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Propositions 

Accompanying the dissertation 

Assessment of bolted connections for supporting structures of 

offshore wind turbine towers 

Mechanical performance and structural health monitoring 

By 

Lu Cheng 

 

1 A finite element model that mostly accurately simulates the real situation is not the 

best one. [This proposition pertains to this dissertation]  

2 Small-scale tests are sufficient to deliver convincing results for bolted connections.  

[This proposition pertains to this dissertation]  

3 Conference discussion is the most efficient method to understand a technology’s 

pros and cons. [This proposition pertains to this dissertation] 

4 The majority of researchers view artificial intelligence techniques as tools rather 

than algorithms. [This proposition pertains to this dissertation] 

5 PhD researchers benefit from participating in as much related research as possible. 

6 Perseverance and resilience are more valuable qualities for pursuing a PhD than 

intelligence. 

7 Negative feedback during a PhD should be appreciated. 

8 A basic understanding of fatigue assists PhD students in preventing overstress 

during their studies. 

9 Ranking oneself to peers is not significant during PhD journey. 

10 Deciding what to prepare for dinner is more difficult than making a research plan. 

These propositions are regarded as opposable and defendable, and have been approved as such by the 

promotor Prof.dr. M. Veljkovic and promotor Dr. R. M. Groves. 
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design. The overall resistance of RF connections is strongly linked to the used high-
strength bolt behaviour [25,36,37]. Design standards and recommendations provide 
bolt fatigue detail category 50 (if the bending stresses are included) [37,38]. A reduction 
factor should be considered for the fatigue resistance of bolts with a diameter larger 
than 30 mm [39,40].  

  
(a) (b) 

Fig. 1-3 (a) Ring flange connection (RF); (b) Ring flange connection with defined contacts (RFD) 

Apart from the RF connection [16], the RFD connection is a concept which shows 
favourable fatigue performance. It is not used in practice to the best of the author’s 
knowledge. Nonetheless, this connection presents notable advantages worth exploring. 
The pretension bolts action is transferred through two clearly defined contact surfaces 
in RFD connections, instead of the continuous contact surfaces in RF connections (see 
Fig. 1-3). RFD connection was proposed in a Master thesis project and studied by 
Krutschinna [19]. He provided an analytical model to evaluate the bolt force evolution 
in RFD connections by FE analyses. A comparison of the mechanical behaviour between 
RF and RFD connections with different bolt types was highlighted in [41].  









 

Table 1-1 Common NDT methods 

Methods Illustration Principle Application Pros Cons 

MT  
[59] 

 

Magnetize the inspected material first 
and the discontinuity of the inspected 
specimen generates leakage of mag-

netic flux 

- Inspect the surface break, 
defects and discontinuity 

 

- Low cost 
- Portable 

- Subsurface defects 

- Only applicable for 
Ferromagnetic materials 
- Pre/post cleaning nec-

essary 
- Demagnetization re-

quired after the test 

ECT 
[60] 

 

The presence of discontinuity weak-
ens the secondary magnetic field gen-

erated by Eddy currents 

- Surface defects, cracks, 
and corrosion 

- Waviness detection 

- High speed 
- Low cost 

- No probe contact 
required 

- Only applicable to a 
conductive material 

- Surface roughness may 
affect test quality 

RT [61] 

 

Radiation passes through the in-
spected specimen and the backscatter 

data contain information about the 
changes in material properties or in-

ternal delaminations 

- Ascertain material thick-
ness or density variation 
- Access to internal non-
homogeneities within the 

depth of material 

- Permanent records 
- Geometry variation 

does not affect the 
direction of the radia-

tion beam 

- Radiation hazard 
- Expensive 

- Linear defects may be 
missed 

- Depth of defect not in-
dicated 

UT [56] 

 

Employs a transducer to generate 
high-frequency sound waves  toward 
a specimen under test and capture the 

reflected wave 

- Flaw detection 
- Dimension, bond integ-
rity, erosion & corrosion 
thickness measurement 

- Estimation of grain size 
in metals 

- Immediate results 
- Permanent record 

capability 
- Portable 

- High penetration 
capability 

- Defects may be missed 
if not in the path of the 

ultrasonic signal 
- Not applicable to an ir-

regular surface 
- Cannot provide real-

time detection 



 

 

IRT [56] 

 

The defective area will generate a dif-
ferent temperature distribution from 

its neighbours which forms the shape 
of the defect. 

- Structure internal damage 
- material strength detec-

tion 

- Permanent record 
- Remote sensing 

- Portable 

- Expensive 
- Reference standards re-

quired 
- Poor resolution on 

thick sections 

AE [62] 

 

AE is based on the phenomenon of ra-
diation of elastic waves in solids that 
occurs when a material undergoes ir-

reversible changes in its internal 
structure. 

