Review Paper

A cross‑sectoral review of the current and potential maintenance
strategies for composite structures
Javier Contreras Lopez1

· Juan Chiachío2 · Ali Saleh2 · Manuel Chiachío2 · Athanasios Kolios1

Received: 17 January 2022 / Accepted: 6 May 2022
© The Author(s) 2022  OPEN

Abstract
The interest in the use of composite materials in thin-walled structures has grown over the last decades due to their
well-known superior mechanical performance and reduced weight when compared with traditional materials. Notwithstanding, composite structures are susceptible to damage during manufacturing and to fatigue degradation during
service, which grants inspection and maintenance strategies outstanding importance in the duty of mitigating premature
failures and reducing whole life cycle costs. This paper aims to provide a cross-sectoral view of the current and potential
maintenance strategies that are drawing the attention of the different industries and researchers by reviewing the current use and limitations of composites structures, the impact of maintenance in the whole-life cycle of the composite
structures, the health and condition monitoring techniques applied, and the benefits and limitations of the currently
used and potential maintenance strategies. Finally, the health and condition monitoring techniques and maintenance
approaches used by the different industries are contrasted to identify trends and divergences and suggest research gaps
and industrial opportunities.
Keywords Polymer–matrix composites (PMCs) · Composite structures · Structural Health Monitoring (SHM) ·
Maintenance · Cyber-physical structures (CPS)
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1 Introduction
The commitment towards global sustainable development
was signed by all United Nations Member States in 2015
and resulted in the 2030 Agenda for Sustainable Development.1 This agreement is based on 17 Sustainable Development Goals (SDGs) which target the most critical issues
that we need to face as a society. Fiber-reinforced polymer
(FRP) composite materials are high-efficiency and highdurability lightweight materials that have the potential to
positively impact several SDGs driving a change towards
sustainability. Notwithstanding, a paradigm shift in the use
of these advanced materials by the different industries is
challenged by several issues, among which the following
stand out: uncertainty about long-term damage behaviour and reliability [1], inadequacy or absence of design
standards in several industries, lack of technological demonstrators [2], unreliable manufacturing [3], shortage of
long-term durability data [4, 5], high material costs [6], and
recyclability issues [7, 8]. These issues mainly derive from
an immature knowledge about the optimal monitoring
and maintenance strategies throughout the lifetime of
these materials within a healthy balance between safety
and cost for safety-critical applications. Hence, the use of
composite materials by the different industries is still dissimilar, depending on their attitude towards risk and their
expectancy about the use of composites.
These reasons call for cross-sectoral research and development approaches to overcome the constraints of each
of the industries with the knowledge and experience of
the others. The more profound knowledge and technology development of the aerospace industry in the use
of composite structures along with the extensive experience of lower risk industries such as the automotive and
wind energy can be utilised in favour of less developed
industries such as the civil and naval. In general, we can
envisage that the (open) data and knowledge provided
by the more advanced industries will boost the adoption
of composites materials by increasing the confidence of
the stakeholders of different industries to design, produce,
manage and utilise composite structures. However, finding common grounds and knowledge to overcome the
particularities of each type of industry is a significant challenge, which, to the authors’ best knowledge, has not been
tackled before in the open literature. This work represents
a first step in this direction.
In particular, this paper provides a cross-sectoral
overview of the potential and limitations of different
maintenance technologies and operation strategies for
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thin-walled composite structures through the analysis of
their role in four key industries, namely: aerospace, wind
energy, civil and naval. These industries are currently
employing FRP materials in their applications [9], and
accrue a high percentage, between 50 and 60%, of the
total use of carbon-fiber-reinforced polymers [10]. To this
end, a cross-sectoral maturity analysis is firstly provided by
means of a maturity index which measures and ranks the
position of the refereed industries in the use of composites. Next, the possibilities brought about by the recent
advances in Structural Health Monitoring (SHM) across
industries are investigated in application to the inspection
and monitoring of composite structures. Finally, an overview about the different maintenance strategies suitable
for composite structures and their impact across the industries is analysed. In essence, this research has revealed that,
although relevant developments have been carried out in
the field of SHM [11–16] and more recently in the field of
Prognostics and Health Management (PHM) in application
to composite structures [17–21], these have not yet been
translated into optimised and predictive maintenance
strategies. In this context, the development of predictive
maintenance strategies for composite structures assisted
by PHM technologies and Physics-Enhanced Artificial Intelligence methods have been concluded as a key element
to boost the adoption of composites across industries by
reducing the uncertainty surrounding their future performance and reliability [22]. This predictability allows
inspection and maintenance strategies to be tailored for
a particular structure, which, in turn, translates into an
extended lifetime and therefore increased sustainability.
In this context of sustainability, evidence is shown here
through a quantitative analysis that composites across
the different industries can significantly contribute to two
important SDGs, in particular, SDG 7 (Affordable and Clean
Energy) and SDG 9 (Industry, Innovation and Infrastructure).
The rest of the paper is structured as follows. First,
Sect. 2 identifies the current use and limitations of platelike composite structures within the aforementioned
industries and presents innovative technologies and
approaches being currently explored. Following this,
Sect. 3 reviews the current developments on SHM in
application to composite structures along with its use and
limitations as per the different industries. After the introduction of SHM, Sect. 4 provides a brief description of the
different existing maintenance strategies and their characteristics along with an analysis of the impact of maintenance on whole life cycle costs of composite structures in
the context of these industries. Later, Sect. 5 builds on the
necessary steps towards intelligent PHM (iPHM) and the
constraints to be overcome to integrate all the information to produce Cyber-Physical Structures (CPS). Finally,
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(b) Civil aviation sector

Fig. 1  Aircraft’s composite participation in weight [24]

Sect. 6 briefly summarises the findings and conclusions
of the paper.

2 Overview of the main technological
applications of composite structures: use
and limitations
In this section, the degree of maturity and the main applications of composite structures are reviewed within the
context of four key industries: aerospace, wind, civil construction, and naval.

2.1 Aerospace industry
Since its early days, this industry has pushed the technological limits of materials due to the harsh environment to
which they are exposed. The aerospace industry adopts
strict requirements for structures [23], such as very high
reliability (even higher in civil aviation applications),
mechanical and chemical durability, aerodynamic performance, multi-role applications, stealth, and all-weather
operation. Traditionally, these requirements were partially
met by the use of advanced metallic alloys; however, these
are heavier and prone to corrosion. Thus, composites have
achieved an important role in aerospace due to their high
strength-to-weight and stiffness-to-weight ratios, greater
fatigue and corrosion resistance, and ability to tailor
stiffness and strength to specific design loads [23]. This
allowed the expansion of application cases of composites
structures over military and civil aircraft, helicopters, satellites, launch vehicles, etc. [24–26].

Indeed, the use of FRP composites in aircraft has
increased since 1970 and has reached around 50% of its
total mass in some cases (e.g., the Boeing 787 structure)
[27]. Initially, composite materials were used as secondary
structures to provide weight savings, although nowadays
they are increasingly being used for primary plate-like
structures [28]. The early development of composite structures in aviation was specially notorious in small fighter
aircraft, achieving weight content of composites above
20% for F/A-18E/F, Rafale, F-22 and Gripen models produced during the decades of the 1970s to 1990s [24], as
depicted in Fig. 1a. It is noticeable that this development
has seen a maximum participation of composites in the
military aircraft with content above 50% by weight in the
Eurofighter [29]. Regarding the application in the civil aviation, the available data from reference aircraft manufacturers such as Boeing and Airbus show a slower adoption of
composites use with a rampant tendency since the last
two decades, as shown in Fig. 1b. In fact, in the last years,
these manufacturers have taken a great shift passing from
composite participation in weight around 12% and 25%
in their B777 and A380, respectively, to more than 50% in
their latest B787 and A350.
These weight reductions translate into fuel savings
which, apart from the monetary savings for operators,
directly impact SDG 12 (Responsible Consumption and
Production). In fact, despite the initial manufacturing
emissions being higher for hybrid composites and carbon-fiber-reinforced polymers (CFRP) than for classical
aluminium and steel solutions, the whole-life CO2 emissions during operation are lower, and break-even times
range from 60 to 320 flight hours [30].
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Besides, despite the positive experience and maturity
of the production market, there are still some concerns
with the use of composites in plate-like structures in the
aerospace industry. Some researchers point to the severity
and conservatism of the current airworthiness regulations
[31] as limitation towards an efficient use of composite
structures thus leading to over-conservative and oversized structures [25]. In addition to this, the need for clear
guidance in the operation and maintenance of composite structures by their operators has been highlighted in
works like [32]. Another concern with the use of composite materials is their lack of ductility during the fracture
process. Brittle micro-cracks and delamination cracks [33],
which are difficult to detect visually, appear and progress
during operation due to fatigue [34], impact [35], and
lighting strikes [36, 37], leading to an uncertainty increase
about their mechanical performance. In recent years, different solutions have emerged to partially solve the latter
drawbacks through the use of hybrid and advanced composites [38, 39] although they typically imply a reduction
of the strength-to-weight and stiffness-to-weight ratios.
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Fig. 2  Evolution of wind energy capacity by region. Data taken
from [46]
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2.2 Wind industry
Lower shell

Despite the fact that the first steps of electric power generation from wind date from the late nineteenth century,
it was in the 1970s when the production of wind turbines
experienced a rampant increase. Initially, classical materials such as steel were used for turbine blades, like the
one manufactured by the U.S. company S. Morgan-Smith
in 1941 experiencing failure after a few hundred hours of
intermittent operation. This induced the need for a transition to high-performance blade materials such as composites, despite the reduced knowledge about these tailored
materials at that time. Moreover, in response to the 1973
oil crisis, NASA started a program in 1975 to develop wind
turbines [40] with composites as primary blade materials
based on the knowledge gained from the application to
the aerospace industry. Since then, the production of wind
turbines has experienced an unceasing increase which still
continues nowadays.
The growth of this tendency has been accelerated during the last decades since the world is moving towards
greater utilisation of renewable energy due to its environmental and economical advantages. Indeed, the wind
is one of the most efficient renewable energy resources
for its numerous advantages [41], and today it is becoming strongly cost competitive in relation to other power
generation methods [42]. This efficiency explains how
fast the wind industry is growing worldwide. For example, the EU goal is to increase the use of renewable energy
to 27% of the total energy generation by 2030 and to cut
greenhouse emissions by 80–95% by the year 2050 [43].
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Fig. 3  Typical turbine blade cross-section

China has experienced an increase of 27% in the growth
rate of the electricity generated from wind between 2016
and 2017 [44]. The United States set a target to increase
the electricity generated from wind to 20% of the total
electricity generated [45]. Figure 2 depicts the tendency
and growth of installed wind capacity by region from
2011 until 2020, which reveals an increase of worldwide
installed capacity from 220,019 MW in 2011 to 733,276 MW
in 2020 [46]. Moreover, there are expectations of future
growth for electricity generated from wind and solar photovoltaics, which will probably continue to expand reaching 29% of the market share in 2021 from 28% in 2020 [46].
These trends indicate an increasing need for composite
materials mostly applied in turbine blades.
Typically, laminates used on wind turbine blades (refer
to Fig. 3 for a cross-section schematic view) are made of
e-glass fibers and thermoset matrices, such as epoxy,
polyester, or vinylesther, with fiber content of about 75%
in weight. Notwithstanding, the increasing demand for
larger wind turbine blades driven by offshore applications has opened up the possibilities of carbon fibers to
provide greater strength and stiffness-to-weight ratios,
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Table 1  Published composite design guidelines
Document

Details

EUROCOMP
CUR 96
BD90/05

Structural Design of Polymer Composites (Design Code and Handbook, Finland, France, Sweden, UK, 1996)
Fiber Reinforced Polymers in Civil Load Bearing Structures (Dutch Recommendation, 2003)
Design of FRP Bridges and Highway Structures (The Highways Agency, Scottish Executive, Welsh Assembly Government,
the Department for Regional Development, Northern Ireland, May 2005)
DIBt
Medienliste 40 für Behälter, Auffangvorrichtungen und Rohre aus Kunststoff, Berlin (Germany, May 2005)
CNR-DT 205/2007 Guide for the Design and Construction of Structures made of Pultruded FRP elements (Italian National Research Council,
October 2008)
ACMA
Pre–Standard for Load and Resistance Factor Design of Pultruded Fiber Polymer Structures (American Composites
Manufacturer Association, November 2010)
DIN 13121
Structural Polymer Components for Building and Construction (Germany, August 2010)
BÜV
Tragende Kunststoff Bauteile im Bauwesen [TKB]—Richtlinie für Entwurf, Bemessung und Konstruktion (Germany, 2010)

thus improving their resistance to gravitational loads and
fatigue life [47].
Irrespective of the recent advances in manufacturing
for large size blades of different composite materials [48],
there are still some unveiling challenges with the use of
composites in the wind industry, with the most important being damage detection , location and identification [49–51], long-term reliability under damage [52], and
remaining useful life prognosis [53, 54]. There is a long
perception that the current design safety factors are too
high; arguably as a consequence of the aforementioned
challenges, among others. Further improvements and
developments in those could help to reduce the Levelized
Cost Of Energy (LCOE) [55].
In particular, with regards to damage diagnostics, SHM
has shown promising results using different techniques
(see for example [56–60]). Similarly, there have been some
attempts to provide fatigue damage and erosion modelling [61–64], damage progression [65] and prognosis
[66, 67]. Even though the feasibility of these approaches
seems encouraging, the experiments were predominantly
conducted in controlled laboratory environments using
simplified loading and damage scenarios. Therefore, the
long-term and reliable performance of these systems in
real operating conditions remain to be proven [67]. Notwithstanding, some research groups such as the Sandia
National Laboratories have developed several projects
such as the Continuous Reliability Enhancement for Wind
(CREW) database [68] that aims to provide data-driven
tools for the industry to self-assess the performance of
wind turbines and adapt the operation and maintenance
accordingly. Other studies focus on the fatigue behaviour
of wind turbine blades under real conditions [69–71].
The opportunities for availability and revenue improvement that SHM and predictive maintenance can bring
to the industry are analysed in detail in Sects. 3 and 4.2,
respectively.

2.3 Civil construction industry
For around 200 years until today, steel and concrete have
dominated the civil construction industry. For several decades, this industry has been reluctant to incorporate composite materials for primary structures except for certain
applications [72] and pilot projects, with the most relevant
ones shown in Tables 2, 3 and Fig. 4. Composite materials have unique properties that make them appealing to
the civil industry [6, 73, 74], in particular their superior
resistance to corrosion in aggressive environments along
with their high strength-to-weight ratio [75–77] and high
fatigue capacity (mainly for CFRP [78]). Also, composites
provide important weight reductions as compared to traditional materials which would enable new architectural
designs [79], easier and faster building procedures [75, 76],
extended lifetime [80], and therefore, improved sustainability [81]. However, irrespective of their potential, there
are important reasons that are limiting the adoption of
composites by this industry, amongst which the following
are identified as the major ones: (1) lack of standards and
design codes [82], (2) high material costs [83], (3) lack of
experience and conservationism of the industry [84].
In regards to the lack of regulatory design codes, the
NIST (the US National Institute of Standards and Technology) has recently warned about the lack of design codes
and standards as one of the barriers against the adoption
of composites in sustainable infrastructure [82]. Yet, the US
Congress passed the Composite Standards Act in August
2020 that will publish guidelines and standards for using
composites in infrastructure applications [85]. In Europe,
there are plans to create such a FRP Design Eurocode [86],
as stated in a recent report from the European Commission [87]. In the meantime, some European countries have
developed their own guidelines, with the most relevant
ones being summarised in Table 1.
In regards to the high material costs in comparison with
traditional materials such as concrete and steel, this is a
Vol.:(0123456789)
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Table 2  List of pedestrian composite bridges
Location

Year

Kolding, Denmark

1997 100% GFRP

Svendborg, Denmark

2009

Esbjerg, Denmark

2012

Grosseto, Italy
Harderwijk, Netherland
Rotterdam, Netherlands

2004
2013
2013

University of Salerno, Italy 2014
Floriadeburg, Netherland

2012

Nørre Aaby, Denmark

2007

Moscow, Russia

2008

Type

Details and notes

40 m long and 3.2 m wide, 15 years of operation
without any damage [87, 96]
pultruded GFRP deck
40 m long and 3.2 m wide, installed in just 2 h [87,
97]
steel beams adhesively bonded to pultruded GFRP 18 m long and 3 m wide [87]
deck
GFRP pultruded profile
27 m long, installed in an archeological area [87]
100% GFRP made by vacuum infusion technology 22 m long and 6.3 m wide [87, 98]
GFRP sandwish inside VARTM made core
62 park bridges with lengths ranging between 1.5 m
and 4.5 m [87, 99]
GFRP pultruded I-beam with GFRP sandwich
148 m long and 37 m main span [87]
panels deck
Steel beams covered with GFRP pultruded deck
127.5 m long and 6 m wide, designed to carry heavy
vehicles (12t weight) [87]
100% pultruded Glass FRP (GFRP)
23 m long, installed in just 2 h, it replaces an old RC
bridge that is 20 times heavier [87, 100]
FRP profiles moulded by infusion
22.6 m long and 2.8 m wide, the first bridge made of
composite moulded by vacuum infusion [87]

