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Digital Twin-Based Deterioration Prognosis of Steel 

Wind Turbine Towers in Modular Energy Islands 

Junlin Heng1,2 | Jiaxin Zhang3 | Sakdirat Kaewunruen1 | You Dong3| Charalampos Baniotopoulos1 

1 Introduction 

The EU Green Deal pledged to a clean, sustainable and 

carbon-neutral economy powered by renewable ener-

gies[1][2]. Along with the escalating global energy crisis, 

the offshore wind power is becoming even crucial due to 

its matureness, feasibility and robustness. For instance, 

the EU has announced plans for 25 times increase in Off-

shore Wind by 2050, demanding rooted innovation in Wind 

Energy[3][4]. Moreover, UK plans to increase the offshore 

wind capacity to an ambitious goal of 50 GW by 2030[5]. 

Thus, the concept of modular energy island (MEI)[6] is 

proposed as a promising solution to exploit the plentiful 

and stable wind source at deep-waters, combined with 

other types of renewable energies, as shown in Figure 1. 

Compared with the traditional wind farm, the wind turbine 

tower on MEIs exposes to the coupled deterioration of 

load-induced fatigue and environment-assisted corrosion, 

i.e., the corrosion fatigue (C-F) [7].

As a matter of factor, wind turbine towers are highly prone 

to wind-induced fatigue at critical connections [8][9]. Thus, 

sudden and premature fracture will be further risked in 

floating wind turbine towers due to excessive C-F deterio-

ration after exploitation for years. Especially, if the con-

nection is at the critical point, the C-F failure may lead to 

serious incidents, such as the Collapse of Alexander Kiel-

land offshore platform [18]. To sum, corrosion fatigue 

posts challenges on the structural integrity of MEIs and 

controlling their service life. 

Real-time monitoring of wind-wave loads on FOWT struc-

tures becomes gradually possible with the implementation 

of emerging measurement tools such as the floating LiDAR 

[10]. This offers a promising possibility for digital twin (DT) 

[11] of deteriorating FOWT structures. The concept of DT

originates from the automotive and manufacturing indus-

tries, which means integrating physical entities into the

digital space [12]. In the civil sector, DT can be regarded

as a development from building information modelling

(BIM) to explore add-values of data, with further emphasis

on the interoperability between physical and digital via

data flows [13]. Apart from the general concept, DT in
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practice can be approached with various focuses, e.g., de-

sign [14], construction [15], prognosis [16] and manage-

ment [17]. Although the framework of DT is becoming ma-

ture as evidenced by the above efforts, a compelling need 

still exists in the site data-based deterioration prognosis 

tailored to FOWT structures, which is the core pillar of the 

deterioration-focused DT. Thus, an effective and dynamic 

prognosis approach is deemed essential to achieve a bet-

ter understanding of the up-to-date and future deteriora-

tion state of the wind turbine towers on MEIs, by integrat-

ing the site-specific data in a DT-based manner. 

The present work devotes to provide novel insights into 

the corrosion fatigue deterioration of floating wind turbine 

towers, by integrating measured data and theoretical 

models via a digital twin-based approach. The following 

context is organised as below: section 2 illustrates the 

general methodology framework of the digital twin-based 

prognosis, including the mechanism modelling, multi-

physics simulation and corrosion estimation; The major 

findings are discussed in section 3. Finally, key conclusions 

are drawn in section 4, along with future suggestions. 

 

Figure 1 Corrosion-fatigue coupled deterioration of bolts in wind turbine towers on Modular Energy Islands (MEIs)[6][19]  

2 Methodology: digital twin-based prognosis 

2.1 Probabilistic corrosion fatigue model  

As indicated in Fig. 1, high-strength bolts in ring-flanges 

of the wind turbine tower are highly prone to cracking and 

fracture as it exposed to the C-F coupled deterioration [20]. 

High-strength bolts in ring-flanges demonstrates three 

major potential failure sites under fatigue loading [21], i.e., 

the head-to-shank radius (Mode-1), root of the first en-

gaged thread (Mode-2) and run-off of threads (Mode-3). 

As suggested by [22], in case of the in-air fatigue loading, 

the possibility of occurrence is respectively 0.15, 0.2 and 

0.65 in the Mode-1, Mode-2 and Mode-3. Thus, a proba-

bilistic corrosion fatigue (PCF) model is proposed, as 

shown in Figure 2.  