AE can detect anything 
that produces a sound 

which allows for many ob-
scure applications 

-Bested suited for 
global monitoring of 

a structure 
- Ability to detect a 

range of damage 
mechanisms 

- Assesses the struc-
ture under real opera-

tional conditions 
 

- Cannot detect defects 
that do not grow 

- Noise sensitivity 
- High sampling rates 

generate large volumes 
of data 

- Limited repeatability 

 

  



 

  

 
Table 1-2 Comparison between common NDT methods [53,56,63] 

Techniques MT  ECT RT UT IRT AE 

Test Obejct 
Surface and sub-
surface defects 

Surface and sub-
surface defects 

Internal defects 
Surface and in-
ternal defects 

Surface and internal 
defects  

Surface and internal de-
fects  

Output The presence of defects: size, shape, and location The growth/movement of defects 
Local/global Local Local Local Local Local Local/global 

Detection period 
for large area 

Slow Slow Slow Slow High-speed High-speed 

Cost Low Low Expensive Low Expensive Low 
Conatct require-

ment 
One-sided acces-

sible 
One-sided acces-

sible 
Two-sided ac-

cessible 
One-sided ac-

cessible 
No contact One-sided accessible 

Response Depends on size, shape & orientation of flaw 
Depends on source inten-

sity/energy release 
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Fig. 2-3. Illustration of a segment specimen (unit: mm) 

 

  
(a)  (b)  

 
 

(c)  (d)  

Fig. 2-4. Schematic views of tower segment with the C1 wedge connection in the study. (a) Pre-
assembly of the pinned connection; (b) Assembly of the upper part and lower flange fastener; (c) 

Preloading of the bolt; (d) Contact forces/surfaces after bolt-pretension 
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(a) (b) 

Fig. 2-18. Evolution of bolt force of WC1. (a) Experimental results; (b) FEA vs. Exp 

 

 

(a) (b) 

Fig. 2-19. Development of contact force of WC1 from FE analysis. (a) Contact force response of 
WC1; (b) Illustration of contact force 

The contact force responses are extracted from the FE analysis and shown in Fig. 2-19 
to identify a point beyond which the increasing gradient of the bolt force appears. The 
contact pressure F4 between the upper and lower segment decreases linearly at first, 
while the contact forces F1, F2 and F3 maintain the shape approximately with constant 
bolt force until the critical load Nc,F. Then, the low segment starts to support the imposed 
load, leading to an open connection and linearly increasing contact forces F1, F2 and F3. 
It is obvious that the lower block in the C1-WC is subjected to bending as it spans two 
webs and the lower segment [2]. As F1 and F2 are increasing, the bolt receives the load 
transferred from the blocks with the increasing contact force at the wedge f1 and f2, (as 
shown in Fig. 2-20). The extraordinarily high contact pressure in Fig. 2-20 is attributed 
to a mathematical stress singularity that occurred in the steep corner. This stress 
singularity can be ignored after considering these sharp corners are not critical areas 
for the mechanical behaviour of the specimen.  
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behaviour of a typical RF connection is characterised by several stages with the 
imposed tensile load [4,5] (see Fig. 3-1 (b)).  

 
(a) (b) 

Fig. 3-1 Illustration of bolted ring-flange connections (RF) (a) RF connection (unit: mm); (b) 
Evolution of bolt and contact forces 

Stage I - The increase of imposed load causes bending of the flanges, resulting in 
nonlinear decrease of the contact force Fc. The imposed load Z is mainly resisted via the 
redistribution of the contact force Fc. A slight increase of the bolt force Fb appears. 

Stage II - After reaching the critical value of the imposed load ZI, a large tensile load 
produces the successive opening of the contacts and expeditious increment of the bolt 

force Fb. 
Stage III - Plastic deformation, at the “macro” level, of the flange and bolt occurs in this 
stage after reaching ZII. The bolt force Fb increase linearly and only the area closed to 
the internal edge of the flanges is in contact resulting in a roughly constant contact force 
Fc. 

Finally, the connection achieves the ultimate tensile strength ZU and fails in two modes: 
rupture of the bolts and/or rupture of the bolt combined with plastic deformation of 
the flanges/segments.  
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experimental results of the RF connection with ISO bolt/nut assembly are used for 
further validation of the FE simulation method. The influence of bolt-related variables 
was not the focus of this study. Stripping failure of the bolt threads at the lower side of 
the flange was obtained from the test.  

  

(a) (b) 

Fig. 3-4 Test set-up and failure mode for RF connections under static loads (a) Test set-up (b) 
Failure mode 

 

 

(a) (b) 

Fig. 3-5 Test set-up and failure mode for C1-WCs under static loads (a) Test set-up; 
(b) Failure mode 

Pertaining to the C1-WC, static tests were conducted through a dedicated test set-up, as 
shown in Fig. 3-5. Different from the hinges used in the test of RF connections, the upper 
and lower segments were welded to rigid plates where the axial load was applied at the 
top plate by a hollow plunger cylinder. The applied load, bolt force and displacements 
in the connection were monitored during the tests. Three LVDTs (D1-D3) were 
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combined with the plastic deformation of the flange/segment. The failure of the shell 
and flange due to yielding is defined as failure mode C/D/E, where failure modes D/E 
should be used as they are more accurate and less conservative compared to using 
failure mode C. Table 3-1 shows that failure mode B controls the ULS of RF/RFD 
connections according to the analytical evaluation. The detailed geometry of RF and 
RFD connections is shown in Fig. 3-6 (a) and (b). An M42 bolt is utilized in these two 
connections. The M42 bolt was modelled in accordance with with Refs. [15] and [16]. 
The nominal height of the bolt head and nut is 25 mm and 34 mm, respectively. The 
nominal bolt length is 335.5 mm. The tolerance class of threads are defined as 6g (after 
coating) and 6H by ISO 965-1 [17].  