Table 3  List of road composite bridges
Location

Year

Oxfordshire, UK

2002 100% GFRP and CFRP pultruded profiles

Klipphausen, Germany
Utrecht, Netherlands

2002
2013

Karrebæksminde, Denmark 2011

Delft, Netherlands

2014

Lancashire, UK

2006

Type

The first composite public road bridge, no damage
found when inspecting it after 12 years of service
life [101, 102]
100% GFRP
The first GFRP road bridge in Germany [87, 103]
Hybrid GFRP-steel bridge made with VARTM injec- 142 m long and 6.5 m wide, composite deck carry
tion
Eurocode traffic loads and all the horizontal loads
[104]
pultruded GFRP deck
100% pedestrian and cycle bridge was hung on
the side to increase capacity, the first Danish road
bridge made with a composite deck [87, 105]
Vacuum infused GFRP sandwish structures with
34 m long and 12 m wide [106]
steel members
GFRP pultruded profile
52 m long, Carry up to 400 KN weight [87, 90, 107]

long-standing claimed issue by the construction industry
that becomes exacerbated by the massive material utilisation in this industry. A shift from the initial-constructioncost viewpoint to a holistic lifecycle approach considering
the higher durability of composite materials in a circular
economy context would help; however, these lifecycle
methods are still not widely adopted in civil engineering practice [80, 88]. Notwithstanding, the development
of efficient manufacturing techniques such as pultrusion
[89] and filament winding [90] among others [91, 92],
along with the need for strengthening and rehabilitation
of existing structures [74], have opened up opportunities
for composite materials in the construction sector [93]. In
particular, the repair and strengthening of ageing structures using FRP materials is arguably the most promising
Vol:.(1234567890)

Details

application of composites in civil engineering up to date,
as revealed by the extensive literature in this area (see for
example the following reviews papers [77, 94, 95]).
Finally, as for the lack of experience and conservationism in the construction industry, the knowledge gained
during decades (even centuries) about the use of traditional materials makes the adoption of new materials a
difficult and competitive task. However, this barrier could
be expected to diminish as long as new evidence and
pilot applications of FRP composites become available.
In general, most of FRP applications in civil engineering
structures including the aforementioned pilot projects are
relatively new, and therefore, the longer the service life
of these structures, the more useful information can be
collected. This will contribute to reducing the uncertainty
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Fig. 4  Applications of composite material in bridges. a–j pedestrian bridges. k–p Road bridges. locations: Kolding, Denmark (a),
Svendborg, Denmark (b), Esbjerg, Denmark (c), Grosseto, Italy (d),
Harderwijk, Netherland (e), Rotterdam, Netherlands (f), Univer-

sity of Salerno, Italy (g), Floriadeburg, Netherland (h), Nørre Aaby,
Denmark (i), Moscow, Russia (j), Delft, Netherlands (k), Karrebæksminde, Denmark (l), Utrecht, Netherlands (m), Klipphausen, Germany (n), Oxfordshire, UK (o), Lancashire, UK (p)

about the long-term reliability of composites and therefore boost the application of composites in the civil engineering sector.

Three main benefits drive the interest in the use of FRP
in this industry, namely weight reduction, good fatigue
resistance, and high durability in the marine environment
[113]. The weight reduction due to the greater strengthto-weight ratio directly translates into increased payload,
range, hydrodynamic performance, greenhouse-gas emissions savings, and durability [111, 112]. Some authors have
reported that expected weight reduction with FRP could
reach up to 30% and could result in fuel consumption
savings up to 15% ([112]), which directly impacts SDG 12.
As a drawback, moisture absorption degrades the FRP by
reducing tensile and bending strengths [114]. Notwithstanding, this type of damage is less severe than the experienced by metals (e.g., corrosion [115–117]) and repairs
are easier and less expensive [116, 118], providing FRP an
overall better suitability for the marine environment. Even
the lower stiffness of e-glass FRP can favour areas with
high local stress concentrations where the structures are
prone to suffer fatigue cracking such as deckhouses [119].

2.4 Naval Shipbuilding industry
Steel and aluminium alloys have been the traditional
materials massively used by the naval industry for decades.
The use of composites started in the US NAVY between the
mid-1940s and 1960s in the shape of non-critical structures and predominantly in small boats [108]. Slightly later,
the Royal Navy and the French Navy started to make use of
composites as structural material mainly for their acoustic
transparency (stealth) [109, 110]. For this reason, composites started as preferred materials in minehunting ships
in the 1970s [111]. Since those military applications, and
mostly during the last few decades, the use of FRP in naval
shipbuilding has grown significantly, although there are
authors pointing out that the full potential of these materials is yet to be realised in this industry [112].
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Table 4  Score values for maturity factors
Factor

Description

Score
5

4

3

Very high
High
Medium
Participation Relative participation of
composites in the
industry
More than 20 years Between 10 and 20 Between 5 and 10
Standards
Time since first
years
years
standards were
published
Publications Equivalent number Greater than 7000 Between 5000 and Between 3000 and
7000
5000
of publications in
40 years

Thus, considering the positive balance provided by
FRPs, there is a natural tendency to favouring their wider
application, but still for small/sport vessels or for nonstructural components [120, 121]. As with other industries,
these reasons are predominantly centred on the shortage
of knowledge and lack of reliable data about FRP performance in the marine environment [120]. The lack of knowledge poses to all stages of the production of the structure,
starting from its design, following by its validation, and
ending with its manufacturing. With regards to the design
stage, there is a lack of design codes and reference models to optimise the designs of large complex vessels [120].
To overcome this problem, the traditional approach has
been to increase the safety factors in the design [122, 123],
which results in diluting the weight-saving benefits of FRP.
In the verification stage, Safety Of Life At Sea (SOLAS) regulations did not contemplate the use of a material other
than steel until 2002. After 2002, FRP composites can be
considered structural materials but the verification process
has been reported as long, expensive, and with a significant level of uncertainty to get the final approval [124]; in
fact, this reduces the motivation of designers to use composite materials. Finally, there is a lack of open databases
to estimate the cost of fabricating naval structures with
composites and a lack of high-quality and low-cost manufacturing processes for massive composite structures. In
this context, the European Union has recently funded two
research projects to address the lack of knowledge that is
limiting the expansion of FRP, namely, RAMSSES and fiberShip [2]. These projects aim at providing the tools, data,
and demonstrators of FRP vessels to overcome the code
and knowledge constraints mentioned and familiarise the
stakeholders of the industry with the requirements and
processes of FRP structures.

Vol:.(1234567890)

2

1

Low

Very low/nonexistent

Less than 5 years

Nonexistent

Between 1000 and
3000

Below 1000

2.5 Cross‑sectoral maturity overview of composites
and contribution to SDGs
As shown before, the different industries have unequal
experience and track record in the use of composite materials. To quantify this observation, a maturity index m is
proposed here to measure and rank the relative position
of these industries in regards to the use of composites.
Three contributing factors ranging from 1 to 5 have been
considered in this index: the relative participation of composites in structures suitable for these materials (Participation P ); the time since the first standards or regulations of
the use of composites were released (Standards S ); and
the equivalent number of publications during the last 40
years in the field of composite structures applied to the
industry (equivalent number of Publications Pueq), where
Pueq is computed as:

Pueq =

∑2020

i=1981

ni (2021 − i)

(1)

40

with ni being the number of composite publications at
year i. Table 4 summarises the aforementioned factors and
the criteria used to assign the different scores.
Finally, the maturity index, m for each industry is calculated as m = (P + S + Pueq )∕15 and the results are shown
in Table 5.
These results reveal that, according to the proposed
index, the aerospace industry has achieved the greatest

Table 5  Maturity factor values by industry
Industry

Participation

Standards

Publications

Maturity

Aerospace
Wind
Civil
Naval

3
5
2
1

5
4
1
1

5
1
2
1

0.867
0.667
0.333
0.200
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Fig. 5  Schematic view of the analysis of contribution of composite materials towards the achievement of the SDGs

maturity followed by the wind industry, which is the one
with the highest rate of participation of composites. On
the contrary, results show a gap between the aforementioned industries and the civil and naval industries in the
use of composites, with the naval being the worst positioned industry in the use of composites.
Apart from the maturity, the contribution of the use
of composite materials across industries in the achievement of the SDGs is presented next. To this end, the 17
SDGs (described in Table 7 in Appendix 2) are considered
by the achievement indicators of their corresponding targets [125]. These indicators are assigned a unitary value if

composites directly contribute towards their achievement
and 0 otherwise. The analysis for each of the industries
is presented in Appendix 2, specifically in Tables 8 to 10.
The results are summarised using polar bar charts in Figure 5. These results show that a wider use of composite
structures across the different industries can significantly
contribute to SDGs 7 (Affordable and Clean Energy) and 9
(Industry, Innovation and Infrastructure). Besides, to a lower
extent, composites have a positive impact on SDGs 11
(Sustainable cities and communities) and 12 (Responsible
consumption and production), with the remaining SDGs
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being minimally affected by composites (unitary indices
equal to or lower than 0.25).
In contrast, there are a few concerning issues that need
to be addressed to reduce the potential negative impact
of the use of composite materials: the recyclability of
composite materials after decommissioning; the rampant increase in the extraction of raw materials for the
production of constituent materials (matrix, fibers); and
the higher demand of energy for the manufacturing of
FRPs as compared to traditional materials. These issues
have captured the attention of the research community
as seen in a number of recent publications [81, 126–130]
and constitute impacting research challenges to address
in a near future.

3 Health monitoring of FRP composites
across industries
The long-term reliability and the complexity of the inspection and maintenance of thin-walled composite structures
have emerged as barriers to the expansion of these materials among different industries. In this context, the SHM
technology has the potential to overcome these barriers as
it enables a quasi-real-time data acquisition by attaching
sensors to the structure or even by incorporating them
into their internal structure [11, 131]. This data provides
the basic information for damage prognostics and predictive maintenance [22]. Table 6 provides a synoptic view of
the most established SHM sensing techniques for composite structures across industries, including their advantages and limitations. In the following, the role of SHM
technology and its connection with CBM is discussed for
the industries considered in this study.

3.1 Aerospace industry
As with the use of composites, military aircraft has pioneered the use of SHM. It was in the late 1950s when the
UK Royal Air Force started using a device based on accelerometers to evaluate the in-flight loads experienced in
fighter airplanes [163]. Since then, the interest of the aeronautic industry in non-destructive testing (NDT) and SHM
(both civil and military) has steadily grown [164]. At the
same time, the literature on this topic has seen a rampant
development and a number of new sensing techniques
and damage identification methods have been proposed
during the last few decades. Rocha et al. [11] provides a
recent review of the literature on SHM in aerospace composites. They conclude that the adequacy of the selection
of an SHM system lies in a set of multidisciplinary factors
such as the specificity of the structure, shape, size, constituent materials, expected damage location and type, and
Vol:.(1234567890)
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maintenance. In Towsyfyan et al. [164], a comprehensive
review of the capabilities and limitations of certificated
NDT technologies for aerospace composite structures is
provided.
As evident from the literature, there is a general consensus about SHM as an effective technology for optimised
condition-based maintenance. In fact, the main manufacturers of the aviation industry have identified the potential
benefits of SHM predominantly in the field of maintenance
[165, 166]. In this industry, damage detection, primarily
based on visual inspection, takes a considerable part of the
maintenance budget. Indeed, access to inspection areas is
one of the major drivers of maintenance costs for aircraft.
A clear example is provided by Cawley [167], which reports
that Boeing calculated that out of the 25,000 h required
for corrosion inspection for a 747-400 aircraft, 21,000 h
were spent gaining access to the inspection areas (over
80% of the inspection time). These figures make clear the
industry’s interest in SHM. Another driver for SHM as enabling technology for advanced maintenance is life extension of existing aeroplanes that are close to their nominal
end-of-life. SHM provides valuable information about the
actual degree of damage that can be used for informed
life-extension decision-making [168].
Despite the aforementioned benefits of SHM and the
feasibility of their use in composite structures, there are
also concerns that limit their use in the aerospace industry
(and to some extent in other industries). The first concern
is about the reliability of the damage detection, location,
and quantification of damage for in-service real structures.
Most of the current progress about SHM in aerospace
composites has been carried out in coupons, plates, and
scaled structures under laboratory conditions [20, 169,
170]. However, irrespective of some insightful progress on
in-situ damage monitoring technologies [19, 171], there
is still much uncertainty about the performance of onboard SHM technology during long periods of time and
against harsh and changing environmental conditions.
In this sense, Unmanned Aerial Vehicles (UAV) are seen
as an interesting opportunity to test SHM systems in real
conditions while reducing economic and safety risks [172,
173]. Secondly, there is a lack of publicly available data for
SHM developers to work with. The research community
would highly benefit from the use of open datasets to
build robust models for damage detection, quantification
and prognosis, and therefore increasing the reliability of
the systems. Thirdly, there is uncertainty surrounding how
SHM systems can deal with patched or bolted repairs. In
this context, the SHM system shall be able to evaluate and
monitor the repaired condition of the structure so that the
system has the same reliability as the original structure;
otherwise, the main advantage of SHM (reducing inspection costs) will be jeopardised. Finally, there is a need for
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Table 6  List of structural health monitoring techniques used in fiber reinforced polymers
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a publicly available demonstrator project investigating
the whole SHM process for composite structures. A direct
comparison of the whole life cycle costs of the application
of SHM against the current inspection strategies would
help close the existing gap between academic research
and industrial needs in SHM.

3.2 Wind industry
In the wind industry, the turbine blades along with the
gearbox and electrical generators, have been identified
as the turbine components with the highest failure rates
[174, 175]. Moreover, the damage in the blades is regarded
as one of the most expensive and difficult to detect among
the potential failures of the turbine and has the potential
to act as a precursor of secondary damages in other parts
of the turbine [176]. Thus, deploying SHM technology on
turbine blades will translate in maintenance optimisation
and fewer operation costs for the entire system [177]. A
variety of damage types have been identified as susceptible to appear in composite blades during their lifetime [50,
178]; these are, damage in the adhesive layer between the
skin and flanges of the spar (debonding); damage in the
adhesive layer between the top and bottom skins along
the leading or trailing edge (debonding); damage in sandwich panels between the face and the core (debonding);
delamination caused by tensional or buckling load; fiber
failure in tension; laminate failure in compression; buckling of the skin (debonding); and cracks in the gelcoat or
debonding of the gelcoat from the skin. Among them,
delamination and adhesive joint failures are reported as
the most usual ones [52]. A number of SHM techniques
have appeared in the literature dealing with one or more
of the damages mentioned above [16], including vibration
analysis [179–181], strain monitoring [182, 183], acoustic
emission [184, 185], ultrasonic detection [186, 187] and
infrared thermography [188]. Several authors [50, 189]
have provided recent literature surveys about the state-ofthe-art damage detection techniques for turbine blades.
Of the existing techniques, acoustic emission and strain
monitoring have demonstrated efficiency on damage
detection in real case scenarios [177, 190], whilst Lambwave monitoring is recently being explored for its efficiency in damage location in large thin-walled composite
structures. [191, 192]
In practice, there are commercially available monitoring systems for the drive train and gearbox components
using information from Supervisory Control and Data
Acquisition (SCADA) along with other vibration control
systems [193]. However, the monitoring of the blades is
still in its infancy although an increasing research effort
is reported in the literature with sound solutions [16, 50,
180, 189, 194, 195]. The existence of data already available
Vol:.(1234567890)
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registered through the SCADA system has encouraged
some researchers to further explore the data so as to find
meaningful features for the blades [196–198]. Nonetheless, an effective blade damage detection and evaluation
need dedicated blade SHM systems [189]. Indeed, a dedicated SHM system for the blades opens up the possibilities
of blade pitch control (derating) as a way of no-growth
control of existing damage or lifetime extension [199]. In
addition, it has been reported to provide a more balanced
and stable load for the rotating parts of the drive train and
gearbox and thus extending their lifetime [200].
As a general comment, current SHM systems for wind
turbine blades are able to provide data in controlled environments and meaningful damage indicators [201]. Notwithstanding, there is no proof of the systems performing
during long time periods and under harsh-condition environments. How the system is going to react to uncertain
and harsh environments remains unknown and conform
one of the technological challenges of this industry. A
non-durable SHM system will end up adding more maintenance costs and downtime on its own.

3.3 Civil construction industry
Generally, civil engineering structures are designed for
long service life periods, about 100 years, and they usually require minimum maintenance throughout a significant part of their service life. In this context, the structural
asset management strategy followed by this industry
has been oriented to reactive maintenance mainly [202].
Notwithstanding, an increasing amount of structures are
nowadays reaching their nominal lifetime and the use of
SHM is gaining attention as a rational tool to support a reliable and cost-efficient life extension [203]. Life extension
reduces the environmental impact of decommissioning
and constructing a replacing structure and, therefore, it
can be considered as a sustainable development strategy
[204].
After damage has been detected and evaluated (e.g.,
corrosion in concrete structures), structural retrofitting is
the natural step towards the life extension of the damaged
component. In this regard, FRP composite materials have
proven efficiency for retrofitting or rehabilitation of civil
engineering structures [94, 205–207], as explained before.
Notwithstanding, a key challenge that still remains open
is the long-term reliability assessment of the retrofitted
structure [208], to which dedicated SHM and PHM solutions are needed [94, 205, 209].
The literature about SHM in FRP structures for the civil
industry is still very limited and mainly focused on the
vibration analysis and the performance monitoring of
FRP bridges. In [210], state-of-the-art SHM technologies
in some demonstration FRP bridge projects in Canada are
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reported. Guan and Karbhari [211] provide a framework
for a web-based SHM of an FRP composite bridge based
on the vibration analysis and modal identification along
with its variation throughout time considering the degradation of the structure. Following this, the same authors
presented an application of this framework for the Kings
Stormwater Channel Composite Bridge [212]. Separately,
Mikołaj et al. [213] investigated the rheological effects of
long-term loading on an FRP bridge using SHM. According to their study, no rheological effects were found for
a 3-month test load. Long-term degradation was studied
in [214], where the performance of the first all-composite
bridge in Poland was controlled for 8 months finding no
relevant degradation of the structural behaviour.
As a general comment, SHM has the potential to contribute to overcoming some of the main barriers posed
in this industry to the extensive use of FRP composites;
however, the literature on this topic is still limited and this
potential is not fully exploited.

