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A B S T R A C T   

Electric trains are considered one of the most eco-friendly and safest means of transportation. Catenary poles are 
used worldwide to support overhead power lines for electric trains. The performance of the catenary poles has an 
extensive influence on the integrity of the train systems and, consequently, the connected human services. It 
became a must nowadays to develop SHM systems that provide the instantaneous status of catenary poles in- 
service, making the decision-making processes to keep or repair the damaged poles more feasible. This study 
develops a data-driven, model-free approach for status monitoring of cantilever structures, focusing on pre-
stressed, spun-cast ultrahigh-strength concrete catenary poles installed along high-speed train tracks. The pro-
posed approach evaluates multiple damage features in an unfied damage index, which leads to straightforward 
interpretation and comparison of the output. Besides, it distinguishes between multiple damage scenarios of the 
poles, either the ones caused by material degradation of the concrete or by the cracks that can be propagated 
during the life span of the given structure. Moreover, using a logistic function to classify the integrity of structure 
avoids the expensive learning step in the existing damage detection approaches, namely, using the modern 
machine and deep learning methods. The findings of this study look very promising when applied to other types 
of cantilever structures, such as the poles that support the power transmission lines, antenna masts, chimneys, 
and wind turbines.   

1. Introduction 

Today, electric transportation is one of the most promising solutions 
for mitigating the effects of greenhouse gas emissions that contribute to 
climate change and global warming [1–3]. Besides their efficiency 
within the transportation system, electric trains are considered one of 
the most eco-friendly and safest means of transportation [4–6]. In 
addition, the electrified road freight system is the most recent applica-
tion of electric transportation. With the so-called eHighway system, 
Siemens combines the efficiency of electrified rail routes with the flex-
ibility of trucks to create an innovative hybrid freight–transport solu-
tion: efficient, economical, and environmentally friendly [7]. 

In electrified transportation systems, the electrical power supply is 
secured by a catenary system installed along the transportation route. 
The catenary system ensures reliable and stable power transmission 
even at high speeds (such as 330 km h−1 in the case of the Intercity- 
Express (ICE) trains in Germany) [8]. Structural members, known as 
catenary poles, suspend the catenary system supplying electric trains. 

Catenary poles play a vital role in the entire system, as any damage to 
one of these members leads to difficulties in the functionality of the 
whole system. Therefore, questions about their integrity are essential 
[9]. 

Catenary poles are used worldwide to support power transmission, 
telephone and telegraph lines, street lighting, and overhead power lines 
for electric trains. For many years, poles were made of wood, steel, and 
concrete [10]. Compared to other types of poles, the prestressed 
spun-cast concrete poles became a more feasible, cheaper option, with a 
longer operational life and lower lifetime costs [11,12]. Recently, pre-
stressed, spun-cast ultrahigh-strength concrete catenary poles have been 
used widely for electric train systems; for example, thousands of these 
poles have been installed along the high-speed train tracks in Germany 
[13]. In addition, this type of poles has been discussed as an alternative 
to the current steel-lattice poles used in power transmission lines, in 
France, Denmark, the Netherlands, Italy, and Germany, even for 
extra-high voltage transmission [14,15]. 

Most research (and literature) focuses on surrounding systems of the 
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catenary poles along the train tracks, but not the catenary poles them-
selves, for example, the interaction of the railways with the surrounding 
soil and nearby structures [16–18]; the aerodynamic pressure loads on 
surrounding structures when high-speed trains are passing by Ref. [19]; 
The interaction of the train’s pantograph and the catenary cables 
[20–22]. Consequently, insufficient attention has been paid to the 
behavior of catenary poles in the literature, particularly for those used to 
support train systems. Given the cost of installed poles and their 
importance to the functionality of these systems, further efforts are 
needed to verify the life cycle and changes in the behavior of these 
structures. 

Consequently, monitoring approaches are needed to track structural 
integrity over the lifespan, providing an early-warning when damage is 
expected. This has an additional value, especially with the increasing 
trend in Europa and worldwide to develop smart structures and green 
infrastructures [23]. The preservation and maintenance of catenary 
poles need multiple contributions from many disciplines, such as 
Structural Health Monitoring (SHM), structural analysis, life cycle 
assessment, and decision-making. It is a must nowadays to develop SHM 
systems that provide the instantaneous status of catenary poles at ser-
vice, which makes the decision-making processes more feasible. 