   

Figure 2 Probabilistic corrosion-fatigue model  

In general, the corrosion fatigue evolution could be divided 

into three stages according to the cracking-driven force, 

size and growth rate of the crack [23][24]. In the first 

stage, the crack initiates from initial flaws at the micron-

level. Due to the limited crack size, crack growth rate (CGR) 

is mainly controlled by the corrosion effect. Thus, the first 

stage is termed as the corrosion-driven stage. Meanwhile, 

fatigue still imposes a secondary effect in assisting the 

crack growth. For conservative purpose, a superposition of 

the two driven forces is assumed in solving crack growth 

rate of Stage 1[25], as illustrated in Equation 1: 
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����

��
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��
+ �

����

��
�

��
   (1) 

Where ��� denotes the crack size in Stage 1; � stands for 

the service life; the subscript “co” and “fa” represent the 

crack growth rate by corrosion and fatigue, respectively.  

Since the crack size in Stage 1 is far-below the effective 

initial flaw size (EIFS) [26], the classic fracture mechanics 

fails to offer an acceptable prediction of the crack growth 

rate without dedicate considerations of small cracks. Al-

ternative, the equivalent crack growth rate is estimated by 

the damage rate solved from the probability-stress-life (P-

S-N) model and assumption of linear damage accumula-

tion[27], as illustrated in Equation 2: 
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∙ ∑

��

[��]� �   (2) 

where �� and [��] are applied and allowance number of cy-

cles at a specific stress range, respectively; � denotes the 

loading frequency. 

As the crack reaches the EIFS, the fatigue-driven crack 

growth rate can be predicted by fracture mechanics effec-

tively [28]. The calculation of the EIFS can be determined 
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after the crack initiation limit [∆���] and the crack growth 

threshold [∆���] according to [28]. The C-F evolution then 

comes into Stage 2, i.e., competition. The crack growth 

rate will be controlled by the maximum effect between the 

corrosion and fatigue, as illustrated in Equation 3: 

����

��
= max ��

����

��
�

��
, �

����

��
�

��
�   (3) 

It is worth stating that the acceleration in fatigue by cor-

rosion should be included [29], which will be discussed in 

details later. With the further development of cracks, the 

escalating fatigue effect gradually surpass the declining 

corrosion effect. Accordingly, the C-F evolution steps into 

Stage 3 (i.e., fatigue-driven phase) until the final failure 

of bolts. In addition, the same method illustrated in Equa-

tion 3 can still be employed for Stage 3. 

As noted in Equation 2, the fatigue-induced crack growth 

rate is determined as the fatigue damage rate for crack 

initiation. The allowable number of cycles �� could be de-

termined after the tri-linear P-S-N model [27][29], as il-

lustrated in Equation 4: 

�� =

⎩
⎪
⎨

⎪
⎧ �� ∙ �

[∆��]

∆��
�

�

, ∀∆�� > [∆��]

�� ∙ �
[∆��]

∆��
�

�

, ∀[∆���] < ∆�� < [∆��]

�� ∙ �
[∆���]

∆��
�

��
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   (4) 

Where ∆�� is the applied stress range; ��  is the constant 

life limit for fatigue crack initiation (i.e., 108), correspond-

ing to [∆���]; �� and [∆��] are the first inflection point at 

5×106 cycles and associated fatigue strength, respectively.  

It is worth stating that the reference strengths are de-

pendent, as illustrated in Equation 5: 

[∆��] = �100 5⁄�
∙ [∆��] = 1.82[∆��]   (5) 

As aforementioned, the fatigue-induced crack growth rate 

can be solved by fracture mechanics after Stage 1. Accord-

ingly, the modified Paris law [29] is applied to estimate 

the crack growth rate, as illustrated in Equation 6: 

�
����,�

��
�

��
= ���� ∙ (∆�� − [∆���])�   (6) 

where ���� is the material constant of fatigue crack growth 

(FCG); ∆�� denotes the variation in stress intensity factors 

(SIFs) by the applied stress range; [∆���]  is the FCG 

threshold, below which the crack arrest occurs.  