  
(a) (b) 

 

 

(c)  

Fig. 3-6 Cut view of segment specimens with various connections (a) RF connection; (b) RFD 
connection; (c) C1-WC 
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Fig. 3-9 Comparison between experimental and numerical engineering stress-strain curves 

[9,26,27] 

 

(a) (b) 

  
(c) (d) 

Fig. 3-10 Stress-strain curves of the critical parts in FE models; (a) S355; (b) S460; (c) S690; (d) 
Bolt Grade10.9 

The full-range stress-strain constitutive model and ductile damage model were used for 
plate components and bolts. The post-necking behaviour of the metal material can be 
successfully described by a combined linear and power law stress-strain law [24,28,29]. 
The only unknown variable, namely the weighting factor W, was calibrated using the 
measured material property. To accurately simulate the failure mode of connections, a 
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contain the detrimental influence of imperfections. The development of Fb obtained 
from analytical models for RFD connections agrees well with the FE results. 

  

(a) (b) 

  

(c) (d) 

 
 

(e) (f) 

Fig. 3-12 Comparison of RF and RFD connections: (a) and (b) load-displacement curves; (c) and 
(d) bolt force evolution curves; (e) and (f) gap; ((a), (c), (e): RF-BC1/BC2-S460; (b), (d), (f): 

RFD-BC1/BC2-S460) 
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(c) (d) 

  

(e) (f) 

Fig. 3-20 Comparison of RF/RFD connections made of various steel grades: (a) and (b) load-
displacement curves, (c) and (d) bolt force evolution curves, and (e) and (f) gap; ((a), (c), (e): RF-

BC2-S355/460/690; (b), (d), (f): RFD-BC2-S355/460/690) 

Fig. 3-21 shows a comparison between WC-BC2-S355, WC-BC2-S460, and WC-BC2-
S690. The design value of the critical load ZI is 450 kN. The segments in C1-WCs are the 
dominant part to resist the imposed load, instead of the bolt in the RF and RFD 
connections. Therefore, these three specimens behave differently in terms of the load-
displacement curves, gap opening, and stress response. It is seen that the gap of WC-
BC2-S355 develops much earlier than the other two specimens (Fig. 3-21 (b)). Under 
the designed critical load ZI, the maximum principal stress of WC-BC2-S355 is around 
400 MPa representing the appearance of developed plastic deformation, as shown in 
Fig. 3-21 (c). It is required that the connections are in the elastic stage, e.g. below the 
critical load ZI load. The steel grade lower than S355 is not enough to satisfy the 
requirement. Therefore, it is suggested that the yield strength of steel grade in C1-WCs 
should be larger than ZI/As,WC for design, where As,WC is the smallest net cross-section 
area of the lower segment.  
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mm), as seen in Fig. 3-27 (c). Compared to RF/RFD connections, the C1-WC shows the 
lowest gap before reaching ZI. This implies that the bolts in the RF/RFD connections 
could be more prone to corrosion than C1-WC,  which may accelerate the fatigue crack 
initiation and propagation [39]. The fatigue performance of the connections is 
compared in Fig. 3-27 (d). Although WC-BC2-S460 shows the lowest fatigue resistance 
for ideal conditions, the benefits of this connection become clear when more realistic 
conditions are considered, i.e. realistic level of execution tolerances between two tower 
segments which are causing lower levels of pretension forces in bolts. 

Table 3-12 Configuration details of connections with similar ZU and ZI 

Specimen Bolt preload (kN) Bolt rotation (rad) Bolt Initial stiffness 
(kN/mm) 

ZI 
(kN) ZU (kN) 

RF-BC2-S460 825 (0.70Asfu) 2.08 M42-10.9 1564 428 853 
RFD-BC2-S460 649 (0.55Asfu) 1.79 M42-10.9 1743 427 853 
WC-BC2-S460 80 (0.40Asfu) 29.19 M18-10.9 1183 450 826 

 

(a) (b) 

 

(c) (d) 

Fig. 3-27 Comparison between connections with similar ZU and ZI; (a) Load-displacement 
curves; (b) Bolt stress development; (c) Gap; (d) Fatigue life in number of cycles 
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lifetime degradation of 0.08). This indicates that the C1 wedge connection is a 
very robust connection for offshore applications.  

This chapter addresses research question Q2) by providing a quantitative comparison 
between three MP-TP connections. After investigating the mechanical behaviour of the 
C1 wedge connection in chapters 2 and 3, the following chapters will concentrate on 
assessing the healthy status of this connection by AE techniques.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 4-5 Comparison between: (a) and (b) XAE,C vs XC2, (c) and (d) XM vs XM2 
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AE acquisition system used for the tensile tests consisted of a physical AEwin system 
software with two piezoelectric sensors VS600-Z2 and pre-amplifiers with a uniform 
gain of 40 dB. The sensors were attached to the specimen symmetrically using a hot-
melt adhesive. Before each test, pencil lead breaking tests were carried out to calibrate 
the response of the AE sensors. As shown in Fig. 4-8 (b), the frequency range of VS600-
Z2 is 200 kHz-1000 kHz with a resonant frequency of around 600 kHz. It is reported 
that the recommended AE frequency range for metallic structures is 100 kHz-900 kHz 
[45]. Although this sensor is less sensitive in the range from 50 kHz to 200 kHz, it does 
also measure in this range. This sensor is chosen due to the limited space for the sensor. 
The operational frequency range in the AE acquisition system was set as 100 kHz – 
1000 kHz. It has been demonstrated that the amplitude of AE signals from plastic 
deformation ranges from 30 to 60 dB [46]. The threshold was set to 30 dB to capture 
signals generated during deformation. 