Structural health monitoring is a challenging field of science, espe-
cially in civil engineering, whereby important constructions are pro-
vided with monitoring systems that permanently update the status of 
these structures, as in the case of protected historical constructions. In 
addition, extending the operational lifetime of aging constructions 
means that such systems are necessary, as in the case of many bridges 
around the world. The SHM system is based on a data acquisition system 
that periodically samples response measurements from an array of 
sensors attached to the structure being monitored. Then, the data 
interpretation process is achieved using diagnostic techniques. The 
structural condition is assessed to evaluate the integrity of the structure, 
localize and quantify possible damages, and take subsequent prevention 
actions, as well as to predict the remaining service life of the structure. 

Working with SHM requires the combined efforts of several fields of 
science, such as Damage Detection (DD), signal processing, machine 
learning, uncertainty quantification, and design of experiments [24]. 
Despite significant development in this field, there is still much to be 
done. For instance, many methods have been developed for detecting 
and identifying damage to specific structures, but these are still ineffi-
cient for the DD process for other types of structures. One reason is that 
each civil structure has its own characteristic features, and is intensively 
affected by its environment, surrounding boundaries, constantly 
changing applied actions, material degradation, and more. 

Techniques for DD have been widely developed and implemented to 
ensure the integrity of structural and mechanical systems such as 
aircraft, rotating machinery, offshore platforms, and bridges. In struc-
tural systems, damage is generally defined as changes to properties of a 
given system that adversely affect its performance (such as changes to 
the properties of materials, geometry, and boundary conditions) [25]. 
Damage inspection is hierarchically classified into four levels: damage 
detection (Level 1), damage localization (Level 2), damage quantifica-
tion (Level 3), and prediction of the remaining life of the structure (Level 
4) [26,27]. 

It is common for the DD process to work in conjunction with closely 
related disciplines such as statistical process, and non-destructive 
practices to detect the onset of damage or deterioration as early as 
possible so that the system integrity can be maintained. Unlike tempo-
rally applied, traditional non-destructive evaluation methods, SHM 
systems have become more popular and efficient for providing real-time 
inspection of civil structures. This is because of the rapid development of 
diagnosis and classification techniques such as data-driven, machine 
learning, and computer vision techniques [28,29]. 

Based on data provided by the SHM system, two approaches of DD 
processes are defined: supervised and unsupervised. In the supervised 
approach, both the healthy and damaged states of the structure of 

interest are known, and are consequently used to classify the state of the 
structure based on newly recorded data. In civil engineering, it is most 
probable that the unsupervised approach is used, as the available data 
describes only one class; that is, the healthy state. In this case, any de-
viation from the healthy state of the structure under monitoring is 
considered a change in its response and is consequently classified as a 
damaged state [30]. 

Based on the nature of diagnostic techniques, DD processes are 
classified into data-based and model-based techniques. However, using 
a combination of both in a hybrid technique offers the advantages of 
each whilst providing efficient cover for the four levels of the DD process 
[31,32]. The model-based damage detection technique is an inverse 
process of estimating the dynamic characteristics of structure using an 
appropriate model (commonly a FEM). The damage features are iden-
tified through updating the numerical model based on measurements 
recorded by an SHM system, such as strain gauges and accelerometers 
[33,34]. However, the efficiency of the model-based techniques is 
strongly affected by the accuracy and performance of models used in the 
updating process. 

The model updating process is solved in either a frequency or a time 
domain. The choice of domain is highly dependent on the nature of the 
problem, the dynamic characteristics to be identified, and the avail-
ability of input and output measurements. Several algorithms have been 
developed over the past years. For example, in the frequency domain, 
methods, such as Power Spectral Density (PSD) and the Frequency 
Domain Decomposition (FDD) method are used [35]. Besides the 
simplicity and speed of application, this method works well with noisy 
data and close modes [36]. In the time domain, subspace-based methods 
for identifying the state-space of systems have attracted significant civil 
engineering attention. From these methods, Stochastic Subspace Iden-
tification (SSI) methods use the output-only measurements of a system 
subjected to stochastic excitation in an operational situation [37]. 
Practically, two SSI approaches are used: data-driven SSI and 
covariance-based SSI. However, both approaches perform equally well 
concerning modal parameter estimation performance [38]. 

The data-based approach identifies the state of the structure of in-
terest using tools such as signal processing and modern statistical tools. 
Using signal-processing techniques, methods have been introduced 
based on vibration signals from sensors, empirical mode decomposition, 
and Hilbert-Huang transformation. These methods are mainly able to 
detect damage at Level 1 and in some cases at Level 2, which is insuf-
ficient for many practical applications [39]. 