3.4 Naval shipbuilding industry
It is well known that the environmental impact of ship failures is massive, perdurable in time, and especially difficult
to revert. Each year, around a hundred large ships end up
sinking according to Allianz’s Safety and Shipping Review
[215] being ship hull damage among the top five causes
of sinking. The predominant types of structural issues of
ships made of traditional metal materials are related to
corrosion and fatigue cracking. Currently, the ship’s design
life cycle is estimated at around 30 years over which the
reliability of the structure should be maintained. The current practice in structural health assessment of ships is
the deployment of NDT when the ship is dry-docked. The
approach followed, unless there is an existing and known
flaw in the ship, consists of the inspection of strategic areas
of the hull to determine the thickness of the plate and
extrapolate the corrosion rate to other parts of the ship;
inspecting the complete hull including its welds would be
impractical, time-consuming and expensive [216].
As with other industries, SHM in naval ships can provide
insightful information regarding the actual condition of
the structure and the loads that the structure is supporting. This translates into optimal design, maintenance and
operation of the structures and uncertainty reduction in
fatigue-life prediction [217]. The SHM approaches predominantly followed in naval vessels are vibration analysis
[218, 219] and wave propagation analysis [216]. Passive
systems (e.g., acoustic emission) instead of active systems
(e.g., guided waves) have been reported as more practical
for at-sea implementations since they require less energy
and infrastructure to work [220].
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Despite the existence of some SHM systems deployed
on metallic hulls, they represent a tiny proportion that
does not allow the potential of this technology to be fully
explored. One of the reasons why SHM has not been intensively used in naval vessels is the difficulty to deal with
the size and shape complexity of their structural systems
[220, 221]. Thus, there is a clear space for this technology
to be further developed in this industry and demonstrate
its potential for reliability and serviceability increase and
maintenance cost savings [222–224].
As explained before, FRP structures are currently limited to small vessels and therefore, the application of
SHM is practically nonexistent. Even though corrosion is
not expected to be such a relevant issue for FRP vessels,
degradation due to water ingress and fatigue need further exploration in practice. The latter could constitute a
rich research and application area in the context of SHM;
however, to the best of the authors’ knowledge, SHM in
FRP hulls has been mostly limited to the study of small
components and connections, as reported in [131, 222,
225, 226].

3.5 Cross‑sectoral SHM overview
Whilst the studied industries present different levels
of expertise in the use of SHM in composites, the wide
range of sensing technologies and their development
level increases the likelihood of its effective application.
In terms of experience in the use of SHM solutions, the
aerospace industry has been using it for longer in military and civil aircraft. The military sector, more prone to
innovation due to lower certification constraints, provides a real testing environment for SHM solutions. In this
sense, these military SHM solutions are being used to gain
knowledge and transfer similar solutions to the civil sector. In the case of the wind industry, most existing SHM
solutions are installed in components different from the
blade, such as the drivetrain or the bearings. This industry
is currently more reliant on visual inspection and further
NDT in case of detecting any issue on the blade rather than
on the use of SHM solutions. In contrast, the civil industry has adopted on-board SHM for singular and critical
structures, typically based on vibrations (accelerometers)
to detect changes in the native response of the structure.
Considering the dimensions of the civil structures, SHM
technology is being used to detect large damages on
metal or concrete structures. Finally, the naval industry
shows less experience in the use of SHM and is currently
reliant on the visual inspection of hotspots of the hull of
the boat while dry-docked to detect damage. The literature does not show evidence that this industry will adopt
SHM technology in the near future at a rate similar to the
other analysed industries.
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Some common concerns across industries are related to
the reliability, optimisation and absence of open data for
the further development and deployment of SHM systems.
The higher initial costs and the difficulty of access to the
structure in some of the industries such as the aerospace,
wind or naval, have directed the spotlight onto their reliability. They shall be designed so that an additional burden
is not posed on the maintenance of the structure and the
limited experience in their long-time application is seen as
a potential risk for their deployment. Separately, the added
weight of sensors and wiring could dilute the potential
benefits of their use, primarily in the case of the aerospace
industry. Whilst one of the principal arguments in favour
of the transition to composite materials is the positive
environmental effects of weight reduction, the higher
complexity and evolution of non-visible damage types in
these materials require a more profound knowledge of the
state of the structure. Finding a balance to provide effective damage detection, location and quantification with
the increase of weight caused by the addition of sensors
requires a careful study of the structure. This issue feeds
back into the absence of data with which developers could
optimise and compare the results of different SHM system
solutions, creating a complicated environment for the integration of these systems within the structures.

4 Maintenance of composite structures
across industries
Long-term reliability and durability have been highlighted
among the most relevant factors that drive the industry
towards the use of composites in their structures. Maintenance is directly related to both of them, and its impact
can be decisive enough to condition the design of the
structure and the materials used. In this section, the
impact of maintenance and its relation with composite
structures of some of the most relevant industries using
composite structures will be analysed.

4.1 Overview of existing maintenance strategies
In general terms, there are four broad categories of maintenance strategies currently in use by the industry. These
categories evolved throughout time starting from the less
efficient ones, Corrective Maintenance (CM) and Preventive Maintenance (PvM) to the more efficient and technological ones, Condition-Based Maintenance (CBM) and
Predictive Maintenance (PdM) [227]. The selection of the
most suitable type of maintenance for a given application is non-trivial and has been studied by many authors.
For instance, Zhu et al. [228] presented and compared
different maintenance strategies (CM, PvM and PdM) for
Vol:.(1234567890)
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wind turbine blades based on the necessary leading time
to prepare and perform maintenance actions and the
associated costs of these. This study showed that inspection costs may greatly influence the choice of the most
cost-efficient maintenance policy. Also, Chen et al. [229]
presented a comparison of different maintenance strategies (PvM, hybrid CBM combining scheduled inspections
and continuous monitoring, and pure CBM) for aircraft
made of composite parts. Their findings show that the
hybrid CBM strategy, which could resemble the current
way in which CBM is applied in the aerospace industry, is
the most expensive maintenance strategy, and that this
could be related to the reluctance to use SHM in the sector.
Additionally, Florian and Sørensen [230] studied the cost
implications of optimising the inspection intervals for PvM
considering debonding damage of wind turbine blades.
PvM costs were found lower than those for CM for most of
the range of inspection intervals considered.
The most basic maintenance strategy, CM, also known
as run-to-fail maintenance, has as fundamental principle
not to interfere until the failure of the system. Its main
disadvantage is the risk of sudden failure leading to
unscheduled maintenance and the structure being out of
service during unpredictable time. This results in significant unforeseen costs that include those related to production, downtime, and inventory since workers should
be always prepared with spare parts for a sudden failure.
Besides, it may lead to more severe damage modes resulting in higher repairing costs. In contrast, the advantage of
CM is that it does not require strong planning due to its
simplicity, so it makes sense for non-safety-critical assets
only when the repair and downtime costs are less than
the operating costs using other maintenance types. In
essence, CM would be suitable for composite or any type
of structure; however, it is acceptable for non-critical and
lightly loaded structures only [14].
As a more advanced maintenance concept, researchers
and industry started to focus on PvM in the 1960s [231].
PvM is also known as time-based or scheduled maintenance because it is performed periodically based on a prespecified schedule [232]. The main advantage of PvM over
CM is the scheduled planning, therefore, eliminating the
unforeseen costs of the run-to-fail strategy. It also reduces
maintenance time by preparing beforehand the required
parts, supplies, and manpower. In addition, it enhances
the safety level with respect to CM since failure is prevented by routine inspection and maintenance activities
[233]. On the other hand, an important disadvantage of
PvM is that it is scheduled based on previous experience,
which, depending on the case, can be reduced or even
biased [234]. In practice, this uncertainty translates into
unnecessary maintenance actions to keep failure risk to
an acceptable level. For example, matrix micro-cracks, as
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the first sign of fatigue in composites, tend to accumulate
sharply at the beginning of the fatigue life of the structure.
Thus, inspections should ideally be unevenly distributed to
properly track this damage mode, instead of inspections
at periodic intervals. Furthermore, the actual maintenance
costs depend on the degradation level when performing
maintenance and the duration of the required maintenance action; both of them are time-varying variables
[235] whereas PvM is performed periodically ignoring
this variability. These limitations, among others, make PvM
unsuitable for composite structures where degradation
evolves in a highly nonlinear fashion. A sample of the relevance of adjusting inspection and maintenance intervals
is a comprehensive study on the reduction of operation
and maintenance costs for wind turbine blades through
the optimisation of these intervals based on the maintenance cost by Yi and Sørensen [236]. Another example is
provided in [237], where the inspection interval for an FRP
aircraft wing is optimised and compared with the MSG-3
PvM planning philosophy (the classical maintenance planning approach for aircraft), providing a quantitative procedure to optimise the inspection and maintenance of civil
aircraft.
In this context, the development of SHM enabled
monitoring continuously or as needed opened the doors
to CBM, in which maintenance is applied based on the
actual degradation condition of the structure. CBM was
introduced around 1975 [238–242] and it is defined as
the maintenance triggered by the evidence of the current state of the system exceeding a predefined threshold. With CBM, unnecessary inspections can be avoided
thereby reducing unnecessary downtime and costs.
However, defining the proper threshold for maintenance
requires accurate knowledge in order to guarantee a
healthy balance between safety and cost under different
(and uncertain) conditions [243]. In addition, performing
maintenance based on the knowledge of the current damage state only could result in unscheduled maintenance
activities leading to higher running costs due to the lack of
anticipation. An example of the importance of the definition of an optimum maintenance threshold was provided
by Zhang and Chen [244], who developed an optimised
CBM policy for wind turbine blades based on a fatigue
crack growth model including imperfect repairs in which
the crack length repair threshold was tuned.
To overcome the drawbacks of CBM, more attention
is recently moving toward PdM. Both CBM and PdM rely
on monitoring the state of the system through SHM, but
they differ in the way maintenance is planned. In CBM,
the maintenance decision is made depending on the current damage state, so there might not be enough time
before the maintenance threshold is reached. Whereas in
the case of PdM, the decision is planned not only based
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on the current damage state, but also on an anticipation
of the future degradation of the system. The prediction
of the RUL of the structure is therefore central to allowing a dynamic adaptation of the maintenance planning in
advance. An example of the potential of PdM was provided
by Griffith et al. [245], where the optimisation of wind turbine blades O&M strategies based on SHM and PHM was
studied. The inclusion of smart operation modes during
high wind periods to increase fatigue life and contain damage progression was explored showing promising O&M
cost reduction.
In summary, the literature provides evidence showing
that the criticality safety of some applications such as aerospace, along with the current state of maturity of SHM for
large structures, pose a barrier in the adoption of innovative and optimised maintenance strategies, being PvM and
CBM the most frequently used in FRP structures currently.
In the aerospace sector, the requirements for maintenance
and reliability are notably strict and these are limiting the
full potential of PdM. Notwithstanding, considering the
high inspection costs of this industry, the situation could
change in the future with the development of SHM and
the acquired knowledge using composite structures
[229]. In contrast, the wind industry has the potential to
evolve rapidly into the adoption of PdM given the lower
risk of unexpected failures and the numerous opportunities highlighted in the sector for life cost reduction. To the
authors’ best knowledge, the research in the remaining
industries covered in this review is very limited due to the
immaturity of the use of composite structures in those, as
explained in Sect. 2.

4.2 Impact of maintenance in whole‑life cycle costs
There are many examples in the literature showing evidence about the impact of maintenance on the life-cycle
cost of industrial and physical assets. See for example
[246–250], to cite but a few. The same applies to composite
structures; however, the literature on this field is still incipient. In the following sections, this literature is reviewed
across the industries considered in this work.
4.2.1 Aerospace industry
Worldwide air traffic has been continuously growing during the past years with an annual average of 4.6% and it
is expected to double in 15 years [251]. With this growth
in the aviation industry, some authors have foreseen that
by 2050 the amount of accumulated aircraft composites
waste will reach 500,000 tons [252]. Besides, the uncertainty about the long-term reliability of composite materials [1] along with their faster fatigue damage accumulation
rate (in relation to metals) may speed up the formation
Vol.:(0123456789)

Review Paper

SN Applied Sciences

(2022) 4:180

of composite wastes from this industry. Optimising maintenance and inspection strategies can help extend the
service life of composite aerostructures considerably by
controlling and slowing down deterioration. This aspect
has been treated in the aerospace literature but for materials different from composites. For example,
Guo et al. [253] provided several examples of military
aircraft like the Canadian CF-188 [254], the Australian
F-111C [253], and the American F-4 and B-52 fleets [255]
that are operating beyond their nominal lifespan by virtue
of intensive maintenance. However, frequent inspections
may require disassembly and reassembly of the parts,
which, in composites, it may result in an increased probability of damage [256]. Also, frequent inspections can
result in delays, which in turn lead to additional operating
costs that can reach up to 78 $/min [252, 257].
A proof of this is the development of Boeing’s B787, in
which the inclusion of maintenance costs and aeroplane
availability among the evaluated factors in the design
stage has resulted in a composite participation of over
50% in weight [258]. This shift in the design has proven to
be effective, resulting in a number of damage occurrences
equal to or lower than those for an equivalent metal structure [259].
Also, it is estimated that $5 million dollars can be saved
during the lifetime of an aircraft by reducing the downtime and maintenance costs using SHM with CBM [260],
but the installation of permanent sensors can cause an
additional load to the aircraft. Dong and Kim [260] found
that it will require 10,000 PWAS (piezoelectric wafer active
sensors) to cover the fuselage areas of a Boeing 737, and
this can lead to an extra 1000 lbs load which will result
in losing the savings from maintenance and downtime.
This illustrates the necessity of lightweight and longrange sensors for SHM in aerospace. Composites provide
a good alternative in this context since FBG sensors can
be directly embedded inside the material from the manufacturing stage [261] requiring no additional cabling and
reducing the weight with respect to a traditional PWAS
solution. Another equally important action is the optimal
positioning of the sensors thus reducing the number of
sensors (and therefore the weight, cable length, etc.) to a
minimum with enhanced detectability [262]. Approaches
related to this topic are based on either the value of information [263, 264], cost-benefit analysis [265, 266], or a
combination of both.
4.2.2 Wind industry
The growing trend in the wind industry, as depicted in
Sect. 2.2, is accompanied by the increase in wind turbine
size that has led to a rise in FRP utilisation in the bigger
blades. The majority of the structural components of the
Vol:.(1234567890)
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wind turbine can be easily recycled except the composite
blades since the recycling of composite materials is still
difficult with the current technology [8]. Only considering the wind industry, the amount of composite waste is
expected to increase rapidly and reach around 483,000
tons of accumulated CFRP by 2050 [252]. To address this
problem, Jensen and Skelton explored the possibility of
using composite waste in a circular economy context by
using different alternatives (reusing/repurposing, recycling and recovering); notwithstanding, they note that the
experience in reusing wind turbine composite materials in
new applications such as bridges, fibres in concrete, playground, urban furniture, etc. is very little [8]. Their reuse for
public infrastructure presents the main difficulty of verifying its state and strength whilst recycling and recovering
technologies are not ready for all composite materials.
In this context, elongating the lifespan of turbine blades
can be considered the only feasible choice today to postpone and control the future explosion of composite waste,
thus, offering the opportunity and time for finding better
recycling solutions for this problem. Besides, life extension can increase the ratio of the energy generated per
waste produced, increases the Return On Investment (ROI)
and decreases the LCOE [267]. Utilising SHM/CBM systems
to continuously assess the health of the structure can be
an efficient way to extend the service life of the wind turbine when accompanied by an evaluation of the factors
that influence O&M costs and the critical failure modes
of the system [267]. Griffith et al. [245] found that monitoring the health of the blade to regulate the load and
power generation can help in elongating its fatigue life
by 300%. Besnard et al. [268] considered different strategies of inspection and online condition monitoring and
the result was different optimal maintenance schedules
with different life-cycle costs for each of the strategies. In
regards to the offshore wind turbines, the impact of one
or another maintenance strategy on life-cycle costs is even
more accentuated, especially when considering end-of-life
scenarios and the possibility of life extension [246, 269]. In
offshore wind farms, the operation and maintenance costs
are predicted to be about 30% of the total life cycle costs
[270], and this can vary from two to five times the landbased costs [271]. This makes the energy costs of offshore
turbines larger than land-based ones [272]. These costs
can be reduced by using SHM technology and proactive
maintenance in a profitable way taking into account the
state of the structure, and this can also lead to an increase
in the overall profit and availability of the turbine [245].
4.2.3 Civil construction industry
As stated in Sect. 2.3, the main drawback of the massive
adoption of FRP materials in civil engineering construction
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is the high material costs, which can represent up to a 50%
increase when compared to traditional solutions in the
case of bridges [273]. Therefore, a key to the success and
expansion of these materials in the construction industry
will be the accurate prediction of the life cycle costs of
the composite structures. Indeed, the choice of the wrong
maintenance strategy can further increase the cost of
these structures by incrementing unnecessary inspection
and maintenance costs [274]. In this sense, the adoption
of CBM strategies using state-of-the-art “on-board” SHM
techniques seems a suitable approach in this direction.
Orcesi and Frangopol [275] developed a generic approach
to include the effects of SHM in the life cycle costs and to
optimise the maintenance strategies based on monitoring data. In their study, the knowledge about the criticality and occurrence of the failure modes and the integration of SHM data were highlighted as the challenges for
decision-making requiring further analysis for O&M cost
reduction. Zhao et al. [276] performed a life cycle assessment comparing traditional concrete-filled steel tubular
columns with several options including concrete and
FRP from an economic and environmental perspective
considering PvM maintenance. The results revealed that,
considering uncertainties, the traditional approach using
steel and concrete is likely to be more economically and
environmentally efficient. It is important to note that different parts, loading scenarios and maintenance policies
can result in different life cycle analysis outcomes and that
the optimised solution for a specific structure may be a
combination of traditional and composite material parts
and different maintenance strategies.
4.2.4 Naval shipbuilding industry
As stated in Sect. 2, the use of FRP composites as primary
structural materials in shipbuilding is still limited in spite
of their potential [113]. Accordingly, to the best of the
authors’ knowledge, there are no references in the literature investigating the impact of FRP composites in life
cycle cost reduction, service life and sustainability in the
naval shipbuilding industry. However, several papers in the
literature presented generic methodological approaches
for ship maintenance optimisation that could be extended
in the case of marine composite structures. For example, Liu et al. [277] integrated risk and maintenance cost
reduction and increase in availability to optimise the
repair actions that help in extending the ship’s service
life. Garbatov et al. developed a risk-based framework for
maintenance optimisation from the design stage and for
updating future maintenance plans while satisfying safety
transportation requirements [278]. Dong and Frangopol
[279] developed an approach for maintenance optimisation and optimal inspection scheduling while minimising
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the life cycle costs and risk of failure. They formally found
that an optimum inspection and maintenance plan can
reduce the risk of prolonged exposure of the structure to
corrosion and fatigue. In summary, a high impact would
be expected from a massive application of FRP composites
in the naval industry with life-cycle cost reduction being
prominent; however, this needs to be confirmed by more
research and new applications.