 

(a) (b) 

Fig. 4-8 Diagram of (a) Experimental set-up and (b) AE schematic 

Considering constant load is not applicable in practical cases, varying loading rates 
were applied for the tensile tests (see Fig. 4-9). The selected loading rates meet the 
requirements of the Eurocode (0.01 m/s to 0.10 m/s). A loading rate of 0 mm/s means 
the holding stage and -0.01 mm/s represents the unloading stage. Fig. 4-9 shows the 
amplitude distribution of detected signals along the tensile process. It is found that 
numerous signals appeared at the beginning and unloading-reloading stages. The 
following factors contribute to this phenomenon: (1) friction noise is generated due to 
the contact between the grip and specimen at the beginning and during the unloading-
reloading stage; (2) engine noise is from the vibration of the fluid pump in the loading 
frame. Hence, these signals can be classified in the noise database. The amplitude of 
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energy and fuzzy cross-entropy, are extracted from the filtered AE signals as the input. 
Except for these conventional AE features, fuzzy cross-entropy has been proposed to 
interpret time-series signals recently [48,49]. This feature is useful to describe the 
complexity of AE signals with high sensitivity.  

 
Fig. 4-12 Schematic of the applied ANN  

  

(a) (b) 

Fig. 4-13 Strain-stress curve for steel material: (a) discontinuous yielding material, and (b) 
continuous material 

Generally, according to the appearance of a distinct plateau, the steel material can be 
classified as discontinuous yielding and continuous yielding materials (see Fig. 4-13). 
Various deformation stages are included in these two materials. It is well recognized 
that the AE signals depend on the AE source mechanisms. During the yielding and 
plastic stage, the AE source mechanism is the dislocation multiplication inside the 
material. When the specimen enters the necking stage, the specimen exhibites 
significant deformation. The freedom for further dislocation shrinks significantly with 
considerable dislocation congestion. Meanwhile, the formation of micro-cracks also 
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using grid search. A Quantitative evaluation is provided by 5 indexes: Accuracy (ACC) 
and four areas under the receiver operating characteristics (ROC) curves (AUCi, i=1:4). 
Accuracy (ACC) is defined as the correct number of predictions divided by the number 
of total data. This represents the total effectiveness of the classification. AUCi measures 
the performance for each deformation stage classification. The average of these 5 
indexes was employed as the indicator for the prediction accuracy. Based on the results 
of the hyper-parameters tuning, the optimal architecture is illustrated in Fig. 4-12 and 
the main hyper-parameters are summarized in Table 4-4. In the input layer, 6 input 
neurons represent duration, amplitude, signal strength, peak frequency, energy and 
fuzzy cross-entropy respectively. 3 hidden layers are set with 12, 8 and 6 artificial 
neuron units, respectively. The neuron units have 2 functions: a linear combination of 
input with regulated weightage and nonlinear complex functional mapping by ReLU 
activation functions. The output layer contains 4 neuron units which represent the 
possibility of 4 different deformation stages. The activation function is Softmax, which 
is appropriate for the multi-classification problem. 

Fig. 4-14 Process of k-fold cross validation 

Table 4-4 The main hyper-parameters of the proposed ANN 

Learning rate Number of hidden layers Epoch Batch size Optimizer  Loss function  
0.04 3 200 1000 Nadam focal loss 
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(a) 

 

(b) 

 

(c) 

Fig. 4-16 Classification results visualization (a) S355-1, (b) S500-1, and (c) S700-1  
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sensing applications [20,25]. Due to a lower signal-to-noise ratio (SNR), noise 
significantly impacts the efficiency of thin PZTs, hindering its performance. 
Furthermore, relying solely on measurements recorded by a single type of small PZT 
sensor may result in incomplete information regarding the underlying damage 
mechanism [26–28]. Using a single type of PWAS for AE monitoring has limited 
effectiveness, but it remains a viable alternative for monitoring critical areas with 
restricted access. To achieve accurate results in passive AE monitoring with PWAS, an 
optimized configuration of multiple PWAS and advanced signal processing methods are 
necessary. 

Data fusion can extract information from the combination of different datasets instead 
of analyzing each dataset separately [29]. Generally, data fusion can be achieved on 
three levels: data level, feature level, and decision level [30,31]. At the data level, the 
original raw data are combined directly for further processing. In feature-level fusion, 
the feature extraction and selection from the original data are performed before further 
analysis. At the decision level, the decisions made from the different data sources are 
integrated to make the final assessment via particular combination rules. Previous 
works demonstrate the efficiency of combining data from multiple sensors to increase 
the accuracy and dependability of collected information. It is recommended to 
implement feature-based data fusion if the original data contain clearly distinguishable 
and adequate detectable features. In the case of an AE application with thin PZT sensors, 
data-level fusion is preferable since the original raw data from one thin PZT sensor type 
cannot represent all the essential characteristics of the damage mechanisms.  