Conversely, modern statistical tools (such as auto-regression models, 
machine learning, artificial neural networks, and Gaussian processes) 
train the data to build statistical models or patterns that represent 
possible states of the concern structure [40,41]. Then, the state of the 
structure is identified using pattern recognition algorithms in supervised 
cases [42,43]. In addition, algorithms like novelty detection [44], 
outlier analysis [45], control chart methods [46,47], and principal 
component analysis (PCA) [48,49] are used for unsupervised cases. The 
drawback of these algorithms is the excessive time needed in the data 
training process. This makes the data-based methods available in the 
literature unfeasible in the case of catenary poles, where a vast number 
of elements needs to be monitored and classified. 

This study develops a new a model-free, data-based approach for 
status monitoring of cantilever structures, with a focus on prestressed, 
spun-cast ultrahigh-strength concrete catenary poles installed along 
high-speed train tracks. The proposed approach uses logistic functions to 
classify the status of structure into damage or undamaged cases based on 
selected damage features collected using an SHM system attached to 
poles on-site. The proposed approach is characterized by ease and rapid 
application since no pre-training process is needed compared to the 
methods available in the literature, namely machine learning-based 
methods. Besides, this approach evaluates multiple damage features in 
a unified damage index, which leads to straightforward interpretation 
and comparison of the output. Furthermore, the approach distinguishes 
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between different damage scenarios of the poles, such as damage caused 
by long-term material degradation and damage due to local damage. 

The paper is structured as follows. Section 2 presents the method-
ology proposed in this study. The case study is described in Section 3.1. 
The SHM system attached to three poles on-site is described in Section 
3.2. Section 4 and5 are devoted to the results and the relevant 
discussion. 

2. Methodology 

2.1. Introduction 

A Status Monitoring (SM) approach is built in this study to detect 
changes in a given structure using the data from an SHM system. The 
flowchart in Fig. 1 presents a model-free status monitoring approach 
that uses outputs of the SHM systems in tracing the status of the struc-
ture of interest. The newly proposed approach covers the status moni-
toring of cantilever structures and is implemented on the catenary poles 
(see Section 3). The approach solves the Level 1 of DD by utilizing lo-
gistic functions for detecting the outliers of the structure data, which 
avoids the expensive learning step in the existing approaches of DD, 
namely when using the modern machine and deep learning methods. 
The approach compares the newly obtained damage features of the 
given structure with healthy data. When no damage is detected, the 
healthy data is updated and to be used later for subsequent checks. 
When the SM approach classifies changes in the given system as damage, 
further damage identification algorithms can be implemented to localize 
and quantify the damage, such as the damage identification algorithm 
proposed in Refs. [50,51]. 

2.2. Status monitoring approach 

The proposed SM approach improves the concept of control charts to 
classify the status of the structure of interest based on its healthy data. 
The healthy data of the structure defines the reference status. New 
features of the given structure λd are calculated using newly data 
recorded by an SHM system, for example, the eigenfrequencies f, the 
mode shapes, and MAC values. Then, the new features are compared 
with healthy data. The control chart in Fig. 2 (left) describes the pro-
posed approach for a considered feature λd. The new value of feature λ̂d 
is classified as damage when it is located outside pre-defined alarm 
limitation for healthy data, or a so-called red region. The area within the 
Alarm Control Limit (ACL) is divided into two regions. First, the orange 
region represents the warning area when the feature of the structure 
approaches the alarm area. Second, the green region represents when λ̂d 
is still close to the mean values μλ of the health data of a feature λ, and 
below the Warning Control Limit (WCL). 

The ACL is defined as a factor β of the standard deviation σλ of the 
considered feature λ, such that ACL = β ⋅ σλ. The no-damage case is 
defined to satisfy Δnorm ≤ 1. The normalized residual Δnorm is defined, as 
follows: 

Δnorm =
|μλ − λ̂d|

β⋅σλ
. (1) 

Apart from the classical use of control charts [47], the proposed SM 
approach uses a logistic function (a Sigmoid function) to classify the 
status of the structure of interest within pre-specified regions (namely, 
safe, warning, and alarm). Besides the classification of features, the 
Sigmoid function associates studied features with probability values, 
which later makes the decision-making process more practicable [52]. 
The Sigmoid function S(z) is defined, such that 

S(z) =
1

1 + e−z, (2)  

where the Sigmoid variable z is defined, such that z = Δnorm − 1. 
An illustration of the Sigmoid function is shown in Fig. 2 (right) for β 

= 2, where the values of z = { − 0.5, 0, 0.5} correspond to control limit 
values of {σλ, 2σλ, 3σλ}. 