5 Discussion
As previously discussed in Sect. 4, most inspection and
maintenance approaches currently adopted by the composite industry are based on preventive/corrective maintenance methodologies with maintenance activities being
scheduled in planned calendars. These approaches can
be seen as economically and managerially efficient in the
short term; however, they heavily penalise the serviceability and availability, and therefore, the life cycle cost and
sustainability of the composite structures in the longer
term when compared with predictive maintenance. The
need for continuously reducing the costly and possibly
unsafe maintenance and inspection cycle of key composite structures, like those from aircraft and turbine blades,
requires ad-hoc, on-board, yet intelligent systems, able to
efficiently transfer data to knowledge [280] and knowledge to decision-making as a paradigm shift towards the
Maintenance 4.0. The latter is aligned with Goal 9 (Industries, Innovation and Infrastructure) of the United Nations’
SDGs [281], which enforces a radical new vision for structural asset management leading to more predictable,
sustainable, and resilient assets. In such a context, these
obsolete asset management solutions can be replaced
by predictive maintenance, where decisions are taken
based on the actual and predicted state of health of the
structures.
Among the potential needs to successfully materialise
the PdM paradigm in composite structures, we can highlight two key technology enablers, namely the PHM and
CPS technology. The following subsections revise these
two technology enablers in the context of composite
structures and provide critical perspective and discussion
about desirable research needs towards the aforementioned objective.

5.1 Intelligent Prognostics and Health Management
(iPHM)
Prognostics is the science of predicting the remaining useful life (RUL) of physical assets (e.g., a turbine blade) given
the information about the current degree of damage of
the asset, the load history, and the anticipated future load
Vol.:(0123456789)
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and environmental conditions [282]. Technically speaking,
PHM is a natural extension of SHM where the focus is not
only on detecting, isolating and sizing a fault mode, but
also on predicting the remaining time before the failure
occurs with quantified uncertainty, which is further used
for rational and anticipated PdM decision-making [22].
From a practical viewpoint, it is a continuous process of
update-predict-reassess which requires periodical measurement updates to increasingly improve the predictions
of the RUL.
In application to composite structures, RUL predictions
are subject to significant uncertainty that comes not only
from uncertain inputs (upcoming loads, environmental
conditions, material’s voids, etc.) but also from the lack of
knowledge about the physics of the damage process. This
uncertainty, and the associated computational complexity
of the prediction problem, is exacerbated when dealing
with large-scale thin-walled composite structures under
real operating conditions using noisy, sparse or missing
SHM data [283]. This is mainly the reason explaining why
probability-based frameworks have been preferred for
prognostics in composites, rather than deterministic or
point-valued RUL estimations. Damage prognostics for
structural applications have been recently explored by
several researchers [17, 170]. In the current literature, available damage prognostics approaches for composites are
capable of only capturing some (but few) of the specific
damage modes such as micro-crack propagation, delamination, etc., which are only representative of some of the
potential deterioration patterns of a full-scale composite
structure [18–20, 171, 284]. Moreover, the vast majority
of PHM research to date deals with predicting the RUL of
structural coupons or small structural parts and generally
under laboratory-controlled damage conditions. Thus,
there is a clear research opportunity to effectively deploy
iPHM methods in real-world composite structures subject
to realistic load and environmental conditions.
At this standpoint, it is important to remark that a keystone to deal with the abovementioned achievement
relies on the availability of an effective sensing system to
obtain real-time online data about the structural health
state. Indeed, as previously specified in Sect. 3, ultrasonic
guided waves and acoustic emission have exhibited strong
potential as SHM solutions for detecting damage signatures in composite structures [19, 169, 171]. However, to
the best knowledge of the authors, available SHM systems
in composites still lack integrated, yet long-term reliable
solutions adequate for working under operational conditions. Thus, there is a fundamental technological and
scientific issue that still remains open, which is to effectively integrate these SHM sensors on-board a composite
structure properly working in operational (loading and
environmental) conditions in the long-term.
Vol:.(1234567890)
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The latter requires a deeper understanding of the sensing technology capable to cover a wider range of damage signatures (as no single sensor type can cover all), and
most importantly, technology development for effective
manufacturing methods which enable sensor network
integration with minimal or no affection to the structural
response of the composite. The aforementioned challenges imply a need for the development of novel manufacturing methods to render smart composite materials
[285, 286], which include robust, accurate and minimally
invasive embedded systems for on-board, continuous, yet
reliable monitoring.
Finally, we remark that the energy supply of on-board
installed sensors and communication nodes supposes a
major concern for efficiently deploying PHM solutions
in composite structures. Energy harvesting methods are
today a major research topic within the composites field
providing suitable solutions mostly for structures subjected to dynamical excitation [287–291]. This, together
with the development of low-consume sensors, might
shed light on making on-board long-term embedded SHM
systems feasible.

5.2 Structural composites as cyber‑physical
structures
The concept of CPS is at the core of AI and its related disciplines, like the Internet-of-Things (IoT) and robotics. CPS
integrate physical assets with embedded sensing, processing, communication, and networking capabilities, whereby
cyber and structural components form a collaborative
integration transforming the monitored structure from
being a physical asset to a cyber-physical entity [292].
Recent works [293, 294] propose that CPS can result
in autonomous self-managed systems with diagnostics,
prognostics, and decision-making capabilities using online
SHM and PHM information. Indeed, the anticipation of CPS
to structural damage can be granted by self-adaptiveness
of operational decisions (e.g. go/no go for inspection)
based on PHM predictions. Through self-adaptation, the
predicted information is updated to dynamically accommodate health state changes and provide autonomous
maintenance decisions, therefore increasing the system efficiency and making it more resilient to the new
conditions.
However, important research breakthroughs are needed
for CPS to be directly applied to composites structures.
Apart from scaling up the PHM techniques under demanding real conditions, as previously discussed in the last subsection, a key challenge still lies in formulating systemlevel mathematical tools to represent and simulate the
dynamics of the CPS entity. The latter implies the development of expert system models capable of integrating
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SHM data, PHM predictions (whether model-based or
data-based), and expert knowledge with system-level
I &M non-linearities2. There are some available systemlevel modelling paradigms in the literature to mathematically represent expert systems [295, 296], like for example
Hybrid automatas, Mixed logical dynamical models, Piecewise affine models, Petri Nets and max–min–plus-scaling
systems [297–300].
Among the aforementioned approaches, Petri nets
(PN) [301] are typically regarded as powerful modelling
tools for expert systems due to their ability to account for
resource availability, concurrency, and synchronisation,
which are common aspects that underline the majority of the aforementioned system-level non-linearities.
Moreover, new PN variants like the fuzzy Petri nets (FPN)
[302–304], Possibilistic Petri nets [305, 306], and Plausible
Petri nets (PPNs) [307] have appeared in the literature to
account and react to uncertain information (e.g. from sensors, experts, etc.), which are of special interest of CPS of
composites due to the unavoidable presence of uncertainty in the damage predictions. Particularly, the recently
formulated PPNs have demonstrated good results as selfadaptive expert-level models using off-line degradation
data and expert knowledge [307], and might constitute a
useful tool to mathematically represent the dynamics of
cyber-physical composite structures at system-level.
It is important to note that, in a literature search, one
can realise that the idea to integrate expert systems with
other technologies is as old as AI, and this trend still continues in the new generation of expert systems [308, 309].
Particularly, expert systems applied as decision support
tools for structural damage assessment date back earlier
than the boost of the SHM technology [292], but not as
cyber-physical systems.
Nowadays, the cyber-physical technology is being
superseded by the digital twin concept [310] which combines interactive knowledge-based and geometrical
virtual (digital) models with their physical counterparts
within an IoT-based sensing environment [311], typically
using cloud-computing and data intelligence. Within the
context of composite structures, a desirable scenario
would be so that PHM predictions and damage models
were integrated within a system-level virtualisation that
can be updated using data from the physical twin (namely
the IoT-based monitored composite structure) to enable
optimal dynamic task allocation, operations sharing, and
PdM decision-making.

The latter is the so-called Level-5 Digital Twin technology and, together with new efficient-lightweight PHM and
learning algorithms that can do on-board edge or cloud
computing [293], constitute a potentially fruitful research
direction to enable efficient and reliable I &M strategies in
composite structures.

2

Informed consent Informed consent is not required and/or applicable for these studies.

System-level I &M non-linearities are understood here as artificial I &M actions and other human-based events that influence the
“natural” damage and ageing progression of the composite structure.

6 Concluding remarks
The use of FRP composites in thin-walled structures for
safety-critical applications has seen a notable rise over
the last few decades, especially in the aerospace and wind
industries with evidence of reliability, durability, life cycle
cost reduction and sustainability. Other industries such as
the civil and naval have not seen such a rampant increase
so far presumably due to the uncertainty about the longterm performance, the lack of technological demonstrators, and the absence of codes and standards.
To overcome this, the development of policies and
codes regulating the design with composites along with
a cross-sectoral knowledge transfer among industries
could be the levers that unlock a greater use of these
high-efficiency materials. Moreover, while still relatively
immature for industrial application, converting composite
structures into cyber-physical structures seems promising
to promote the transition into predictive and optimised
inspection and maintenance strategies and overcome the
long-term performance uncertainty of FRP structures.
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Appendix 1: Acronyms

Table 7  The 17 Sustainable Development Goals (SDGs)
Sustainable Development Goals
Goal 1: No poverty
End poverty in all its forms everywhere.
Goal 2: Zero hunger
End hunger, achieve food security and improved nutrition and promote sustainable agriculture.
Goal 3: Good health and well-being
Ensure healthy lives and promote well-being for all at all ages.
Goal 4: Quality education
Ensure inclusive and equitable quality education and promote lifelong learning opportunities for all.
Goal 5: Gender equality
Achieve gender equality and empower all women and girls.
Goal 6: Clean water and sanitation
Ensure availability and sustainable management of water and sanitation for all.
Goal 7: Affordable and clean energy
Ensure access to affordable, reliable, sustainable and modern energy for all.
Goal 8: Decent work and economic growth
Promote sustained, inclusive and sustainable economic growth, full and productive employment and decent work for all.
Goal 9: Industry, innovation and infrastructure
Build resilient infrastructure, promote inclusive and sustainable industrialization and foster innovation.
Goal 10: Reduced inequalities
Reduce inequality within and among countries.
Goal 11: Sustainable cities and communities
Make cities and human settlements inclusive, safe, resilient and sustainable.
Goal 12: Responsible consumption and production
Ensure sustainable consumption and production patterns.
Goal 13: Climate action
Take urgent action to combat climate change and its impacts.
Goal 14: Life below water
Conserve and sustainably use the oceans, seas and marine resources for sustainable development.
Goal 15: Life on land
Protect, restore and promote sustainable use of terrestrial ecosystems, sustainably manage forests, combat desertification, and halt and
reverse land degradation and halt biodiversity loss.
Goal 16: Peace, justice and strong institutions
Promote peaceful and inclusive societies for sustainable development, provide access to justice for all and build effective, accountable
and inclusive institutions at all levels.
Goal 17: Partnerships for the goals
Strengthen the means of implementation and revitalize the global partnership for sustainable development.
Source [125]

article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
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Table 8  Boolean indicators of contribution of composite materials
to SDGs 1 to 8, as per considered industries
Target
(a) SDG 1
1.1
1.2
1.3
1.4
1.5
1.A
1.B
Total
(b) SDG 2
2.1
2.2
2.3
2.4
2.5
2.A
2.B
2.C
Total
(c) SDG 3
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.A
3.B
3.C
3.D
Total
(d) SDG 4
4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.A
4.B
4.C
Total
(e) SDG 5
5.1
5.2
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Aerospace

Civil

Wind

Naval

0
0
0
0
0
0
0
0/7

0
0
0
0
0
0
0
0/7

0
0
0
0
0
0
0
0/7

0
0
0
0
0
0
0
0/7

0
0
0
0
0
0
0
0
0/8

0
0
1
0
0
0
0
0
1/8

0
0
1
1
0
0
0
0
2/8

0
0
0
0
0
0
0
0
0/8

0
0
0
0
0
0
0
0
1
0
0
0
0
1/13

0
0
0
0
0
0
0
0
0
0
0
0
0
0/13

0
0
0
0
0
0
0
0
1
0
0
0
0
1/13

0
0
0
0
0
0
0
0
1
0
0
0
0
1/13

0
0
0
0
0
0
0
0
0
0
0/10

0
0
0
0
0
0
0
0
0
0
0/10

0
0
0
0
0
0
0
0
0
0
0/10

0
0
0
0
0
0
0
0
0
0
0/10

0
0

0
0

0
0

0
0

Table 8  (continued)
Target

Aerospace

Civil

Wind

Naval

5.3
5.4
5.5
5.6
5.A
5.B
5.C
Total
(f) SDG 6
6.1
6.2
6.3
6.4
6.5
6.6
6.A
6.B
Total
(g) SDG 7
7.1
7.2
7.3
7.A
7.B
Total
(h) SDG 8
8.1
8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9
8.A
8.B
Total

0
0
0
0
0
0
0
0/9

0
0
0
0
0
0
0
0/9

0
0
0
0
0
0
0
0/9

0
0
0
0
0
0
0
0/9

0
0
1
0
0
0
0
0
1/8

0
0
1
1
0
0
0
0
2/8

1
0
1
0
0
0
0
0
1/8

0
0
1
0
0
0
0
0
1/8

0
0
1
0
0
1/5

0
0
1
1
1
3/5

1
1
1
1
1
5/5

0
0
1
0
0
1/5

0
1
0
1
0
0
0
0
0
0
0
2/11

0
1
0
1
0
0
0
0
0
0
0
2/11

0
1
0
1
0
0
0
0
0
0
0
2/11

0
1
0
1
0
0
0
0
0
0
0
2/11

Appendix 2: Sustainable Development Goals
See Tables 7, 8, 9, and 10.
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Table 10  Boolean indicators of contribution of composite materials
to SDG 17, as per considered industries
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17.19
Total