Fig. 5-4 A flowchart illustrating the proposed data-level fusion approach 

However, the majority of research about multi-sensor data fusion has been performed 
at the feature level [32–36]. Considering the higher SNR ratio of conventional bulky AE 
PZT sensors, this chapter proposes a data-level fusion approach to reconstruct the 
signals from traditional AE sensors via the signals from thin PZT sensors (see Fig. 5-4). 
Compared to other available approaches, deep-learning-based approaches have been 
applied in a range of academic domains for image processing. Although 1D-CNNs can 
apply to time-series data, Wu et al. [37] have reported that 2D-CNNs perform better 
than the 1D-CNNs method and achieve higher accuracy and robustness. To enhance the 
efficiency of data-level fusion using CNN, PCA is used to minimize the dimensionality of 
the obtained waveforms without losing critical signal information. The output of the PCA is 
then adopted as the input to the CNN for data fusion.   
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(a) 

 
(b) 

 
(c) 

Fig. 5-14 Example of AE signals captured by PZT-: (a) 1, (b) 2, and (c) 3 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 5-24 (a) Loss and (b) learning curves of NAE_PZT1; (c) Loss and (d) learning curves of 
NAE_PZT2; (e) Loss and (f) learning curves of NAE_PZT3 

 













CHAPTER 5                   159 

 

[18] V. Giurgiutiu, A.N. Zagrai, Characterization of piezoelectric wafer active sensors, J. Intell. 
Mater. Syst. Struct. 11 (2000) 959–976. https://doi.org/10.1106/A1HU-23JD-M5AU-ENGW. 

[19] V. Giurgiutiu, Structural health monitoring with piezoelectric wafer active sensors, Elsevier, 
2007. 

[20] L. Yu, S. Momeni, V. Godinez, V. Giurgiutiu, P. Ziehl, J. Yu, Dual mode sensing with low-profile 
piezoelectric thin wafer sensors for steel bridge crack detection and diagnosis, Adv. Civ. Eng. 2012 
(2012). https://doi.org/10.1155/2012/402179. 

[21] Y. Bhuiyan, B. Lin, V. Giurgiutiu, Acoustic emission sensor effect and waveform evolution 
during fatigue crack growth in thin metallic plate, Orig. Artic. J. Intell. Mater. Syst. Struct. 29 (2018) 
1275–1284. https://doi.org/10.1177/1045389X17730930. 

[22] T. Jiang, Y. Zhang, L. Wang, L. Zhang, G. Song, Monitoring fatigue damage of modular bridge 
expansion joints using piezoceramic transducers, Sensors. 18 (2018) 3973. 
https://doi.org/10.3390/s18113973. 

[23] X. Zhang, L. Zhang, L. Liu, L. Huo, Tension monitoring of wedge connection using 
piezoceramic transducers and wavelet packet analysis method, Sensors. 20 (2020) 364. 
https://doi.org/10.3390/s20020364. 

[24] L. Yu, S. Momeni, V. Godinez, V. Giurgiutiu, Adaptation of PWAS Transducers to Acoustic 
Emission Sensors, (2011). https://doi.org/10.1117/12.880157. 

[25] B. Trujillo, A. Zagrai, D. Meisner, S. Momeni, Monitoring of Acoustic Emission Activity using 
Thin Wafer Piezoelectric Sensors, in: 21th Annu. Int. Symp. Smart Struct. Mater. + NDE Heal. Monit. 
Diagnostics, n.d. 

[26] N. Godin, P. Reynaud, G. Fantozzi, Challenges and limitations in the identification of acoustic 
emission signature of damage mechanisms in composites materials, Appl. Sci. 8 (2018) 1267. 
https://doi.org/10.3390/app8081267. 

[27] T. Le Gall, T. Monnier, C. Fusco, N. Godin, S.E. Hebaz, Towards quantitative acoustic emission 
by finite element modelling: Contribution of modal analysis and identification of pertinent 
descriptors, Appl. Sci. 8 (2018) 2557. https://doi.org/10.3390/app8122557. 

[28] Z. Hamam, N. Godin, C. Fusco, T. Monnier, Modelling of acoustic emission signals due to fiber 
break in a model composite carbon/epoxy: Experimental validation and parametric study, Appl. 
Sci. 9 (2019) 5124. https://doi.org/10.3390/app9235124. 

[29] R.T. Wu, M.R. Jahanshahi, Data fusion approaches for structural health monitoring and 
system identification: Past, present, and future, Struct. Heal. Monit. 19 (2018) 552–586. 
https://doi.org/10.1177/1475921718798769. 

[30] D.L. Hall, J. Llinas, An introduction to multisensor data fusion, in: Proc. IEEE, 1997: pp. 6–23. 
https://doi.org/10.1109/5.554205. 

[31] Klein LA, Sensor and data fusion: a tool for information assessment and decision making, 
SPIE Press, Bellingham, Washington, 2004. 