Moreover, as aforementioned, it is crucial to incorporate 

the acceleration in fatigue by corrosion. According to IIW 

[29], the material constant ���� should be multiplied by a 

factor of 3 in marine environment. In this study, the influ-

ence of corrosivity on FCG is further refined in line with 

the classification of environment in ISO 9223 [30].The 

modified material constant ����
�  is solved by Equation 7: 

����
� = ���� ∙ (1 + 2 ∙

���

���
� )   (7) 

where ���  is the environmental corrosivity expressed in 

terms of first-year corrosion of carbon steels (��/��); ���
�  

is the benchmark value of ��� at the C5 (very high corro-

sion) environment, i.e., 200 ��/�� [30].  

The variation in SIFs ∆�� can be solved from the applied 

stress range ∆��, as illustrated in Equation 8: 

∆�� = ���� ∙ ∆������   (8) 

where �� stands for the crack depth; ���� is the crack size- 

related correction factor, of which the solution for crack in 

bolts can be found from [31].  

As discussed in Section 2.1, the high-strength bolt has 

three different fatigue-critical sites and then demonstrates 

three failure modes. In order to contain the contribution of 

all the three modes within a probabilistic framework, a 

parallel system is proposed for the failure assessment di-

agram (FAD) of bolts, as shown in Figure 3. Thus, the fail-

ure of bolts is assumed once the failure criteria is achieved 

in any of the three modes. Accordingly, the failure proba-

bility of bolts can be solved as Equation 9: 

��,���(�) = 1 − ∏ (1 − ��,�(�))�
���    (9) 

Where ��,���(�) stands for the failure probability of bolts at 

time �; ��,�(�) is the failure probability of the �-th mode. 

 
Figure 3 Failure assessment diagram (FAD) and computational proce-

dures of high-strength bolts under corrosion fatigue deterioration. 

In addition, the failure probability of each mode ��,�(�) can 

be determined by the limit stage function (LSF) consider-

ing the critical crack size, as illustrated in Equation 10: 

��,�(�) = ����[�� − ��(�) < 0]   (10) 

where ��(�) is the crack depth in the �-th mode; �� is criti-

cal crack depth, determined as 65% of the effective bolt 

diameter according to [31].  

Accordingly, Monte Carlo (MC)-based sampling can be car-

ried out to generate essential numerical samples for the 

simulation of the PCG model. Each sample can be then 

solved in a deterministic manner step-by-step, as shown 

by the flowchart in Figure 3. It is worth stating that, for 

numerical practicality, a cut-off limit is imposed on the 

maximum number of cycles, i.e., 1010 in this work.  

2.2 Corrosion modelling and estimation  

The corrosion loss in the thickness  ��� is estimated via the 
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power function model suggested in ISO 9224 [32], as il-

lustrated in Equation 10:  

��� = ��� ∙ ��  (11) 

where � is the material related power index. 

As aforementioned, the first-year corrosion loss of carbon 

steel, denoted as ���, reflects the environmental corrosivity. 

The parameter can be derived according to the empirical 

model suggested in ISO 9223 [33], as illustrated in Equa-

tion 11:  

��� = 1.77 ∙ ��
�.�� ∙ ��.�������� + 0.102 ∙ ��

�.�� ∙ ��.�������.���  (11a) 

��� = �
0.15 ∙ (� − 10), ∀� ≤ 10℃

−0.054 ∙ (� − 10), ∀� > 10℃
  (11a) 

where ��  is the average ���  deposition (in ��/��/���); 

�� is the average relative humidity (in %); �� is the aver-

age ��� deposition (in ��/��/���); � is the average tem-

perature (in ℃). 

In this study, the Gulf of Mexico is considered as typical 

application site of MEIs. Accordingly, the climate condition 

is determined via the site-specific measurement [34], as 

shown in Table 1.  

Table 1 Climate condition under investigation (adapted from [34]) 

Parameter Unit Value 

�� ��/��/��� 7.3 

�� % 86.0 

�� ��/��/��� 312.0 

� ℃ 20.6 

 

The material-related index  � is still left to be determined. 

Thus, the data from the free corrosion test of Q235-steel 

coupons have been employed [35], as illustrated in Figure 

4. Meanwhile, as indicated by the PCF model in Figure 2, 

pitting corrosion is much detrimental than the general cor-

rosion loss  ���. Accordingly, the ratio of pit depth to gen-

eral corrosion is determined as 2.0 according to the sta-

tistics by [36].  