0
0
0
0
0
1
1
0
0
0
1
0
0
0
0
0
0
0
0
3/19

0
0
0
0
0
1
1
0
0
0
0
0
0
0
0
0
0
0
0
2/19

0
0
0
0
0
1
1
0
0
0
0
0
0
0
0
0
0
0
0
2/19

0
0
0
0
0
1
1
0
0
0
1
0
0
0
0
0
0
0
0
3/19

2. Krause M, Roland F, Cau C (2018) RAMSSES—realisation and
demonstration of advanced material solutions for sustainable
and efficient ships. Transport Research Arena TRA 2018
3. Fengler B, Schäferling M, Schäfer B, Bretz L, Lanza G, Häfner B,
Hrymak A, Kärger L (2019) Manufacturing uncertainties and
resulting robustness of optimized patch positions on continuous-discontinuous fiber reinforced polymer structures. Compos Struct 213:47–57. https://doi.org/10.1016/j.compstruct.
2019.01.063
4. Haghani R, Yang J, Hawileh R, Abdullah J, Al-Lami K, Colombi
P, D’Antino T (2021)Adhesively bonded FRP composites for
strengthening of RC structures: recent advances. In: International conference on fibre-reinforced polymer (FRP) Composites in Civil Engineering. Springer pp 1373–1384
5. Siavashi S, Eamon CD, Makkawy AA, Wu H-C (2019) Longterm durability of FRP bond in the midwest United States for
externally strengthened bridge components. J Compos Constr
23(2):05019001
6. Kim YJ (2019) State of the practice of FRP composites in highway bridges. Eng Struct 179:1–8. https://doi.org/10.1016/j.
engstruct.2018.10.067
7. Larsen K (2009) Recycling wind turbine blades. Renew Energy
Focus 9(7):70–73. https://doi.org/10.1016/S1755-0084(09)
70045-6
8. Jensen JP, Skelton K (2018) Wind turbine blade recycling: experiences, challenges and possibilities in a circular economy.
Renew Sustain Energy Rev 97:165–176. https://doi.org/10.
1016/j.rser.2018.08.041
9. Krauklis AE, Karl CW, Gagani AI, Jørgensen JK (2021) Composite
material recycling technology-state-of-the-art and sustainable
development for the 2020s. J Compos Sci 5(1):28. https://doi.
org/10.3390/jcs5010028

Review Paper

10. Zhang J, Chevali VS, Wang H, Wang C-H (2020) Current status of
carbon fibre and carbon fibre composites recycling. Composite B 193:108053. https://doi.org/10.1016/j.compositesb.2020.
108053
11. Rocha H, Semprimoschnig C, Nunes JP (2021) Sensors for process and structural health monitoring of aerospace composites: a review. Eng Struct 237:112231. https://d
 oi.o
 rg/1
 0.1
 016/j.
engstruct.2021.112231
12. Saeedifar M, Zarouchas D (2020) Damage characterization of
laminated composites using acoustic emission: a review. Composite B 195:108039. https://doi.org/10.1016/j.compositesb.
2020.108039
13. Gomes GF, Mendéz YAD, Alexandrino PSL, da Cunha SS Jr, Ancelotti AC Jr (2018) The use of intelligent computational tools
for damage detection and identification with an emphasis on
composites-a review. Compos Struct 196:44–54. https://doi.
org/10.1016/j.compstruct.2018.05.002
14. Güemes A, Fernandez-Lopez A, Pozo AR, Sierra-Pérez J (2020)
Structural health monitoring for advanced composite structures: a review. J Compos Sci 4(1):13. https://doi.org/10.3390/
jcs4010013
15. Giurgiutiu V (2020) Structural health monitoring (SHM) of
aerospace composites. In: Irving P, Soutis C (eds) Polymer
composites in the aerospace industry. Woodhead Publishing,
Cambridge., pp 491–558
16. Yang W, Peng Z, Wei K, Tian W (2016) Structural health monitoring of composite wind turbine blades: challenges, issues and
potential solutions. IET Renew Power Gener 11(4):411–416.
https://doi.org/10.1049/iet-rpg.2016.0087
17. Cristiani D, Sbarufatti C, Giglio M (2020) Damage diagnosis and
prognosis in composite double cantilever beam coupons by
particle filtering and surrogate modelling. Struct Health Monit.
https://doi.org/10.1177/1475921720960067
18. Corbetta M, Sbarufatti C, Giglio M, Saxena A, Goebel K (2018)
A Bayesian framework for fatigue life prediction of composite
laminates under co-existing matrix cracks and delamination.
Compos Struct 187:58–70. https://doi.org/10.1016/j.comps
truct.2017.12.035
19. Loutas T, Eleftheroglou N, Zarouchas D (2017) A data-driven
probabilistic framework towards the in-situ prognostics of
fatigue life of composites based on acoustic emission data.
Compos Struct 161:522–529. https://doi.org/10.1016/j.comps
truct.2016.10.109
20. Chiachío J, Chiachío M, Sankararaman S, Saxena A, Goebel K
(2015) Condition-based prediction of time-dependent reliability in composites. Reliab Eng Syst Saf 142:134–147. https://d
 oi.
org/10.1016/j.ress.2015.04.018
21. Peng T, Liu Y, Saxena A, Goebel K (2015) In-situ fatigue life prognosis for composite laminates based on stiffness degradation.
Compos Struct 132:155–165. https://doi.org/10.1016/j.comps
truct.2015.05.006
22. Farrar CR, Lieven NA (2007) Damage prognosis: the future
of structural health monitoring. Philos Trans R Soc A
365(1851):623–632. https://doi.org/10.1098/rsta.2006.1927
23. Mangalgiri PD (1999) Composite materials for aerospace applications. Bull Mater Sci 22(3):657–664. https://doi.org/10.1007/
BF02749982
24. Smith F (2013) The use of composites in aerospace: past, present and future challenges. Avalon Consultancy Services LTD.
pp 1–40
25. Romano F, Sorrentino A, Pellone L, Mercurio U, Notarnicola
L (2019) New design paradigms and approaches for aircraft
composite structures. Multiscale Multidisc Model Exp Design
2(2):75–87. https://doi.org/10.1007/s41939-018-0034-8
26. Alemour B, Badran O, Hassan MR (2019) A review of using conductive composite materials in solving lightening strike and

Vol.:(0123456789)

Review Paper

27.
28.
29.
30.

31.
32.
33.
34.
35.

36.
37.

38.
39.
40.

41.

42.
43.

44.

45.

46.

SN Applied Sciences

(2022) 4:180

ice accumulation problems in aviation. J Aerospace Technol
Manag. https://doi.org/10.5028/jatm.v11.1022
Mrazova M (2013) Advanced composite materials of the future
in aerospace industry. INCAS Bull 5(3):139. https://doi.org/10.
13111/2066-8201.2013.5.3.14
Du S (2007) Advanced composite materials and aerospace
engineering. Acta Materiae Compositae Sinica 24(1):1–12
Eurofighter: Eurofighter Typhoon. https://www.eurofi ghter.
com/the-aircraft. accessed 08 Mar 2021 (2020)
Scelsi L, Bonner M, Hodzic A, Soutis C, Wilson C, Scaife R,
Ridgway K (2011) Potential emissions savings of lightweight
composite aircraft components evaluated through life cycle
assessment. Express Polym Lett 5(3):209–217
EASA: AMC 20-29: Composite Aircraft Structure. Technical
report, EASA (2010)
Tolerance D, Workshop M (2006) Damage tolerance and maintenance. Composites
Talreja R, Singh CV (2012) Damage and failure of composite
materials. Cambridge University Press, Cambridge
Talreja R (2008) Damage and fatigue in composites-a personal
account. Compos Sci Technol 68(13):2585–2591. https://doi.
org/10.1016/j.compscitech.2008.04.042
Sohn M, Hu X, Kim JK, Walker L (2000) Impact damage characterisation of carbon fibre/epoxy composites with multi-layer
reinforcement. Composite B 31(8):681–691. https://d
 oi.o
 rg/1
 0.
1016/S1359-8368(00)00028-7
Gagné M, Therriault D (2014) Lightning strike protection of
composites. Prog Aerosp Sci 64:1–16. https://d
 oi.o
 rg/1
 0.1
 016/j.
paerosci.2013.07.002
Ashrafi B, Guan J, Mirjalili V, Hubert P, Simard B, Johnston A
(2010) Correlation between Young’s modulus and impregnation quality of epoxy-impregnated SWCNT buckypaper. Composite A 41(9):1184–1191. https://doi.org/10.1016/j.compo
sitesa.2010.04.018
Toor ZS (2018) Space applications of composite materials. J
Space Technol 8(1):65–70
Alderliesten RC, Benedictus R (2008) Fiber/metal composite technology for future primary aircraft structures. J Aircr
45(4):1182–1189. https://doi.org/10.2514/1.33946
Puthoff RL (1976) Fabrication and assembly of the ERDA/NASA
100-kilowatt experimental wind turbine, vol 3390. US National
Aeronautics and Space Administration, Lewis Research Center,
Cleveland
Edenhofer O, Pichs-Madruga R, Sokona Y, Seyboth K, Matschoss
P, Kadner S, Zwickel T, Eickemeier P, Hansen G, Schlömer S et al
(2011) IPCC special report on renewable energy sources and
climate change mitigation. Technical report, Working Group III
of the Intergovernmental Panel on Climate Change, Cambridge
University Press, Cambridge, UK
IEA (2020) Projected Costs of Generating Electricity 2020. Technical report, IEA
Corbetta G, Ho A, Pineda I, Ruby K, Van de Velde L, Bickley J
(2015) Wind energy scenarios for 2030 Report European Wind
Energy Association. Technical report, The European Wind
Energy Association
Council GWE (2018) Global Wind Report: Annual market update
2018. Technical report, Global Wind Energy Council. http://
www.gwec.net/wp-content/uploads/2015/03/GWEC_Global_
Wind_2014_Report_LR.pdf
Wilburn DR (2011) Wind Energy in the United States and Materials Required for the Land-based Wind Turbine Industry from
2010 Through 2030. US Department of the Interior, US Geological Survey, Washington. http://pubs.usgs.gov/sir/2011/5036
International Renewable Energy Agency (IRENA) (2021) Renewable capacity statistics 2021. Technical report, IRENA, Abu
Dhabi

Vol:.(1234567890)

| https://doi.org/10.1007/s42452-022-05063-3

47. Ennis BL, Kelley CL, Naughton BT, Norris B, Das S, Lee D, Miller
D (2019) Optimized carbon fiber composites in wind turbine
blade design. Technical report, Sandia National Lab.(SNL-NM),
Albuquerque, NM (United States)
48. Brondsted P, Nijssen RP (2013) Advances in wind turbine blade
design and materials. Woodhead Publishing, Cambridge
49. Shihavuddin A, Chen X, Fedorov V, Nymark Christensen A,
Andre Brogaard Riis N, Branner K, Bjorholm Dahl A, Reinhold
Paulsen R (2019) Wind turbine surface damage detection
by deep learning aided drone inspection analysis. Energies
12(4):676. https://doi.org/10.3390/en12040676
50. Du Y, Zhou S, Jing X, Peng Y, Wu H, Kwok N (2020) Damage
detection techniques for wind turbine blades: a review. Mech
Syst Signal Process 141:106445. https://doi.org/10.1016/j.
ymssp.2019.106445
51. Guo J, Liu C, Cao J, Jiang D (2021) Damage identification of
wind turbine blades with deep convolutional neural networks.
Renew Energy 174:122–133. https://doi.org/10.1016/j.renene.
2021.04.040
52. Shohag MAS, Hammel EC, Olawale DO, Okoli OI (2017) Damage mitigation techniques in wind turbine blades: a review.
Wind Eng 41(3):185–210. https://d
 oi.o
 rg/1
 0.1
 177/0
 30952
 4X17
706862
53. Leite GNP, Araújo AM, Rosas PAC (2018) Prognostic techniques
applied to maintenance of wind turbines: a concise and specific review. Renew Sustain Energy Rev 81:1917–1925. https://
doi.org/10.1016/j.rser.2017.06.002
54. Chen B, Matthews PC, Tavner PJ (2015) Automated on-line
fault prognosis for wind turbine pitch systems using supervisory control and data acquisition. IET Renew Power Gener
9(5):503–513
55. Mishnaevsky L Jr, Brøndsted P, Nijssen R, Lekou D, Philippidis
T (2012) Materials of large wind turbine blades: recent results
in testing and modeling. Wind Energy 15(1):83–97. https://doi.
org/10.1002/we.470
56. Rezaei MM, Behzad M, Moradi H, Haddadpour H (2016) Modalbased damage identification for the nonlinear model of modern wind turbine blade. Renew Energy 94:391–409. https://d
 oi.
org/10.1016/j.renene.2016.03.074
57. Ulriksen MD, Tcherniak D, Kirkegaard PH, Damkilde L (2016)
Operational modal analysis and wavelet transformation for
damage identification in wind turbine blades. Struct Health
Monit 15(4):381–388. https://doi.org/10.1177/1475921715
586623
58. Chandrasekhar K, Stevanovic N, Cross EJ, Dervilis N, Worden K
(2021) Damage detection in operational wind turbine blades
using a new approach based on machine learning. Renew
Energy 168:1249–1264. https://d
 oi.o
 rg/1
 0.1
 016/j.r enene.2
 020.
12.119
59. Sarrafi A, Mao Z, Niezrecki C, Poozesh P (2018) Vibration-based
damage detection in wind turbine blades using phase-based
motion estimation and motion magnification. J Sound Vib
421:300–318. https://doi.org/10.1016/j.jsv.2018.01.050
60. Moll J, Arnold P, Mälzer M, Krozer V, Pozdniakov D, Salman R,
Rediske S, Scholz M, Friedmann H, Nuber A (2018) Radar-based
structural health monitoring of wind turbine blades: the case of
damage detection. Struct Health Monit 17(4):815–822. https://
doi.org/10.1177/1475921717721447
61. Eisenberg D, Laustsen S, Stege J (2018) Wind turbine blade
coating leading edge rain erosion model: development and
validation. Wind Energy 21(10):942–951. https://doi.org/10.
1002/we.2200
62. Papi F, Cappugi L, Salvadori S, Carnevale M, Bianchini A (2020)
Uncertainty quantification of the effects of blade damage on
the actual energy production of modern wind turbines. Energies 13(15):3785. https://doi.org/10.3390/en13153785

SN Applied Sciences

(2022) 4:180

| https://doi.org/10.1007/s42452-022-05063-3

63. Zhang C, Chen H-P, Tee KF, Liang D (2021) Reliability-based lifetime fatigue damage assessment of offshore composite wind
turbine blades. J Aerosp Eng 34(3):04021019
64. Han W, Kim J, Kim B (2018) Effects of contamination and erosion
at the leading edge of blade tip airfoils on the annual energy
production of wind turbines. Renew Energy 115:817–823.
https://doi.org/10.1016/j.renene.2017.09.002
65. Ye J, Chu C, Cai H, Hou X, Shi B, Tian S, Chen X, Ye J (2019) A
multi-scale model for studying failure mechanisms of composite wind turbine blades. Compos Struct 212:220–229. https://
doi.org/10.1016/j.compstruct.2019.01.031
66. Shokrieh MM, Rafiee R (2006) Simulation of fatigue failure in a
full composite wind turbine blade. Compos Struct 74(3):332–
342. https://doi.org/10.1016/j.compstruct.2005.04.027
67. Griffith DT (2015) Structural Health and Prognostics Management for Offshore Wind Plants : Final Report of Sandia
R & D Activities. Technical Report March, Sandia National
Laboratories
68. Hines VA-P, Ogilvie AB, Bond CR (2013) Continuous Reliability
Enhancement for Wind (CREW) Database. Technical report, Sandia National Lab.(SNL-NM), Albuquerque, NM (United States)
69. Mandell JF, Samborsky DD, Agastra P, Sears AT, Wilson TJ (2010)
Analysis of SNL/MSU/DOE Fatigue Database Trends for Wind
Turbine Blade Materials. Technical report, Sandia Contractor
Report)
70. Mandell JF, Samborsky DD, Miller DA, Agastra P, Sears AT (2016)
Analysis of SNL/MSU/DOE Fatigue Database Trends for Wind
Turbine Blade Materials 2010-2015. Technical report, Sandia
National Lab.(SNL-NM), Albuquerque, NM (United States)
71. Agusta A, Leira B, Thöns S (2020) Value of information-based
risk and fatigue management for offshore structures. J Struct
Integr Maint 5(2):127–141. https://doi.org/10.1080/24705314.
2020.1729659
72. McCormick FC (1972) Why not plastics bridges? J Struct Div
98(8):1757–1767
73. Guades E, Aravinthan T, Islam M, Manalo A (2012) A review
on the driving performance of FRP composite piles. Compos
Struct 94(6):1932–1942. https://doi.org/10.1016/j.compstruct.
2012.02.004
74. Hollaway LC, Teng J-G (2008) Strengthening and rehabilitation
of civil infrastructures using fibre-reinforced polymer (FRP)
composites. Elsevier, Amsterdam
75. Keller T, De Castro J, Dooley S, Dubois V (2001) Use of fibre reinforced polymers in bridge construction. Technical report, Bundesamt Fuer Strassenbau (ASTRA) / Office Federal Des Routes
(OFROU)
76. Lopez-Anido RA, Naik TR (2000) Emerging materials for civil
infrastructure: state of the art. ASCE Publications, Virginia
77. Mohammed AA, Manalo AC, Ferdous W, Zhuge Y, Vijay P, Alkinani AQ, Fam A (2020) State-of-the-art of prefabricated FRP
composite jackets for structural repair. Eng Sci Technol
78. Sakr M, El Naggar M, Nehdi M (2005) Interface characteristics
and laboratory constructability tests of novel fiber-reinforced
polymer/concrete piles. J Compos Constr 9(3):274–283. https://
doi.org/10.1061/(ASCE)1090-0268(2005)9:3(274)
79. Blonder A, Grobman YJ (2016) Design and fabrication with
fibre-reinforced polymers in architecture: a case for complex
geometry. Archit Sci Rev 59(4):257–268. https://doi.org/10.
1080/00038628.2015.1020479
80. Jain R, Lee L (2013) Fiber reinforced polymer (FRP) composites for infraestructure applications. Routledge, Abingdon-onThames, pp 1–190
81. Ye Y-Y, Liang S-D, Feng P, Zeng J-J (2021) Recyclable LRS FRP
composites for engineering structures: Current status and
future opportunities. Composite B. https://doi.org/10.1016/j.
compositesb.2021.108689