[32] H. Saboonchi, D. Ozevin, M. Kabir, MEMS sensor fusion: Acoustic emission and strain, 
Sensors Actuators A Phys. 247 (2016) 566–578. https://doi.org/10.1016/J.SNA.2016.05.014. 

[33] E. Dehghan Niri, A. Farhidzadeh, S. Salamone, Adaptive multisensor data fusion for acoustic 
emission (AE) source localization in noisy environment, Struct. Heal. Monit. 12 (2013) 59–77. 
https://doi.org/10.1177/1475921712462937. 

[34] N. Guel, Z. Hamam, N. Godin, P. Reynaud, O. Caty, F. Bouillon, A. Paillassa, Data merging of AE 
sensors with different frequency resolution for the detection and identification of damage in 



160                   CHAPTER 5 

 

oxide-based ceramic matrix composites, Materials (Basel). 13 (2020) 4691. 
https://doi.org/10.3390/ma13204691. 

[35] M. Liu, X. Yao, J. Zhang, W. Chen, X. Jing, K. Wang, Multi-sensor data fusion for remaining 
useful life prediction of machining tools by iabc-bpnn in dry milling operations, Sensors. 20 (2020) 
4657. https://doi.org/10.3390/S20174657. 

[36] A. Broer, G. Galanopoulos, R. Benedictus, T. Loutas, D. Zarouchas, Fusion-based damage 
diagnostics for stiffened composite panels, Struct. Heal. Monit. (2021) 147592172110071. 
https://doi.org/10.1177/14759217211007127. 

[37] Y. Wu, F. Yang, Y. Liu, X. Zha, S. Yuan, A comparison of 1-D and 2-D deep convolutional neural 
networks in ECG classification, ArXiv Prepr. ArXiv1810.07088. (2018). 
https://doi.org/10.48550/arxiv.1810.07088. 

[38] M. ElBatanouny, M. Abdelrahman, P. Ziehl, Review of acoustic emission corrosion 
monitoring of prestressed Concrete bridges, in: PCI Conv. Natl. Bridg. Conf., Washington, DC, 2014. 

[39] S.S. Kessler, S.M. Spearing, C. Soutis, Damage detection in composite materials using Lamb 
wave methods, Smart Mater. Struct. 11 (2002) 269. https://doi.org/10.1088/0964-
1726/11/2/310. 

[40] Z. Su, L. Ye, X. Bu, X. Wang, Y.W. Mai, Quantitative assessment of damage in a structural beam 
based on wave propagation by impact excitation, Struct. Heal. Monit. 2 (2016) 27–40. 
https://doi.org/10.1177/145792103029779. 

[41] H. Sohn, S.J. Lee, Lamb wave tuning curve calibration for surface-bonded piezoelectric 
transducers, Smart Mater. Struct. 19 (2010) 015007. https://doi.org/10.1088/0964-
1726/19/1/015007. 

[42] A. Raghavan, C.E.S. Cesnik, Finite-dimensional piezoelectric transducer modeling for guided 
wave based structural health monitoring, Smart Mater. Struct. 14 (2005) 1448–1461. 
https://doi.org/10.1088/0964-1726/14/6/037. 

[43] Z. Su, L. Ye, Identification of damage using Lamb waves, Springer Science & Business Media, 
2009. 

[44] P. Ochôa, R.M. Groves, R. Benedictus, Systematic multiparameter design methodology for an 
ultrasonic health monitoring system for full-scale composite aircraft primary structures, Struct. 
Control Heal. Monit. 26 (2019) e2340. https://doi.org/10.1002/stc.2340. 

[45] E. Silva De Freitas, F. Guimarães Baptista, Experimental analysis of the feasibility of low-cost 
piezoelectric diaphragms in impedance-based SHM applications, Sensors Actuators A. 238 (2016) 
220–228. https://doi.org/10.1016/j.sna.2015.11.031. 

[46] D. Inman, C. Farrar, V. Junior, V. Junior, Damage prognosis: for aerospace, civil and 
mechanical systems, John Wiley & Sons, 2005. https://books.google.com/books?hl=zh-
CN&lr=&id=NgCM6S6rSzgC&oi=fnd&pg=PR13&dq=Damage+Prognosis:+for+Aero-
+space,+Civil+and+Mechanical+Systems&ots=AQfjC1girV&sig=AtME3yCrHVCYwUai9fE9aOOU
VTY (accessed March 24, 2022). 

[47] H. Xin, L. Cheng, R. Diender, M. Veljkovic, Fracture acoustic emission signals identification of 
stay cables in bridge engineering application using deep transfer learning and wavelet analysis, 
Adv. Bridg. Eng. 1 (2020) 1–16. https://doi.org/10.1186/s43251-020-00006-7. 

[48] M.Z. Alom, T.M. Taha, C. Yakopcic, S. Westberg, P. Sidike, M.S. Nasrin, M. Hasan, B.C. Van 
Essen, A.A.S. Awwal, V.K. Asari, A state-of-the-art survey on deep learning theory and 
architectures, Electronics. 8 (2019). https://doi.org/10.3390/electronics8030292. 



