet the requirements of the Code for Design of Concrete Structures (GB 50010) [15]. In
GB50010, the fatigue strength of steel bar and concrete are determined according to the largest acting
amplitude corresponding to 2 × 106 circles under randomly variable actions such as wind, waves,
traffic, etc. However, the required design life of a wind turbine system is generally 20 years, during
which time the number of operational load cycles to failure should be 1 × 107 times. The accepted
design code of wind turbine systems by manufacturers is the Guideline for the Certification of Wind
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Turbines compiled by Germanischer Lloyd WindEnergie GmbH [24], in which CEB-FIP (fib Model
Code for Concrete Structures 2010) [25] is suggested to be applied for the fatigue verification of concrete.

The calculation of fatigue life of a concrete structure within the design life has been given by
the CEB-FIB Model Code [25], where the fatigue life of concrete under equivalent fatigue load can
be calculated according to the concrete stress level. This method can be used to check the fatigue
strength of concrete under different equivalent cycle times. The fatigue life of the concrete outside the
embedded-ring and above the T-shaped plate can be calculated by Equation (7):

fck, f at = βcc(t)βc,sus(t, t0) fck(1− fck/400), (7)

where βcc is the coefficient which depends on the age of the concrete t in days when fatigue loading
starts; βc,sus(t, t0) is a coefficient which takes into account the effect of high mean stresses during
loading, and for fatigue loading it may be taken as 0.8; and fck is the standard value of concrete
compressive strength.

The compressive stress level and the stress level range of concrete can be calculated by
Equations (8)–(10):

Sc,max =
∣∣∣σc,max

∣∣∣/ fck, f at, (8)

Sc,min =
∣∣∣σc,min

∣∣∣/ fck, f at, (9)

∆Sc =
∣∣∣Sc,max

∣∣∣− ∣∣∣Sc,min
∣∣∣, (10)

where σc,min is the minimum compressive stress of concrete, σc,max is the maximum compressive stress
of concrete, Sc,max is the maximum compressive stress level, Sc,min is the minimum compressive stress
level, and ∆Sc is the stress level range.

The number N of cycles causing fatigue failure of concrete may be estimated from
Equations (11)–(14):

log N1 =
8

(Y − 1)
· (Sc,max − 1), (11)

log N2 = 8 +
8 · ln(10)
(Y − 1)

· (Y − Sc,min) · log
(

∆Sc

Y − Sc,min

)
, (12)

log N =

{
log N = log N1 log N1 ≤ 8
log N = log N2 log N1 > 8

, (13)

Y =
0.45 + 1.8 · Sc,min

1 + 1.8 · Sc,min − 0.3 · S2
c,min

. (14)

The fatigue requirements under cyclic loading will be met if the required lifetime (number of
cycles) is less than or equal to the number of cycles to failure:

log N ≥ 7. (15)

The compressive stress and the fatigue strength of concrete above the windward-side T-shaped
plate before and after strengthening are shown in Table 6, from which it can be seen that the compressive
stress of concrete above the windward-side T-shaped plate was significantly increased under the valley
value of fatigue loading and decreased under the peak value of fatigue loading. Therefore, the fatigue
stress amplitude was reduced and the fatigue life of concrete above the windward-side T-shaped plate
could be improved.
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Table 6. Fatigue verification of concrete above the windward-side T-shaped plate.

Calculation Results Before Strengthening After Strengthening

Compressive stress at the upper corner under the peak
value of fatigue loading σc,max (MPa) 6.39 3.89

Compressive stress at the upper corner under the valley
of fatigue loading σc,min (MPa) 0.21 1.23

Coefficient which depends on the age of the concrete t in
days when fatigue loading starts βcc

1.0 1.0

Design fatigue reference strength for concrete under
compression fcd,fat (MPa) 15.27 15.27

Maximum compressive stress level Sc,max 0.42 0.25
Minimum compressive stress level Sc,min 0.01 0.08

Stress range ∆Sc 0.41 0.17
logN 6.88 (less than 7) 12.5

Whether or not meet the requirements of fatigue design? No Yes

5. Conclusions

With respect to the traditional and widely used foundation form for wind turbine towers, severe
damages have occurred in a large number of wind farms in recent years. The common damages
induced by the steel ring’s structural defects, such as the stress concentration around the T-shaped
plate and cracking on the top surface of the foundation pier, were verified through numerical analyses.
For this paper, a circumferential prestressing technique was proposed to improve the common defects
of the wind turbine foundation with an embedded-ring as the foundation–tower connection. The
numerical analyses of a reinforced concrete beam-slab foundation were performed to investigate the
stress and strain distribution of the foundation under different load cases. The numerical results
indicate that the proposed strengthening method can effectively inhibit the development of the
windward-side tensile plastic zone, although the stress concentration phenomena still existed in the
concrete around the T-shaped plate after strengthening. The windward-side maximum principal
stress in the concrete foundation pier was significantly reduced and the foundation pier was almost
in the three-dimensional pressure state under the extreme load case. The fatigue stress amplitude
of the concrete above the windward-side T-shaped plate was reduced, and its fatigue life can thus
be improved after strengthening. Moreover, the circumferential prestressing technique is effective in
reducing the tensile stress of concrete on the top surface of the foundation pier and improving the
cracking phenomenon in that zone.
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