Review Paper

82. Sheridan RJ, Gilman JW, Busel J, Hartman D, Holmes GA, Coughlin D, Kelley P, Troutman D, Gutierrez J, Bakis C et al (2017) Road
mapping workshop report on overcoming barriers to adoption
of composites in sustainable infrastructure. Technical report,
National Institute of Standards and Technology
83. Van Den Einde L, Zhao L, Seible F (2003) Use of FRP composites
in civil structural applications. Constr Build Mater 17(6–7):389–
403. https://doi.org/10.1016/S0950-0618(03)00040-0
84. Sá MF, Pacheco J, Correia JR, Silvestre N, Sørensen JD (2021)
Structural safety of pultruded FRP profiles for global buckling.
Part 1: approach to material uncertainty, resistance models,
and model uncertainties. Compos Struct 257:113304. https://
doi.org/10.1016/j.compstruct.2020.113304
85. Ginger G (2020) The markets: civil infrastructure (2021)
86. Clarke JL (2003) Structural design of polymer composites:
EUROCOMP design code and background document. CRC
Press, London
87. Ascione L, Caron J-F, Godonou P, van IJselmuijden K, Knippers J,
Mottram T, Oppe M, Gantriis Sorensen M, Taby J, Tromp L (2016)
Prospect for new guidance in the design of FRP: support to
the implementation, harmonization and further development
of the eurocodes. Publications Office of the European Union,
Luxembourg
88. Charef R, Ganjian E, Emmitt S (2021) Socio-economic and environmental barriers for a holistic asset lifecycle approach to
achieve circular economy: a pattern-matching method. Technol
Forecast Soc Chang 170:120798. https://d
 oi.o
 rg/1
 0.1
 016/j.t echf
ore.2021.120798
89. Starr T (2000) Pultrusion for engineers. CRC Press, Cambridge
90. Bai J (2013) Advanced fibre-reinforced polymer (FRP) composites for structural applications. Elsevier, Amsterdam
91. El-Hofy M, El-Hofy H (2019) Laser beam machining of carbon
fiber reinforced composites: a review. Int J Adv Manuf Technol
101(9):2965–2975. https://d
 oi.o
 rg/1
 0.1
 007/s 00170-0
 18-2
 978-6
92. Li Y, Li N, Gao J (2014) Tooling design and microwave curing
technologies for the manufacturing of fiber-reinforced polymer
composites in aerospace applications. Int J Adv Manuf Technol
70(1):591–606. https://doi.org/10.1007/s00170-013-5268-3
93. Bank LC (2006) Composites for construction: structural design
with FRP materials. Wiley, Hoboken
94. Al-Saadi NTK, Mohammed A, Al-Mahaidi R, Sanjayan J (2019)
A state-of-the-art review: near-surface mounted FRP composites for reinforced concrete structures. Constr Build Mater
209:748–769
95. Naser M, Hawileh R, Abdalla J (2019) Fiber-reinforced polymer
composites in strengthening reinforced concrete structures: a
critical review. Eng Struct 198:109542
96. Fiberline (1997) The Fiberline bridge in Kolding, Bridges.
https://fiberline.com/cases- construction/bridges/the-fiber
line-bridge-in-kolding/ accessed 11 Feb 2021
97. Svendborg (2008) Svendborg pedestrian and bicycle bridge.
https://dissingweitling.com/en/project/svendborg- gang-og-
cykelbro accessed 11 Feb 2021
98. Uyttersprot J, De Corte W, Somers R (2020) FRP bridges in the
Flanders region: experiences from the C-bridge project. In:
Proceeding of the 10th international conference on fibre-reinforced polymer (FRP) composites in civil engineering. https://
doi.org/10.1007/978-3-030-88166-5_98
99. Veltkamp M et al (2019)Eurocode and the Design, Manufacture
and Installation of 62 Clear Span FRP Bridges to the City of Rotterdam (NL). In: Australian Small Bridges Conference, 9th, 2019,
Surfers Paradise, Queensland, Australia
100. Fiberline (2008) Crumbling concrete bridge replaced by GRP
composite, Bridges. https://fiberline.com/cases-construction/
bridges/crumbling-concrete-bridge-replaced-by-grp-compo
site/ accessed 11 Feb 2021

Vol.:(0123456789)

Review Paper

SN Applied Sciences

(2022) 4:180

101. Canning L (2012) Performance and 8-year load test on West Mill
FRP bridge. Proceedings of CICE 2012, Rome, Italy
102. Zobel H, Karwowski W (2007) Polkaczenia kompozytowych elementów konstrukcji mostowych. Archiwum Instytutu Inzynierii
Lkadowej 2:187–199
103. Fiberline: Germany’s first road bridge of GFRP. https://fiberline.
com/c ases-c onstr uctio
 n/b
 ridge s/g
 erman
 y-s-fi
 rst-r oad-b
 ridge-
of-grp/ (2005)
104. Immers F (2012) Movares designs the world’s first steel/fibrereinforced plastic bridge. https://movares.nl/europe/proje
cten/steel-bridges/
105. Stankiewicz B (2012) Composite GFRP deck for bridge structures. Procedia Eng 40:423–427
106. ZJA: Sint Sebastiaansbrug bridge. https://www.zja.nl/en/Sint-
Sebastiaansbrug-Delft (2020)
107. Pacheco-Torgal F, Cabeza LF, Labrincha J, De Magalhaes AG
(2014) Eco-efficient construction and building materials: life
cycle assessment (LCA). Eco-labelling and case studies. Woodhead Publishing, Cambridge
108. Marsh G (2006) 50 years of reinforced plastic boats. Reinf Plast
50(9):16–19. https://doi.org/10.1016/S0034-3617(06)71125-0
109. Tang L, Zhang J, Tang Y, Kong J, Liu T, Gu J (2020) Polymer matrix
wave-transparent composites: a review. J Mater Sci Technol
75:225–251. https://doi.org/10.1016/j.jmst.2020.09.017
110. Idris FM, Hashim M, Abbas Z, Ismail I, Nazlan R, Ibrahim IR (2016)
Recent developments of smart electromagnetic absorbers
based polymer-composites at gigahertz frequencies. J Magn
Magn Mater 405:197–208. https://doi.org/10.1016/j.jmmm.
2015.12.070
111. Smith C (1991) Design of submersible pressure hulls in composite materials. Mar Struct 4(2):141–182. https://doi.org/10.
1016/0951-8339(91)90018-7
112. Garfield G (2018) Material advantage: Seeking alternatives to
reliance on steel
113. Chalmers DW (1994) The potential for the use of composite
materials in marine structures. Mar Struct 7(2–5):441–456.
https://doi.org/10.1016/0951-8339(94)90034-5
114. Wei B, Cao H, Song S (2011) Degradation of basalt fibre and
glass fibre/epoxy resin composites in seawater. Corros Sci
53(1):426–431. https://doi.org/10.1016/j.corsci.2010.09.053
115. Munk T, Kane D, Yebra D (2009) The effects of corrosion and
fouling on the performance of ocean-going vessels: a naval
architectural perspective. In: Advances in Marine Antifouling
Coatings and Technologies, pp. 148–176. Elsevier, Amsterdam
. https://doi.org/10.1533/9781845696313.1.148
116. Zayed A, Garbatov Y, Soares CG (2018) Corrosion degradation of
ship hull steel plates accounting for local environmental conditions. Ocean Eng 163:299–306. https://d
 oi.o
 rg/1
 0.1
 016/j.o
 cean
eng.2018.05.047
117. Soares CG, Garbatov Y, Zayed A, Wang G (2009) Influence of
environmental factors on corrosion of ship structures in marine
atmosphere. Corros Sci 51(9):2014–2026. https://doi.org/10.
1016/j.corsci.2009.05.028
118. Grabovac I, Whittaker D (2009) Application of bonded composites in the repair of ships structures-a 15-year service experience. Compos A Appl Sci Manuf 40(9):1381–1398. https://doi.
org/10.1016/j.compositesa.2008.11.006
119. Raj FM, Nagarajan V, Vinod Kumar K (2014) Evaluation of
mechanical behavior of multifilament waste fish net/glass
fiber in polyester matrix for the application of mechanized boat
deckhouse in marine composites. In: Applied Mechanics and
Materials, vol. 592, pp. 2639–2644 . https://doi.org/10.4028/
www.scientific.net/AMM.592-594.2639. Trans Tech Publ
120. Mouritz AP, Gellert E, Burchill P, Challis K (2001) Review of
advanced composite structures for naval ships and submarines. Compos Struct 53(1):21–42

Vol:.(1234567890)

| https://doi.org/10.1007/s42452-022-05063-3

121. Selvaraju, S., Ilaiyavel, S (2011) Applications of composites in
marine industry. Journal of Engineering Research and Studies
2(II), 89–91
122. Evans T, Swann R, Troffer M (1991) The submarine perspective.
In: Proceedings of the National Conference on the Use of Composite Materials in Load-Bearing Marine Structures, National
Academy Press, Washington, DC, pp. 11–17
123. Davies P, Rajapakse YD (2014) Durability of Composites in a
Marine Environment vol. 208. Springer, New York. https://doi.
org/10.1007/978-94-007-7417-9
124. Gardiner G (2019) Removing the barriers to lightweighting
ships with composites
125. United Nations: United Nations. Transforming our world:
the 2030 Agenda for Sustainable Development. UN General
Assembly, New York: United Nations (2015)
126. Jayaram S, Sivaprasad K, Nandakumar C (2018) Recycling of FRP
boats. International Journal of Advanced Research in Science,
Engineering and Technology 9(3):244–252
127. Li Q, Naik MT, Lin H-S, Hu C, Serem WK, Liu L, Karki P, Zhou
F, Yuan JS (2018) Tuning hydroxyl groups for quality carbon
fiber of lignin. Carbon 139:500–511. https://doi.org/10.1016/j.
carbon.2018.07.015
128. Bachmann J, Hidalgo C, Bricout S (2017) Environmental analysis of innovative sustainable composites with potential use
in aviation sector-a life cycle assessment review. SCIENCE
CHINA Technol Sci 60(9):1301–1317. https://doi.org/10.1007/
s11431-016-9094-y
129. Calado EA, Leite M, Silva A (2018) Selecting composite materials considering cost and environmental impact in the early
phases of aircraft structure design. J Clean Prod 186:113–122.
https://doi.org/10.1016/j.jclepro.2018.02.048
130. Gopalraj SK, Kärki T (2020) A review on the recycling of waste
carbon fibre/glass fibre-reinforced composites: Fibre recovery,
properties and life-cycle analysis. SN Applied Sciences 2(433).
https://doi.org/10.1007/s42452-020-2195-4
131. Mieloszyk M, Majewska K, Ostachowicz W (2021) Application
of embedded fibre Bragg grating sensors for structural health
monitoring of complex composite structures for marine applications. Marine Structures 76. https://doi.org/10.1016/j.marst
ruc.2020.102903
132. De Groot PJ, Wijnen PA, Janssen RB (1995) Real-time frequency
determination of acoustic emission for different fracture
mechanisms in carbon/epoxy composites. Compos Sci Technol
55(4):405–412. https://d
 oi.o
 rg/1
 0.1
 016/0
 266-3
 538(95)0
 0121-2
133. Giordano M, Calabro A, Esposito C, D’amore A, Nicolais L
(1998) An acoustic-emission characterization of the failure
modes in polymer-composite materials. Compos Sci Technol
58(12):1923–1928. https://doi.org/10.1016/S0266-3538(98)
00013-X
134. Bussiba A, Kupiec M, Ifergane S, Piat R, Böhlke T (2008) Damage evolution and fracture events sequence in various composites by acoustic emission technique. Compos Sci Technol
68(5):1144–1155. https://doi.org/10.1016/j.compscitech.2007.
08.032
135. Saeedifar M, Zarouchas D (2020) Damage characterization of
laminated composites using acoustic emission: A review. Composites Part B: Engineering, 108039
136. Castaings M, Singh D, Viot P (2012) Sizing of impact damages
in composite materials using ultrasonic guided waves. NDT & E
International 46:22–31. https://d
 oi.o
 rg/1
 0.1
 016/j.n
 dtein
 t.2
 011.
10.002
137. Chimenti D (1997) Guided waves in plates and their use in
materials characterization
138. Sohn H, Dutta D, Yang J-Y, Park H-J, DeSimio M, Olson S, Swenson E (2011) Delamination detection in composites through
guided wave field image processing. Compos Sci Technol

SN Applied Sciences

139.
140.

141.
142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

(2022) 4:180

| https://doi.org/10.1007/s42452-022-05063-3

71(9):1250–1256. https://doi.org/10.1016/j.compscitech.2011.
04.011
Vary A (1981) Acousto-ultrasonic characterization of fiber reinforced composites
Lam P-M, Lau K-T, Ling H-Y, Su Z, Tam H-Y (2009) Acoustoultrasonic sensing for delaminated GFRP composites using
an embedded FBG sensor. Opt Lasers Eng 47(10):1049–1055.
https://doi.org/10.1016/j.optlaseng.2009.01.010
Moon S, Jerina K, Hahn H (1988) Acousto-ultrasonic wave
propagation in composite laminates. In: Acousto-Ultrasonics,
pp. 111–125. Springer, New York
Sahoo S, Rao R, Kuchipudi S, Buragohain M (2020) Application
of Single-Sided NMR and Acousto-Ultrasonic Methods for NDE
of Composite Structures. In: Advances in Applied Mechanical
Engineering, pp. 547–555. Springer, New York. https://doi.org/
10.1007/978-981-15-1201-8_61
Catalanotti G, Camanho P, Xavier J, Dávila C, Marques A (2010)
Measurement of resistance curves in the longitudinal failure of
composites using digital image correlation. Compos Sci Technol 70(13):1986–1993. https://doi.org/10.1016/j.compscitech.
2010.07.022
Canal LP, González C, Molina-Aldareguía JM, Segurado J, LLorca
J (2012) Application of digital image correlation at the microscale in fiber-reinforced composites. Compos A Appl Sci Manuf
43(10):1630–1638. https://d
 oi.o
 rg/1
 0.1
 016/j.c ompos itesa.2
 011.
07.014
Périé J-N, Calloch S, Cluzel C, Hild F (2002) Analysis of a multiaxial test on a C/C composite by using digital image correlation
and a damage model. Exp Mech 42(3):318–328. https://d
 oi.o
 rg/
10.1007/BF02410989
Janeliukstis R, Chen X (2021) Review of digital image correlation application to large-scale composite structure testing.
Compos Struct 271:114143. https://doi.org/10.1016/j.comps
truct.2021.114143
Gresil M, Yu L, Giurgiutiu V, Sutton M (2012) Predictive modeling of electromechanical impedance spectroscopy for composite materials. Struct Health Monit 11(6):671–683. https://
doi.org/10.1177/1475921712451954
Selva P, Cherrier O, Budinger V, Lachaud F, Morlier J (2013)
Smart monitoring of aeronautical composites plates based on
electromechanical impedance measurements and artificial
neural networks. Eng Struct 56:794–804. https://doi.org/10.
1016/j.engstruct.2013.05.025
Pohl J, Herold S, Mook G, Michel F (2001) Damage detection in
smart CFRP composites using impedance spectroscopy. Smart
Mater Struct 10(4):834. https://doi.org/10.1088/0964-1726/
10/4/328
Yan W, Chen W (2010) Structural health monitoring using
high-frequency electromechanical impedance signatures.
Advances in Civil Engineering 2010. https://doi.org/10.1155/
2010/429148
Zhu J, Qing X, Liu X, Wang Y (2021) Electromechanical impedance-based damage localization with novel signatures extraction methodology and modified probability-weighted algorithm. Mechanical Systems and Signal Processing 146. https://
doi.org/10.1016/j.ymssp.2020.107001
Wang X, Chung D (1997) Real-time monitoring of fatigue
damage and dynamic strain in carbon fiber polymer-matrix
composite by electrical resistance measurement. Smart Mater
Struct 6(4):504. https://doi.org/10.1088/0964-1726/6/4/017
De Baere I, Luyckx G, Voet E, Van Paepegem W, Degrieck J (2009)
On the feasibility of optical fibre sensors for strain monitoring
in thermoplastic composites under fatigue loading conditions.
Opt Lasers Eng 47(3–4):403–411. https://doi.org/10.1016/j.
optlaseng.2008.01.001