CHAPTER 5                   161 

 

[49] T. Koskinen, I. Virkkunen, O. Siljama, O. Jessen-Juhler, The Effect of Different Flaw Data to 
Machine Learning Powered Ultrasonic Inspection, J. Nondestruct. Eval. 40 (2021) 24. 
https://doi.org/10.1007/s10921-021-00757-x. 

[50] H. Wu, X. Gu, Towards dropout training for convolutional neural networks, Neural Networks. 
71 (2015) 1–10. https://doi.org/10.1016/J.NEUNET.2015.07.007. 

[51] H. Abdi, L.J. Williams, Principal Component Analysis, Wiley Interdiscip. Rev. Comput. Stat. 2 
(2010) 433–459. https://doi.org/10.1007/B98835. 

[52] D. Baccar, D. Söffker, Identification and classification of failure modes in laminated 
composites by using a multivariate statistical analysis of wavelet coefficients, Mech. Syst. Signal 
Process. 96 (2017) 77–87. https://doi.org/10.1016/j.ymssp.2017.03.047. 

[53] Piezoceramic Materials, (n.d.). https://www.piceramic.com/en/expertise/piezo-
technology/piezoelectric-materials (accessed March 23, 2023). 

[54] H. Boukabache, C. Escriba, J.-Y. Fourniols, Toward smart aerospace structures: design of a 
piezoelectric sensor and its analog interface for flaw detection, Sensors. 14 (2014) 20543–20561. 
https://doi.org/10.3390/s141120543ï. 

[55] M. Sause, Investigation of pencil-lead breaks as acoustic emission sources, J. Acoust. Emiss. 
29 (2011) 184–196. 

[56] M.A. Haile, N.E. Bordick, J.C. Riddick, Distributed acoustic emission sensing for large complex 
air structures, Struct. Heal. Monit. 17 (2018) 624–634. 
https://doi.org/10.1177/1475921717714614. 

[57] A. Mukherjee, A. Banerjee, Analysis of acoustic emission signal for crack detection and 
distance measurement on steel structure, Acoust. Aust. 49 (2020) 133–149. 
https://doi.org/10.1007/s40857-020-00208-z. 

[58] E. Tsangouri, D.G. Aggelis, The influence of sensor size on acoustic emission waveforms—a 
numerical study, Appl. Sci. 8 (2018) 168. https://doi.org/10.3390/APP8020168. 

[59] V. Giurgiutiu, A. Zagrai, J. Jing Bao, Piezoelectric wafer embedded active sensors for aging 
aircraft structural health monitoring, Struct. Heal. Monit. 1 (2002) 41–61. 

[60] M. Gresil, V. Giurgiutiu, Prediction of attenuated guided waves propagation in carbon fiber 
composites using Rayleigh damping model, J. Intell. Mater. Syst. Struct. 26 (2015) 2151–2169. 
https://doi.org/10.1177/1045389X14549870. 

[61] L. Capineri, A. Bulletti, V.M.N. Passaro, Ultrasonic Guided-Waves Sensors and Integrated 
Structural Health Monitoring Systems for Impact Detection and Localization: A Review, Sensors. 
(2021). https://doi.org/10.3390/s21092929. 

[62] F.T. Santo, T.P. Sattar, G. Edwards, Validation of acoustic emission waveform entropy as a 
damage identification feature, Appl. Sci. 9 (2019) 4070. https://doi.org/10.3390/app9194070. 

[63] Z. Chang, Z. Wan, Y. Xu, E. Schlangen, B. Šavija, Convolutional neural network for predicting 
crack pattern and stress-crack width curve of air-void structure in 3D printed concrete, Eng. Fract. 
Mech. (2022) 108624. https://doi.org/10.1016/J.ENGFRACMECH.2022.108624. 

[64] C. Cassisi, P. Montalto, M. Aliotta, A. Cannata, A. Pulvirenti, Similarity Measures and 
Dimensionality Reduction Techniques for Time Series Data Mining, (2012). 

[65] M.G.R. Sause, A. Gribov, A.R. Unwin, S. Horn, Pattern recognition approach to identify natural 
clusters of acoustic emission signals, Pattern Recognit. Lett. 33 (2012) 17–23. 
https://doi.org/10.1016/J.PATREC.2011.09.018. 

[66] M. Kharrat, E. Ramasso, V. Placet, M.L. Boubakar, A signal processing approach for enhanced 
Acoustic Emission data analysis in high activity systems: Application to organic matrix composites, 



162                   CHAPTER 5 

 

Mech. Syst. Signal Process. 70–71 (2016) 1038–1055. 
https://doi.org/10.1016/j.ymssp.2015.08.028. 

[67] B. Wisner, K. Mazur, V. Perumal, K.P. Baxevanakis, L. An, G. Feng, A. Kontsos, Acoustic 
emission signal processing framework to identify fracture in aluminum alloys, Eng. Fract. Mech. 
210 (2019) 367–380. https://doi.org/10.1016/j.engfracmech.2018.04.027. 

[68] J. Vetrone, J.E. Obregon, E.J. Indacochea, D. Ozevin, The characterization of deformation stage 
of metals using acoustic emission combined with nonlinear ultrasonics, Measurement. 178 (2021) 
109407. https://doi.org/10.1016/j.measurement.2021.109407. 