 

Figure 4 Regression model for general corrosion loss in Q235-steel 

As a result, the depth of corrosion pits in the investigating 

environment can be predicted by Equation 12: 

����(�) = 509.8390 ∙ ��.����  (12) 

where ���� denote the depth of corrosion pits at time �.  

 

2.3 Fatigue stress by hybrid simulations 

Apart from corrosion rate, Fatigue stress in bolts is another 

crucial factor controlling the C-F evolution, which may be 

even more important. Similarly, the site-specific measure-

ment data by NDBC [34] are also employed in modelling 

the wind-wave distribution, as shown in Figure 5.  

 
(a) (b) 

Figure 5 Wind-wave model by site measurement: (a) wind rose; (b) 

wind-wave correlation. (Adapted from [34]) 

As indicated in Figure 5b, a very strong correlation exists 

between the wind speed and wave height. Thus, the un-

certainties in the wind are incorporated via the wind rose 

shown in Figure 5a, while the wave height is assumed as 

a dependent value via the correlation model shown in Fig-

ure 5b.  

The DTU 10MW reference turbine [37] is selected for the 

case study, in accordance to a floating platform anchored 

to the seabed by mooring chains proposed in [38]. The 

diameter of the 115.63 m-tall tower ranges from 8.30 m 

at the base to 5.50 m at the hub, with the thickness rang-

ing from 38 mm to 20 mm. In order to fully exploit the 

wind source, the turbine is oriented along with the winds, 

i.e., 30 degrees east by north. The multi-physics system 

OpenFAST [39] is leveraged to model the wind turbine 

system as a whole, including the turbine, tower, floating 

platform and mooring chains, as shown in Figure 6.   

 

Figure 6 Muti-physics simulation modelling by OpenFAST 

Accordingly, the time history of structural responses (e.g., 
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sectional forces) can be derived from the muti-physics 

simulation based on a specific wind speed-wave height. 

After a further transform from the sectional force to bolt 

stress by load transfer function [40], the stress history in 

bolts can be derived. Then, using cycle-counting ap-

proaches (e.g., the rain-flow method [41]), the stress 

spectra can be derived for various wind-wave conditions. 

Based on the probabilistic wind-wave distribution in Figure 

5, the general stress spectra can be established, as illus-

trated by Equation 13: 

�(∆��) = �(∆��|��, ℎ�) ∙ �(��, ℎ�)  (12) 

Where �(∆��) standards for the probability of stress range 

∆�� in the total distribution; �(∆��|��, ℎ�) is the probability 

of ∆��  conditional on the wind speed ��  and significant 

wave height ℎ�; �(��, ℎ�) is joint probability of �� and ℎ� 

shown in Figure 5. 

Figure 7 shows the final stress spectra of the critical bolt 

in the ring-flange connection, of which the detailed loca-

tion will be discussed later. Obviously, the probability 

mass decreases rapidly with the increase in the stress level. 

However, as a common practice, the high-stress region of 

small probabilities will contribute much more notably to 

the deterioration comparing with the low-stress region.  

  

Figure 7 Fatigue strength spectra of the critical bolt in the ring-flange  

3 Results and discussion 

Based on the methodology illustrated in Section 2, proba-

bilistic prognosis can be carried out on the corrosion fa-

tigue evolution of bolts by integrating the site-specific 

loads and climate conditions. According to the result, the 

design life of the critical bolt is 19.2 years under the given 

condition. Figure 8a shows the damage of bolts (i.e., 25 

representatives selected out of 150 bolts) at the bottom 

flange of the tower, after exploited for 19.2 years. In order 

to incorporate uncertainties in the probabilistic simulation, 

the damage is expressed in terms of the characteristic 

value at the survival rate of 97.7% [29]. The result indi-

cates a strong correlation between the bolt damage and 

wind direction. For instance, the critical region can be 

identified at the upwind region of strong winds, which is 

also the direction of the turbine (in order to maximise the 

power production). 

The critical region is further visualised in details in terms 

of the expected design life, as shown in Figure 8b. Appar-

ently, a list of bolts around the critical bolt is prone to 

premature failure before the design life of 25 years. As a 

result, special attentions are suggested for bolts in the up-

wind direction of strong winds, in both the design, manu-

facturing and maintenance.   