Review Paper

154. Kim S-W, Kim E-H, Jeong M-S, Lee I (2015) Damage evaluation
and strain monitoring for composite cylinders using tin-coated
FBG sensors under low-velocity impacts. Compos B Eng 74:13–
22. https://doi.org/10.1016/j.compositesb.2015.01.004
155. Zou Y, Tong L, Steven GP (2000) Vibration-based modeldependent damage (delamination) identification and health
monitoring for composite structures-a review. J Sound Vib
230(2):357–378. https://doi.org/10.1006/jsvi.1999.2624
156. Perez MA, Gil L, Oller S (2014) Impact damage identification in
composite laminates using vibration testing. Compos Struct
108:267–276. https://doi.org/10.1016/j.compstruct.2013.09.
025
157. Montalvao D, Maia NMM, Ribeiro AMR (2006) A review of vibration-based structural health monitoring with special emphasis
on composite materials. Shock and Vibration Digest 38(4):295–
324. https://doi.org/10.1177/0583102406065898
158. Kralovec C, Schagerl M (2020) Review of structural health monitoring methods regarding a multi-sensor approach for damage assessment of metal and composite structures. Sensors
20(3):826. https://doi.org/10.3390/s20030826
159. Stehmeier H, Speckmann H (2004) Comparative vacuum monitoring (CVM). In: Proceedings of the 2nd European Workshop
on Structural Health Monitoring, Munich, Germany, pp. 7–9.
Citeseer
160. Arena M, Viscardi M (2020) Strain state detection in composite
structures: Review and new challenges. Journal of Composites
Science 4(2):60. https://doi.org/10.3390/jcs4020060
161. Soman RN, Majewska K, Mieloszyk M, Ostachowicz W (2018)
Damage assessment in composite beam using infrared thermography, optical sensors, and terahertz technique. Journal
of Nondestructive Evaluation, Diagnostics and Prognostics of
Engineering Systems 1(3). https://doi.org/10.1115/1.4039359
162. Sikdar S, Kundu A, Jurek M, Ostachowicz W (2019) Nondestructive analysis of debonds in a composite structure under variable temperature conditions. Sensors 19(16):3454. https://doi.
org/10.3390/s19163454
163. Boller C, Chang F-K, Fujino Y (2009) Encyclopedia of Structural
Health Monitoring. Wiley, Hoboken
164. Towsyfyan H, Biguri A, Boardman R, Blumensath T (2020) Successes and challenges in non-destructive testing of aircraft
composite structures. Chin J Aeronaut 33(3):771–791. https://
doi.org/10.1016/j.cja.2019.09.017
165. Telgkamp J (2009) Encyclopedia of Structural Health Monitoring. Wiley, Hoboken
166. Steinweg D, Hornung M, Bauhaus Luftfahrt eV W (2019) Methods evaluating the impact of structural health monitoring
on aircraft lifecycle costs. Deutsche Gesellschaft für Luft-und
Raumfahrt-Lilienthal-Oberth eV
167. Cawley P (2018) Structural health monitoring: Closing the gap
between research and industrial deployment. Struct Health
Monit 17(5):1225–1244. https://doi.org/10.1177/1475921717
750047
168. Tushar C, Ralish R, Rajesh M, Manikandan M, Rajapandi R,
Kar V, Jayakrishna K (2019) Maintenance and monitoring of
composites. Structural Health Monitoring of Biocomposites.
Fibre-Reinforced Composites and Hybrid Composites. Elsevier,
Amsterdam, pp 129–151
169. Wilson CL, Chang FK (2016) Monitoring fatigue-induced transverse matrix cracks in laminated composites using built-in
acousto-ultrasonic techniques. Struct Health Monit 15(3):335–
350. https://doi.org/10.1177/1475921716636333
170. Corbetta M, Sbarufatti C, Manes A, Giglio M (2015) Real-time
prognosis of random loaded structures via bayesian filtering:
A preliminary discussion. Eng Fract Mech 145:143–160. https://
doi.org/10.1016/j.engfracmech.2015.07.008

Vol.:(0123456789)

Review Paper

SN Applied Sciences

(2022) 4:180

171. Eleftheroglou N, Zarouchas D, Loutas T, Alderliesten R, Benedictus R (2018) Structural health monitoring data fusion for in-situ
life prognosis of composite structures. Reliability Engineering &
System Safety 178:40–54. https://doi.org/10.1016/j.ress.2018.
04.031
172. Alvarez-Montoya J, Carvajal-Castrillón A, Sierra-Pérez J (2020)
In-flight and wireless damage detection in a UAV composite
wing using fiber optic sensors and strain field pattern recognition. Mechanical Systems and Signal Processing 136. https://
doi.org/10.1016/j.ymssp.2019.106526
173. Choi Y, Abbas SH, Lee J-R (2018) Aircraft integrated structural
health monitoring using lasers, piezoelectricity, and fiber
optics. Measurement 125:294–302. https://doi.org/10.1016/j.
measurement.2018.04.067
174. Li Y, Zhu C, Song C, Tan J (2018) Research and development of
the wind turbine reliability. International Journal of Mechanical
Engineering and Applications 6(2):35–45
175. Tautz-Weinert J, Watson SJ (2016) Using SCADA data for wind
turbine condition monitoring-A review. IET Renew Power
Gener 11(4):382–394
176. Liu W, Tang B, Jiang Y (2010) Status and problems of wind turbine structural health monitoring techniques in China. Renewable Energy 35(7):1414–1418. https://d
 oi.o
 rg/1
 0.1
 016/j.r enene.
2010.01.006
177. Schubel P, Crossley R, Boateng E, Hutchinson J (2013) Review
of structural health and cure monitoring techniques for large
wind turbine blades. Renewable Energy 51:113–123. https://
doi.org/10.1016/j.renene.2012.08.072
178. Sørensen BF, Jørgensen E, Debel C, Jensen F, Jensen H, Jacobsen T, Halling K (2004) Improved design of large wind turbine
blade of fibre composites based on studies of scale effects
(Phase 1). Summary Report. Riso-R1390 (EN), Risø National
Laboratory, Denmark
179. Joshuva A, Sugumaran V (2016) Wind turbine blade fault diagnosis using vibration signals through decision tree algorithm.
Indian J Sci Technol 9(48):1–7
180. Tcherniak D, Mølgaard LL (2015) Vibration-based SHM system:
application to wind turbine blades. In: Journal of Physics: Conference Series, vol. 628, p. 012072. IOP Publishing
181. Ou Y, Tatsis KE, Dertimanis VK, Spiridonakos MD, Chatzi EN
(2021) Vibration-based monitoring of a small-scale wind turbine blade under varying climate conditions. Part I: An experimental benchmark. Struct Control Health Monit 28(6):2660.
https://doi.org/10.1002/stc.2660
182. Güemes A, Fernández-López A, Díaz-Maroto PF, Lozano A,
Sierra-Perez J (2018) Structural health monitoring in composite
structures by fiber-optic sensors. Sensors 18(4):1094
183. Bharadwaj K, Sheidaei A, Afshar A, Baqersad J (2019) Full-field
strain prediction using mode shapes measured with digital
image correlation. Measurement 139:326–333
184. Xu D, Liu P, Chen Z (2021) Damage mode identification and singular signal detection of composite wind turbine blade using
acoustic emission. Compos Struct 255:112954
185. Krause T, Ostermann J (2020) Damage detection for wind turbine rotor blades using airborne sound. Structural Control and
Health Monitoring 27(5). https://doi.org/10.1002/stc.2520
186. Shin H-J, Lee J-R, Chia C-C, Yoon D-J (2010) Ultrasonic propagation imaging for in-situ wind turbine blade damage visualization. In: 10th European Conference on Non-Destructive Testing
187. Gómez Muñoz CQ, García Márquez FP, Hernández Crespo B,
Makaya K (2019) Structural health monitoring for delamination detection and location in wind turbine blades employing
guided waves. Wind Energy 22(5):698–711. https://doi.org/10.
1002/we.2316
188. Hwang S, An Y-K, Sohn H (2019) Continuous-wave line laser
thermography for monitoring of rotating wind turbine blades.

Vol:.(1234567890)

189.
190.

191.

192.

193.
194.

195.

196.
197.
198.

199.

200.

201.

202.

203.
204.
205.
206.

| https://doi.org/10.1007/s42452-022-05063-3

Struct Health Monit 18(4):1010–1021. https://d
 oi.o
 rg/1
 0.1
 177/
1475921718771709
Márquez FPG, Chacón AMP (2020) A review of non-destructive
testing on wind turbines blades. Renewable Energy 161:998–
1010. https://doi.org/10.1016/j.renene.2020.07.145
Tcherniak D, Mølgaard LL (2017) Active vibration-based structural health monitoring system for wind turbine blade: Demonstration on an operating Vestas V27 wind turbine. Struct
Health Monit 16(5):536–550. https://doi.org/10.1177/14759
21717722725
Canle DV, Salmi A, Hæggström E (2017) Non-contact damage
detection on a rotating blade by Lamb wave analysis. NDT &
E International 92:159–166. https://d
 oi.org/10.1016/j.ndteint.
2017.08.008
Sun D, Xue X, Wang Q (2018) Lamb wave and GA-BP neural
network based damage identification for wind turbine blade.
In: 2018 5th IEEE International Conference on Cloud Computing and Intelligence Systems (CCIS), pp. 767–771. IEEE
Crabtree CJ, Zappala D, Tavner PJ (2014) Survey of Commercially Available Condition Monitoring Systems for Wind Turbines. Technical report, DU (May)
Dervilis N, Choi M, Taylor S, Barthorpe R, Park G, Farrar C,
Worden K (2014) On damage diagnosis for a wind turbine
blade using pattern recognition. J Sound Vib 333(6):1833–
1850. https://doi.org/10.1016/j.jsv.2013.11.015
Song G, Li H, Gajic B, Zhou W, Chen P, Gu H (2013) Wind turbine
blade health monitoring with piezoceramic-based wireless
sensor network. Int J Smart Nano Mater 4(3):150–166. https://
doi.org/10.1080/19475411.2013.836577
Zhang L, Liu K, Wang Y, Omariba Z (2018) Ice detection model
of wind turbine blades based on random forest classifier. Energies 11(10):2548
Dong X, Gao D, Li J, Jincao Z, Zheng K (2020) Blades icing identification model of wind turbines based on SCADA data. Renewable Energy 162:575–586. https://d
 oi.o
 rg/1
 0.3
 390/e n1110
 2548
Ningbo L, Tao Y, Naipeng L, Detong K, Qingchao L, Yaguo L
(2018) Ice Detection Method by Using SCADA Data on Wind
Turbine Blades. Power Generation Technology 39(1):58–62.
https://doi.org/10.1049/iet-rpg.2016.0248
Griffith DT, Yoder N, Resor B, White J, Paquette J, Ogilvie A,
Peters V (2012) Prognostic control to enhance offshore wind
turbine operations and maintenance strategies. management
5:8–10
Bossanyi EA (2003) Individual blade pitch control for load
reduction. Wind Energy: An International Journal for Progress and Applications in Wind Power Conversion Technology
6(2):119–128. https://doi.org/10.1002/we.76
McGugan M, Larsen GC, Sørensen BF, Borum KK, Engelhardt
J (2008) Fundamentals for Remote Condition Monitoring of
Offshore Wind Turbines. Technical report, Danmarks Tekniske
Universitet, Risø Nationallaboratoriet for Bæredygtig Energi
Li H-N, Li D-S, Song G-B (2004) Recent applications of fiber optic
sensors to health monitoring in civil engineering. Eng Struct
26(11):1647–1657. https://d
 oi.o
 rg/1
 0.1
 016/j.e ngstr uct.2
 004.0
 5.
018
Li H-N, Li D-S, Ren L, Yi T-H, Jia Z-G, Kun-Peng L (2016) Structural
health monitoring of innovative civil engineering structures in
Mainland China. Structural Monitoring and Maintenance 3(1):1
Labossière P, Newhook J (2005) Will sustainable development
objectives increase the need for structural health monitoring
in civil engineering?
Durgadevi S, Karthikeyan S, Lavanya N, Kavitha C (2021) A
review on retrofitting of reinforced concrete elements using
FRP. Materials Today: Proceedings 45:1050–1054
Pohoryles DA, Melo J, Rossetto T, Varum H, Bisby L (2019) Seismic retrofit schemes with FRP for deficient RC beam-column

SN Applied Sciences

207.
208.

209.

210.

211.

212.

213.

214.
215.
216.

217.

218.
219.

220.

221.

222.

223.

(2022) 4:180

| https://doi.org/10.1007/s42452-022-05063-3

joints: State-of-the-art review. Journal of Composites for Construction 23(4). https://doi.org/10.1061/(ASCE)CC.1943-5614.
0000950
Beydokhti EZ, Shariatmadar H (2016) Strengthening and rehabilitation of exterior RC beam-column joints using carbon-FRP
jacketing. Mater Struct 49(12):5067–5083
Li D, Zhou J, Ou J (2020) Damage, nondestructive evaluation
and rehabilitation of FRP composite-RC structure: A review.
Construction and Building Materials 271. https://doi.org/10.
1016/j.conbuildmat.2020.121551
Rescalvo FJ, Rodríguez M, Bravo R, Abarkane C, Gallego A (2020)
Acoustic emission and numerical analysis of pine beams retrofitted with FRP and poplar wood. Materials 13(2):435. https://
doi.org/10.3390/ma13020435
Mufti AA, Neale KW (2007) State-of-the-art of FRP and SHM
applications in bridge structures in Canada. Composites &
Polycon, The American Composites Manufacturers Association,
Tampa, FL USA. https://doi.org/10.1016/j.jestch.2020.02.006
Guan H, Karbhari VM, Sikorsky CS (2006) Web-based structural
health monitoring of an FRP composite bridge. ComputerAided Civil and Infrastructure Engineering 21(1):39–56. https://
doi.org/10.1111/j.1467-8667.2005.00415.x
Guan H, Karbhari VM, Sikorsky CS (2007) Long-term structural
health monitoring system for a FRP composite highway bridge
structure. J Intell Mater Syst Struct 18(8):809–823. https://doi.
org/10.1177/1045389X06073471
Miśkiewicz M, Pyrzowski Ł, Sobczyk B (2020) Short and long
term measurements in assessment of FRP composite footbridge behavior. Materials 13(3):525. https://doi.org/10.3390/
ma13030525
Siwowski T, Kaleta D, Rajchel M (2018) Structural behaviour of
an all-composite road bridge. Compos Struct 192:555–567.
https://doi.org/10.1016/j.compstruct.2018.03.042
Allianz: Safety and Shipping Review 2020. Technical report,
Allianz (2020)
Karvelis P, Georgoulas G, Kappatos V, Stylios C (2021) Deep
machine learning for structural health monitoring on ship hulls
using acoustic emission method. Ships and Offshore Structures
16(4):440–448. https://doi.org/10.1080/17445302.2020.17358
44
Mondoro A, Soliman M, Frangopol DM (2016) Prediction of
structural response of naval vessels based on available structural health monitoring data. Ocean Eng 125:295–307. https://
doi.org/10.1016/j.oceaneng.2016.08.012
Rizzo P (2012) NDE/SHM of underwater structures: A review.
Advances in Science and Technology 83:208–216. https://doi.
org/10.4028/www.scientific.net/AST.83.208
Chen Z (2001) Structural health monitoring for ship structures.
In: Proceedings of the 10th Biennial Conference on Engineering
Systems Design and Analysis ESDA 10 July 12-14, 2010, Istanbul, Turkey ESDA2010-24598, vol. 836, pp. 1–4
Sabra KG, Huston S (2011) Passive structural health monitoring of a high-speed naval ship from ambient vibrations. The
Journal of the Acoustical Society of America 129(5):2991–2999.
https://doi.org/10.1121/1.3562164
Farrar CR, Park G, Anghel M, Bement MT, Salvino L (2009) Structural health monitoring for ship structures. Technical report,
Los Alamos National Lab.(LANL), Los Alamos, NM (United
States)
Stull CJ, Earls CJ, Koutsourelakis PS (2011) Model-based structural health monitoring of naval ship hulls. Comput Methods
Appl Mech Eng 200(9–12):1137–1149. https://doi.org/10.
1016/j.cma.2010.11.018
Sielski RA (2012) Ship structural health monitoring research
at the office of naval research. JOM 64(7):823–827. https://doi.
org/10.1007/s11837-012-0361-x