An overview of the detailed process of damage detection is shown in 
Fig. 3. Test data is compared to a reference status using a sliding window 
with a length wlen, and a window shift wsh. The window length wlen de-
creases with the increase in speed by which data is changed. The win-
dow shift wsh controls the smoothness of the results. 

Based on the values calculated using Eq. (2), the Damage Index (DI) 
is defined as the change of Sigmoid indices S̃, as follows: 

DIi =
S̃

d
i − S̃

u
i

S̃
u
i

, (3)  

where DIi is the damage index of the ith mode. S̃
d
i and S̃

u
i represent 

Sigmoid indices of the damaged and un-damaged statuses, respectively. 
Sigmoid index S̃ =

∑P
p=1(Sp

nr ⋅Sp
v) evaluates the number Snr and values Sv 

of the outliers P that overpass a threshold calculated using the reference 
status. 

3. Application 

3.1. Case study 

In this study, the catenary poles for high-speed rail routes, reaching a 
speed of 330 km h−1, are chosen as a case study, as shown in Fig. 4. The 
poles interest structure are 10 m in height with tapered hollow circular 
sections and are produced by a spinning method. The outer diameter at 
the bottom end is 400 mm and reduces linearly to 250 mm at the top of 

Fig. 1. Status monitoring approach.  
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the pole. Further details about the geometry and materials of the poles 
can be found in Ref. [53]. 

3.2. Long-term Structural Health Monitoring system 

A SHM system was installed on three successive poles along a train 
track. The system collected the data from December 2015 to August 
2018, mainly during the sunny weather. The primary goal behind this 
SHM system was to track the behavior of the pole under train-induced 
effects and environmental conditions. With this aim, the data was 
collected frequently and stored permanently on a specific server. The on- 
site part of the SHM system consists of a control cabinet that has the data 
acquisition unit, a local PC, batteries, solar panel, and temperature 
sensor. In this control unit, the data was collected from the sensors and 
stored temporarily. 

Different types of sensors were attached to the selected poles. The 
vibration of the structure is detected mainly through two 2D acceler-
ometers of type PCB Peizotronics 393A03. The accelerometers were 
attached at two levels to measure the change in horizontal accelerations 

of one of the poles on-site. Furthermore, strain gauges were attached to 
measure changes of the strain over time for each of the concrete outer 
surfaces, the prestressing strands, the foundation steel pipe, and addi-
tional reinforcement bars embedded into the concrete. Changes in 
temperature were measured by sensors attached to the concrete outer 
surface, and other sensors were embedded into the concrete. Wind speed 
and direction were measured using a 3D anemometer attached to the top 
of the second pole. The system was automatically triggered through 
photoelectric sensors attached to the first pole from both directions. As a 
train-passed, the system began collecting data from the different sensors. 
However, full details can be found in Refs. [54–56]. 

The data recorded by the SHM system are organized in a database. 
The database is built to collect attributes of each record from data 
collected by the sensors, which makes the classification and analysis 
more feasible. A table-based relational model is used to build the ar-
chitecture of the database, which contains 8002 records. The database is 
constructed with four types of tables linked together using the name of 
the file generated by the SHM system as a unique key that identifies each 
record. The main table provides a summary of the attributes of each 

Fig. 2. Pre-specified classification regions for β = 2: using control chart concept (left), using Sigmoid function (right).  

Fig. 3. Detailed steps of applying the Status Monitoring (SM) approach.  Fig. 4. The case study: the prestressed concrete catenay pole.  
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listed file, such as the file name, date, sampling frequency, trigger type, 
temperature data, wind data, and train-passing data. The train-passing 
data are calculated for each listed file and classified as no-train or is- 
train. For is-train cases, the data are sub-classified based on the number 
of passing trains, direction, speed, and length of the train. The sensor 
data derived from the corresponding.BIN binary files are stored in 
separate tables. 