 

 

  







CHAPTER 6                   165 

 

commercial sensors, thin PZT sensors can deliver equivalent detection findings 
regarding fatigue cracks in thin plate-like materials. However, thin PZT sensors are less 
effective for monitoring the thick steel plate. For example,  only capture 5% AE events 
of that recorded by R15I sensors [26]. They have low signal-to-noise (SNR) ratio during 
AE monitoring. Yu et al. found the cumulative AE features of thin PZT sensors can only 
detect the emergence of cracks when their size reaches 0.83 mm [27]. Hence, a new 
signal processing method is required to enable the use of thin PZT sensors for early 
fatigue damage warning, especially for structures with complex geometry and thick 
plates. 

One signal processing method, the baseline-based method, for AE monitoring has been 
proposed for damage detection in SHM [28–32]. This approach involves establishing a 
benchmark model of noise or background signals, and then continuously monitoring 
abnormalities that deviate significantly from the baseline. Such abnormalities are 
typically caused by damage occurring with respect to the health condition of structures. 
To detect these anomalies, similarity or difference measures are calculated between 
signals from an inspection phase and those from a pristine state. Methods for anomaly 
detection include cross-correlation [31,33], magnitude squared coherence (MSC) [34], 
and distance-based anomaly detection [35,36]. Distance-based anomaly detection 
allows for the early detection of structural damage, providing valuable insights for 
maintenance and repair actions. It's worth noting that the selection of the appropriate 
distance metric, threshold, and reference dataset depends on the specific application 
and the characteristics of the monitored structure.  

Experimental investigations have shown that accurate damage detection can be 
obtained using thin PZT sensors when coupled with the established baseline model 
[31,37]. However, the effectiveness of distance-based anomaly detection heavily relies 
on the quality and representativeness of the reference dataset. It is difficult to establish 
a benchmark model that represents all possible pristine states due to the uncertainty of 
the environmental and operational conditions in real-world applications. To address 
this limitation, a novel baseline-based method is proposed in this chapter for the early 
detection of fatigue cracks. Instead of using the health condition as the benchmark 
model, the signals from the “damage” state are collected as the reference. The primary 
objective of this paper is to provide early warning using AE technique for C1-WCs. 
Towards this end, signals generated by pencil-lead breaking (PBL) are collected as the 
dataset representing AE signals related to crack initiation. The effectiveness of the 
proposed methodology is validated at the sub-component level using thick compact 
tension (CT) specimens, and at the element level using segment specimens with C1-
WCs. Both PBL tests and fatigue tests were conducted at each level.  
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Fig. 6-5 Test set-up of CT specimens with (a) AE technique; (b) 2D DIC measurement, and (c) 
crack propagation gauge 

The DIC method enables the capture of high-resolution strain fields on the surface of 
the object. Previous research has demonstrated the potential of combining AE and DIC 
for health monitoring [46,47]. The DIC system consists of a high-speed camera, a 
backlight source, and a speckle pattern sprayed on the specimen surface. The camera 
was positioned in front of the test specimen to capture the displacement of the speckles 
as pictures. These images were then post-processed using the GOM DIC software. DIC 
pictures were taken at the maximum tensile load Fmax with intervals of 1000 cycles 
(from B0 to Bk where k is the number of images). The photograph is triggered by the 
Instro controller. The load history of the fatigue test is shown in Fig. 6-6. The accuracy 
of DIC measurement is dependent on the speckle pattern on the surface of the specimen 
[48]. In comparison to DIC, crack propagation gauges provide a more direct 
measurement of the crack lengths [49]. A crack propagation gauge (TK-09-CPC03-
003/DP) was mounted on the polished surface at the back of the specimen, as shown in 
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complex geometry and thick plates. Additionally, a digital image correlation (DIC)-
based detection method was also discussed in this chapter. This approach is adaptive 
and objective in identifying the crack tip accurately, making it a powerful support 
measurement technique. 

The proposed method only requires pre-knowledge of the critical area. In conjunction 
with numerical analysis, regions of possible damage locations can be identified and 
regarded as primary areas of concern. To collect the dataset for the proposed baseline-
based method, PBL tests can be conducted once the critical area is identified. These tests 
do not need to be conducted on real structures, but can be done on a plate of the same 
thickness and material as the real structures. 

This chapter addresses research question Q4) by proposing a baseline-based approach. 
The PBL-generated dataset is regarded as the “damage” benchmark model. This study 
demonstrates that the proposed approach is highly successful in detecting early 
damage in C1-WC using AE monitoring by thin PZT sensors. 
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sensors. Moreover, fatigue tests are imperative to the development and validation of 
the proposed approach.  

6. The findings presented in this thesis should be further extended to investigate the 
effects of material types, sample geometries, and loading configurations on AE 
generation to establish the reliability of the AE technique. Additionally, finite element 
modelling approaches should be developed to enhance the understanding of the AE 
signal propagation and detection process, which can help to characterize the reliability 
of the AE technique for sensors placed at different locations. This information can be 
used to make informed decisions on the optimal choice of sensor placement for a 
particular installation.  

Future work should focus on applying the techniques proposed in this study for real-
life monitoring purposes. While laboratory tests were conducted to mimic real-life 
conditions, additional challenges can arise from environmental factors, structural 
complexity, and the presence of a wide range of AE sources.  
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