As aforementioned, the high-strength bolt shows a total of 

three failure modes. Thus, a further investigation is con-

ducted on the proportion of failure modes and associated 

evolution of probability distribution of the maximum crack 

depth, as shown in Figure 9b. The highest failure proba-

bility of 74.7% achieves under Mode-3, followed by Mode-

1 of 20.3%, while Mode-2 shows the lowest probability of 

5%. Recalling the statistics under pure fatigue by [22], as 

aforementioned in Section 2.1, a consistency can be found 

in terms of the major failure mode, i.e., Mode-3. However, 

opposite trend is found in the remain two modes due to 

the incorporation of corrosion effect.   

 
(a) Characteristic damage index 

 
(b) Expected corrosion fatigue life 

Figure 8 Characteristic value for the damage state of bolts. 

 

Figure 9 Major failure modes of bolts and associated crack growth. 

Based on the evolution of probability distributions, the 

time-variant reliability curve is derived, as shown in Figure 

10. In general, both the three failure modes demonstrate 

a non-linear decrease with time. Similarly, Model-2 (the 

run-off of threads) shows the highest reliability, followed 

by Mode-1 (the head-to-shank radius), while Mode-3 (the 

firstly engaged thread) reveals the lowest reliability. By 
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considering the limit of � = 2, the service life of the critical 

bolt is estimated as 19.2 years. It is worth noting that, if 

only Mode-3 is considered, a higher service life is predicted, 

i.e., 20.3 years. Meanwhile, in case of Mode-1, the service 

life increases beyond the design life of 25 years. Moreover, 

when only Mode-2 is accounted for, the beta index be-

comes well above the limit of 2 even after 30 years. To 

sum, although it is critical to identify the major failure 

mode of bolts under the C-F deterioration, the contribution 

by secondary modes is still apparent.  

 

Figure 10 Reliability evolution of the critical bolt. 

Further comparison is carried out between the corrosive 

and non-corrosive environment, as shown in Figure 11, to 

investigate the influence of environmental corrosion. Both 

the probability distribution and characteristic value (under 

survival rate of 97.7%) are derived. According to the re-

sult, the distribution of the C-F life transfer from a sharp 

one into a flat shape once the influence of corrosion is 

eliminated. As a consequence, the design life increases by 

almost 3 times.  

 

Figure 11 Distribution of corrosion fatigue life of the critical bolt. 

4 Conclusion and future recommendation 

This study integrates both the probabilistic corrosion fa-

tigue (PCF) model, specific measurement of wind-wave 

and climate, and multi-physics simulation to perform a 

digital twin-based prognosis of C-F deterioration status of 

high-strength bolts in the ring-flange of wind turbine tow-

ers in a modular energy island (MEI). The major conclu-

sions that can be drawn are listed below:  

(1) A very apparent correlation is found between the wind-

wave distribution and C-F states of bolts. The critical re-

gion is identified at the up-wind region of strong winds 

which is also the direction of the wind turbine. Thus, spe-

cial attention is suggested based on the prognostic results.   

(2) The high-strength bolts in a wind turbine tower on 

MEIs demonstrates 3 failure modes with different failure 

rates under the C-F deterioration. The firstly engaged 

thread shows the highest failure rate of 74.7%, followed 

by the head-to-shank radius of 20.3%, while the thread 

run-off suggests the lowest failure rate of 5.0%. Although 

it is crucial to identify the major failure mode, the contri-

bution by remaining modes should also be included.  

(3) The environmental corrosion risks a premature failure 

of bolts prior to the design life of 25 years. Under the reli-

ability target of 2, the expected design life of the critical 

bolt becomes 19.2 years, i.e., 23% less than the design 

life. Thus, particular attention is recommended for high-

strength bolts of wind turbine towers on MEIs.  

(4) The digital twin-based prognosis present in this work 

not only offers a better understanding of bolt deterioration 

by integrating multi-source data and models, but also 

highlights the possibility for condition-based maintenance 

of wind turbine towers on MEIs. In the future work, a data-

informed maintenance (DIM) plan is highly suggested 

based on the digital twin-based prognosis.  
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