3.3. Data analysis Using Stochastic Subspace Identification 

The collected data are used to verify the current status of the poles in- 
service as a result of environmental changes and different train passages. 
Using Stochastic Subspace Identification (SSI) (further readings about 
the method are available in Refs. [37,57]), the eigenfrequencies, 
damping ratios, and the mode shapes of the given structure are identi-
fied. For an in-depth view of the application of the SSI method for this 
case study, refer to Ref. [58]. The results of the SSI analysis are sum-
marized in Table 1. The changes in the eigenfrequencies for the first four 
modes derived over the monitoring period are shown in Fig. 5. The 
findings show that the changes detected in eigenfrequencies were 
mainly due to seasonal, repeated, and transient actions. In other words, 
no damage was detected on the poles monitored by the SHM systems. 
For the later use, the derived eigenfrequencies are built in the form of 
probability distributions that are used to simulate the behavior of the 
un-damaged poles, as shown in Fig. 6. 

4. Results 

To implement the SM algorithm described in Section 2.2, changes in 
eigenfrequencies are artificially generated using the statistical proper-
ties mentioned in Table 1 and the features of both the global and local 
changes derived from a numerical model. Data for the first five years are 
considered for defining the reference status; that is, the un-damaged 
properties of the pole (see the probability distributions of the eigen-
frequencies shown in Fig. 6). Data is generated for five years 
(commencing in 2015) with a sampling frequency of one measurement 
per hour. To simulate the expected future status of the poles, three 
damage scenarios, shown in Fig. 7, are proposed to cover the expected 
damage cases use of the pole, as follows:  

1. Scenario 1 (sudden damage status): represents the case of local 
damage (localized cracks) due to sudden damage propagation over a 
short period, that is, one month. The damage starts after fifteen 
years. Four damage severity ratios α = {20,30,40,50}T[%] are tested. 
The damage represents the percentage of crack depth to the outer 
diameter of the pole at the damage location. The damage location is 
chosen at the bottom of the pole at the maximum bending moment. 
An example of the scenario is the loss of the prestressing forces due to 
the failure of the bond between the concrete and strands.  

2. Scenario 2 (slow damage status): describes the case of local 
damage due to slow damage propagation that starts after fifteen 
years and increases linearly over a long period (fifteen years). The 
maximum damage severity is considered as α = 95%. This scenario 
represents the increase of damage severity over time, such as to creep 
or fatigue.  

3. Scenario 3 (global change status): simulates the status of an un- 
damaged pole with global changes over a given period, such as 
global changes due to material degradation over time or changes in 
boundary conditions. The maximum global change is correspon-
dence to a maximum change in the eigenfrequencies of 5% to keep it 
close to the perturbation of the eigenfrequencies shown in Fig. 6. 

In the absence of any further data of damaged poles in-service, the 
behavior of the damaged pole is numerically simulated using a 3D fully- 
detailed Finite Element Method (FEM) model. The concrete material is 
simulated using solid elements with eight nodes, each with three degrees 
of freedom. A convergence analysis is conducted to choose the sizes of 
finite elements and balance between the precision of the results and the 
analysis time. The sizes of volume elements are approximately 50 × 50 
× 25 mm in the longitudinal, circumferential, and radial directions, 
respectively. More details about the numerical simulation can be found 
in Ref. [58]. 

To implement the proposed scenarios, the generated time history of 
the eigenfrequencies of the first four modes [f1 − f4] are utilized. The 
damage indices of the proposed scenarios are calculated using a sliding 
window with a length of wlen = 2 years and a window shift of wsh = 2 
months. Based on the reference status, the threshold is considered as 
0.63, which corresponds to ACL = 3σλ of the data. 

The damage indices resulting from sudden damage status (Scenario 
1) for different damage severity α are depicted in Figs. 8 and 9. The 
damage indices of Scenarios 2 and 3 are shown in Fig. 10 (left) and 
Fig. 10 (right), respectively. 

5. Discussion 

The results show that damage severity has a significant influence on 
the calculated damage indices. Starting from damage severity α = 20% 
in Fig. 8 (left), the damage is detected after a considerable period of 
crack propagation. The damage is detected by mode 2, which is the 
dominant mode (in the applied case) according to the damage location. 
For the damage severity α = 30% shown in Fig. 8 (right), modes 1 and 3 
start to be sensitive to damage. In Fig. 9, the damage is obviously 
detected on time for the damage severity α = 40% and α = 50%. It 
should be noted that the relative differences between the DI1 to DI4 
increase significantly by increasing the damage severity α. 

In the case of slow damage status (Scenario 2), where the damage 
propagates gradually over a long time, the damage indices are similar to 
those of Scenario 1. As shown in Fig. 10 (left), the damage is detected 
precisely when the damage severity reaches α = 40%. The relative dif-
ferences between DI1 to DI4 are also evident and increase dramatically 
by increasing the damage severity. 

The damage indices resulting from global changes (Scenario 3) are 
shown in Fig. 10 (right). Compared with Scenario 2, it is evident that the 
relative differences between DI1 to DI4 are not apparent. The indices DI1 
to DI4 change simultaneously and follow the same trend as changes for 
eigenfrequencies. Moreover, despite the maximum relative change in 

Table 1 
Dynamic characteristics of the pole using SSI: eigenfrequencies f, and damping 
ratios ζ. Symbols μ, σ denote mean values and standard deviations, respectively.  

ith mode 1st 2nd 3rd 4th 

μf [Hz] 4.13 18.28 44.78 86.73 
σf [Hz] 0.07 0.24 0.82 1.62 
μζ [%] 2.01 1.38 1.66 0.93 
σζ [%] 1.17 0.75 0.91 1.18  

Fig. 5. Development of eigenfrequencies for the first four modes calculated 
using the SSI method. 
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eigenfrequencies at the end of the considered time in both Scenarios 2 
and 3 being approximately 5%, the damage indices of the dominant 
modes for the sudden damage scenario (Scenario 2) are three times 

greater than the corresponding ones for the global changes scenario 
(Scenario 3). Having these indicators, the damage indices for Scenario 3 
can be distinguished easily from those of Scenarios 1 and 2. 

Consequently, besides detecting the damage, the relative sensitivity 
of the modes to damage can be considered a good indicator for dis-
tinguishing the scenarios of sudden local damage (Scenarios 1 and 2) 
from the global changes scenario (Scenario 3). In conclusion, the dam-
age indices are suitable for detecting the damage efficiently starting 
from a damage severity α = 30%, whereas the pole shows low sensitivity 
to damage severity below this value for all modes. In addition, the 
relatively small change in relative eigenfrequencies due to damage 
severity below the α = 30% is located within the variance of the iden-
tified eigenfrequencies. It should be noted that small cracks are not 
considered severe for this type of pole because of the role of prestressing 
forces in closing the cracks as notified in the literature (for example 
[11]). 

6. Conclusion 

This study presents a model-free status monitoring approach. The SM 

Fig. 6. PDF values of derived eigenfrequencies for the first four modes.  

Fig. 7. Damage scenarios.  

Fig. 8. Damage indices DIs of Scenario 1 using the eigenfrequencies [f1 − f4]: for damage severity α = 20% (left), and for damage severity α = 30% (right).  

Fig. 9. Damage indices DIs of Scenario 1 using the eigenfrequencies [f1 − f4]: for damage severity α = 40% (left), and for damage severity α = 50% (right).  
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algorithm is validated and tested using the database recorded by the 
SHM system, the identified parameters of the pole, and the results of 
system identification. The proposed monitoring algorithm uses a logistic 
function to classify the status of the pole as either damaged or un- 
damaged. The algorithm detects the damaged case for the damage 
severity efficiently above 30%. In addition, the built damage indices 
distinguish between different damage scenarios, namely, the local and 
global damage scenarios. 

The proposed approach is characterized by ease, and rapid applica-
tion, because the required inputs can be derived using simple signal 
processing or even using SSI techniques for more informative data. In 
addition, this approach is applied using the eigenfrequencies of the poles 
as damage features, which can be retrieved using a fewer number of 
accelerometers compared with other available approaches described in 
the literature. Consequently, the proposed approach creates a mecha-
nism to trace the status of the poles and gives an early alarm when 
damage occurs. Furthermore, it provides further information needed to 
proactively react to future events, such as improving safety, reliability, 
lifetime-extension assessment, and overall operational performance. 

Combining the SM approach proposed in this study and the damage 
identification algorithms from Ref. [50] provides an integrated solution 
to the damage identification problems of cantilever structures in general 
and especially for catenary poles. This combination covers three levels 
of damage identification problems up to Level 3, namely, damage 
identification, localization, and quantification. 

The findings are promising, as they provide the decision-maker with 
the required information to manage the maintenance, repair, or 
replacement procedures. What characterizes these findings is that they 
can be realized and applied in practice using low-cost equipment, e.g., 
wireless accelerometers. The elements of interest in this study share 
some characteristics with cantilever structures, such as power trans-
mission lines, antenna masts, chimneys, and wind turbines. However, 
they also have some distinctive characteristics, such as the presence of 
prestressing forces that close any relatively small cracks that may 
appear. 
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