Review Paper

224. Kefal A, Hizir O, Oterkus E (2015) A smart system to determine
sensor locations for structural health monitoring of ship structures. International Workshop on Ship and Marine Hydrodynamics (January 2016), 26–28
225. Herszberg I, Li H, Dharmawan F, Mouritz A, Nguyen M, Bayandor J (2005) Damage assessment and monitoring of composite
ship joints. Compos Struct 67(2):205–216. https://doi.org/10.
1016/j.compstruct.2004.09.017
226. Li H, Herszberg I, Davis C, Mouritz A, Galea S (2006) Health
monitoring of marine composite structural joints using fibre
optic sensors. Compos Struct 75(1–4):321–327. https://d
 oi.o
 rg/
10.1016/j.compstruct.2006.04.054
227. Zonta T, da Costa CA, da Rosa Righi R, de Lima MJ, da Trindade
ES, Li GP (2020) Predictive maintenance in the Industry 4.0: A
systematic literature review. Computers & Industrial Engineering . https://doi.org/10.1016/j.cie.2020.106889
228. Zhu W, Fouladirad M, Bérenguer C (2013) A predictive maintenance policy based on the blade of offshore wind turbine.
In: 2013 Proceedings Annual Reliability and Maintainability
Symposium (RAMS), pp. 1–6. IEEE
229. Chen X, Bil C, Ren H (2014) Influence of SHM Techniques on
Scheduled Maintenance for Aircraft Composite Structures. In:
14th AIAA Aviation Technology, Integration, and Operations
Conference. https://doi.org/10.2514/6.2014-3264
230. Florian M, Sørensen JD (2015) Wind turbine blade life-time
assessment model for preventive planning of operation and
maintenance. Journal of Marine Science and Engineering
3(3):1027–1040. https://doi.org/10.3390/jmse3031027
231. McCall JJ (1965) Maintenance policies for stochastically failing
equipment: A survey. Manage Sci 11(5):493–524. https://doi.
org/10.1287/mnsc.11.5.493
232. Canfield R (1986) Cost optimization of periodic preventive
maintenance. IEEE Trans Reliab 35(1):78–81. https://doi.org/
10.1109/TR.1986.4335355
233. Wang Y (2017) Development of Predictive Structural Maintenance Strategies for Aircraft Using Model-based Prognostics.
PhD thesis, Institut Clément Ader
234. Tam A, Chan WM, Price JWH (2006) Optimal maintenance intervals for a multi-component system. Production Planning and
Control 17(8):769–779. https://doi.org/10.1080/0953728060
0834452
235. Kong JS, Frangopol DM (2003) Life-cycle reliability-based maintenance cost optimization of deteriorating structures with
emphasis on bridges. J Struct Eng 129(6):818–828. https://doi.
org/10.1061/(ASCE)0733-9445(2003)129:6(818)
236. Yi Yang, John Dalsgaard Sørensen (2019) Reduction of Operation and Maintenance Cost for Wind Turbine Blades – Cost
Model and Decision Making. Technical Report 261, Aalborg
Universitet . Project No. 871062
237. Jing C, Dingqiang D (2021) Inspection interval optimization
for aircraft composite structures with dent and delamination
damage. J Syst Eng Electron 32(1):252–260. https://doi.org/10.
23919/JSEE.2021.000022
238. Baldin A (1975) Condition based maintenance in chemical and
chemical fibre industries. In: Monitoring Diagnostics in the
Industry Congress, Prague
239. Baidin A (1976) The reliability of condition-based maintenance.
In: 3rd EFNMS Congress, Stockholm
240. Baldin AE (1979) Condition based maintenance: A powerful
tool for modern plant management. Terotechnica 1(2):119–129
241. Baidin A, Furlanetto L (1973) Condition-based maintenance
implementation and experiences. In: VI AI Man Congress,
Trieste
242. Baldin A (1986) Technical diagnostic-and condition-based
maintenance for better plant availability. Measurement 4(1):7–
22. https://doi.org/10.1016/0263-2241(86)90024-2

Vol.:(0123456789)

Review Paper

SN Applied Sciences

(2022) 4:180

243. Peng Y, Dong M, Zuo MJ (2010) Current status of machine
prognostics in condition-based maintenance: A review. The
International Journal of Advanced Manufacturing Technology
50(1–4):297–313. https://doi.org/10.1007/s00170-009-2482-0
244. Zhang C, Chen H (2016) Optimum maintenance strategy for
fatigue damaged composite blades of offshore wind turbines
using stochastic modelling. In: 2016 World Congress on The
Structures Congress (Structures16), p. 575
245. Griffith DT, Yoder NC, Resor B, White J, Paquette J (2014) Structural Health and Prognostics Management for the Enhancement of Offshore Wind Turbine Operations and Maintenance
Strategies. Wind Energy 17(11):1737–1751. https://doi.org/10.
1002/we.1665
246. Ren Z, Verma AS, Li Y, Teuwen JJ, Jiang Z (2021) Offshore wind
turbine operations and maintenance: A state-of-the-art review.
Renewable and Sustainable Energy Reviews 144. https://doi.
org/10.1016/j.rser.2021.110886
247. Aydemir H, Zengin U, Durak U (2020) The Digital Twin Paradigm
for Aircraft Review and Outlook. In: AIAA Scitech 2020 Forum,
p. 0553
248. Wu C, Wu P, Wang J, Jiang R, Chen M, Wang X (2020) Critical
review of data-driven decision-making in bridge operation and
maintenance. Structure and Infrastructure Engineering, 1–24.
https://doi.org/10.1080/15732479.2020.1833946
249. Sánchez-Silva M, Frangopol DM, Padgett J, Soliman M (2016)
Maintenance and operation of infrastructure systems. J Struct
Eng 142(9):4016004. https://doi.org/10.1061/(ASCE)ST.1943-
541X.0001543
250. Chong AKW, Mohammed AH, Abdullah MN, Rahman MSA
(2019) Maintenance prioritization-a review on factors and
methods. J Facil Manag 17:18–39. https://doi.org/10.1108/
JFM-11-2017-0058
251. Leahy J (2015) Global Market Forecast 2015-2034. Technical
report, Airbus. http://w
 ww.a irbus.c om/c ompan
 y/m
 arket/f orec
ast
252. Lefeuvre A, Garnier S, Jacquemin L, Pillain B, Sonnemann G
(2019) Anticipating in-use stocks of carbon fibre reinforced
polymers and related waste generated by the wind power
sector until 2050. Resour Conserv Recycl 141:30–39. https://
doi.org/10.1016/j.resconrec.2017.06.023
253. Guo H, Xiao G, Mrad N, Yao J (2011) Fiber optic sensors
for structural health monitoring of air platforms. Sensors
11(4):3687–3705
254. Mrad N (2007) Potential of Bragg grating sensors for aircraft
health monitoring. Trans Can Soc Mech Eng 31(1):1–17. https://
doi.org/10.1139/tcsme-2007-0001
255. Brand C, Boller C (2000) Identification of Life Cycle Cost Reductions in Structures with Self-Diagnostic Devices. Technical
report, Daimler Chrisler Aerospace AG Munchen (Germany)
Military Aircraft Division
256. Glisic B, Inaudi D (2008) Fibre Optic Methods for Structural
Health Monitoring. John Wiley & Sons, Hoboken
257. Cook AJ, Tanner G, Anderson S (2004) Evaluating the true cost
to airlines of one minute of airborne or ground delay
258. Boeing: Boeing 787 from the Ground Up. Technical report, Boeing (2006)
259. Fawcet AJ, Oakes GD (2006) Boeing composite airframe damage tolerance and service experience. Technical report, Boeing
260. Dong T, Kim NH (2018) Cost-effectiveness of structural health
monitoring in fuselage maintenance of the civil aviation industry. Aerospace 5(3). https://d
 oi.o
 rg/1
 0.3
 390/a erosp
 ace50
 30087
261. Tuloup C, Harizi W, Aboura Z, Meyer Y, Khellil K, Lachat R (2019)
On the use of in-situ piezoelectric sensors for the manufacturing and structural health monitoring of polymer-matrix
composites: A literature review. Compos Struct 215:127–149.
https://doi.org/10.1016/j.compstruct.2019.02.046

Vol:.(1234567890)

| https://doi.org/10.1007/s42452-022-05063-3

262. Ostachowicz W, Soman R, Malinowski P (2019) Optimization of
sensor placement for structural health monitoring: A review.
Struct Health Monit 18(3):963–988. https://doi.org/10.1177/
1475921719825601
263. Howard RA (1966) Information value theory. IEEE Transactions
on Systems Science and Cybernetics 2(1):22–26. https://doi.
org/10.1109/TSSC.1966.300074
264. Schlaifer R, Raiffa H (1961) Applied Statistical Decision Theory
265. Capellari G, Chatzi E, Mariani S (2018) Cost–benefit optimization of structural health monitoring sensor networks. Sensors
18(7). https://doi.org/10.3390/s18072174
266. Krause A, Guestrin C, Gupta A, Kleinberg J (2006) Near-optimal
sensor placements: Maximizing information while minimizing
communication cost. In: Proceedings of the 5th International
Conference on Information Processing in Sensor Networks, pp.
2–10. https://doi.org/10.1145/1127777.1127782
267. Luengo MM, Kolios A (2015) Failure mode identification and
end of life scenarios of offshore wind turbines: A review. Energies 8(8):8339–8354. https://doi.org/10.3390/en8088339
268. Besnard F, Bertling L (2010) An approach for condition-based
maintenance optimization applied to wind turbine blades. IEEE
Transactions on Sustainable Energy 1(2):77–83. https://d
 oi.o
 rg/
10.1109/TSTE.2010.2049452
269. Jadali A, Ioannou A, Salonitis K, Kolios A (2021) Decommissioning vs. repowering of offshore wind farms-a techno-economic
assessment. The International Journal of Advanced Manufacturing Technology 112(9):2519–2532. https://doi.org/10.1007/
s00170-020-06349-9
270. Fischer K, Besnard F, Bertling L (2011) Reliability-centered maintenance for wind turbines based on statistical analysis and
practical experience. IEEE Trans Energy Convers 27(1):184–195.
https://doi.org/10.1109/TEC.2011.2176129
271. Musial W, Ram B (2010) Large-scale offshore wind energy for
the united state: Assessment of opportunities and barriers.
National Renewable Energy Laboratory, CO, Golden
272. Snyder B, Kaiser MJ (2009) Ecological and economic costbenefit analysis of offshore wind energy. Renewable Energy
34(6):1567–1578. https://d
 oi.o
 rg/1
 0.1
 016/j.r enene.2
 008.1
 1.0
 15
273. Ali HT, Akrami R, Fotouhi S, Bodaghi M, Saeedifar M, Yusuf
M, Fotouhi M (2021) Fiber reinforced polymer composites in
bridge industry. Structures 30:774–785. https://doi.org/10.
1016/j.istruc.2020.12.092
274. Daneshkhah A, Stocks NG, Jeffrey P (2017) Probabilistic sensitivity analysis of optimised preventive maintenance strategies
for deteriorating infrastructure assets. Reliability Engineering &
System Safety 163:33–45. https://doi.org/10.1016/j.ress.2017.
02.002
275. Orcesi AD, Frangopol DM (2011) Optimization of bridge maintenance strategies based on structural health monitoring information. Struct Saf 33(1):26–41. https://doi.org/10.1016/j.strus
afe.2010.05.002
276. Zhao M, Dong Y, Guo H (2021) Comparative life cycle assessment of composite structures incorporating uncertainty and
global sensitivity analysis. Engineering Structures 242. https://
doi.org/10.1016/j.engstruct.2021.112394
277. Liu Y, Frangopol DM, Cheng M (2019) Risk-informed structural
repair decision making for service life extension of ageing
naval ships. Mar Struct 64:305–321. https://doi.org/10.1016/j.
marstruc.2018.10.008
278. Garbatov Y, Sisci F, Ventura M (2018) Risk-based framework for
ship and structural design accounting for maintenance planning. Ocean Eng 166:12–25. https://doi.org/10.1016/j.ocean
eng.2018.07.058
279. Dong Y, Frangopol DM (2015) Risk-informed life-cycle optimum
inspection and maintenance of ship structures considering

SN Applied Sciences

280.

281.

282.
283.

284.

285.

286.

287.
288.

289.

290.
291.
292.

293.
294.
295.

(2022) 4:180

| https://doi.org/10.1007/s42452-022-05063-3

corrosion and fatigue. Ocean Eng 101:161–171. https://doi.
org/10.1016/j.oceaneng.2015.04.020
Zhuang Y, Wu F, Chen C, Pan Y (2017) Challenges and opportunities: from big data to knowledge in AI 2.0. Frontiers of
Information Technology & Electronic Engineering 18(1):3–14.
https://doi.org/10.1631/FITEE.1601883
Monte Soldado R, Palomares I, Martinez-Camara E, GarciaMoral P, Chiachio M, Chiachio J, Alonso S, Melero FJ, Molina
D, Fernandez B, Moral C, Marchena R, Perez de Vargas J, Herrera F (2021) A panoramic view and swot analysis of artificial
intelligence for achieving the sustainable development goals
by 2030: Progress and prospects. Appl Intell 51:6497–6527.
https://doi.org/10.1007/s10489-021-02264-y
Goebel K, Daigle MJ, Saxena A, Roychoudhury I, Sankararaman S, Celaya JR (2017) Prognostics: The Science of Making
Predictions
Gobbato M, Conte JP, Kosmatka JB, Farrar CR (2012) A reliabilitybased framework for fatigue damage prognosis of composite
aircraft structures. Probab Eng Mech 29:176–188. https://doi.
org/10.1016/j.probengmech.2011.11.004
Chiachío M, Chiachío J, Sankararaman S, Goebel K, Andrews
J (2017) A new algorithm for prognostics using subset simulation. Reliability Engineering & System Safety 168:189–199.
https://doi.org/10.1016/j.ress.2017.05.042
Hassan MH, Othman AR, Kamaruddin S (2017) A review on the
manufacturing defects of complex-shaped laminate in aircraft
composite structures. The International Journal of Advanced
Manufacturing Technology 91(9):4081–4094. https://doi.org/
10.1007/s00170-017-0096-5
Saroia J, Wang Y, Wei Q, Lei M, Li X, Guo Y, Zhang K (2020) A
review on 3d printed matrix polymer composites: its potential
and future challenges. The International Journal of Advanced
Manufacturing Technology 106(5):1695–1721. https://doi.org/
10.1007/s00170-019-04534-z
Shaikh FK, Zeadally S (2016) Energy harvesting in wireless sensor networks: A comprehensive review. Renew Sustain Energy
Rev 55:1041–1054. https://doi.org/10.1016/j.rser.2015.11.010
Zou H-X, Zhao L-C, Gao Q-H, Zuo L, Liu F-R, Tan T, Wei K-X,
Zhang W-M (2019) Mechanical modulations for enhancing
energy harvesting: Principles, methods and applications. Appl
Energy 255:113871. https://doi.org/10.1016/j.apenergy.2019.
113871
Cahill P, Hazra B, Karoumi R, Mathewson A, Pakrashi V (2018)
Vibration energy harvesting based monitoring of an operational bridge undergoing forced vibration and train passage.
Mech Syst Signal Process 106:265–283. https://doi.org/10.
1016/j.ymssp.2018.01.007
Erturk A, Vieira W, De Marqui Jr C, Inman DJ (2010) On the
energy harvesting potential of piezoaeroelastic systems. Appl
Phys Lett 96(18):184103. https://doi.org/10.1063/1.3427405
Covaci C, Gontean A (2020) Piezoelectric energy harvesting
solutions: A review. Sensors 20(12):3512. https://doi.org/10.
3390/s20123512
Krupitzer C, Roth FM, VanSyckel S, Schiele G, Becker C (2015) A
survey on engineering approaches for self-adaptive systems.
Pervasive Mob Comput 17:184–206. https://doi.org/10.1016/j.
pmcj.2014.09.009
Tao F, Zhang M, Liu Y, Nee A (2018) Digital twin driven prognostics and health management for complex equipment. CIRP Ann
67(1):169–172. https://doi.org/10.1016/j.cirp.2018.04.055
Zio E (2018) The future of risk assessment. Reliability Engineering & System Safety 177:176–190. https://doi.org/10.1016/j.
ress.2018.04.020
Adeli H, Balasubramanyam KV (1988) Expert Systems for Structural Design: A New Generation. Prentice Hall, Hoboken

Review Paper

296. Paek Y, Adeli H (1990) Structural design language for coupled
knowledge-based systems. Advances in Engineering Software
(1978) 12(4):154–166. https://doi.org/10.1016/0141-1195(90)
90001-M
297. Lynch N, Segala R, Vaandrager F, Weinberg HB (1995) Hybrid
I/O automata. In: International Hybrid Systems Workshop, pp.
496–510. https://doi.org/10.1007/BFb0020971. Springer
298. Heemels W, De Schutter B (2000) On the equivalence of classes
of hybrid systems: Mixed logical dynamical and complementarity systems. Measurement and Control Systems
299. Coutinho R, Fernandez B, Lima R, Meyroneinc A (2006) Discrete time piecewise affine models of genetic regulatory
networks. J Math Biol 52(4):524–570. https://doi.org/10.1007/
s00285-005-0359-x
300. Petri CA (1962) Fundamentals of a theory of asynchronous
information flow. IFIP Congress 62:386–390
301. Petri CA (1962) Kommunikation mit automaten. PhD thesis,
Institut für Instrumentelle Mathematik an der Universität Bonn
302. Looney CG (1988) Fuzzy Petri nets for rule-based decision-making. IEEE Trans Syst Man Cybern 18(1):178–183. https://d
 oi.o
 rg/
10.1109/21.87067
303. Ramírez-Noriega A, Juárez-Ramírez R, Jiménez S, MartínezRamírez Y (2016) Knowledge representation in intelligent
tutoring system. In: International Conference on Advanced
Intelligent Systems and Informatics, pp. 12–21. https://d
 oi.o
 rg/
10.1007/978-3-319-48308-5_2. Springer
304. Chen S-M, Ke J-S, Chang J-F (1990) Knowledge representation
using fuzzy Petri nets. IEEE Trans Knowl Data Eng 2(3):311–319.
https://doi.org/10.1109/69.60794
305. Cardoso J, Valette R, Dubois D (1999) Possibilistic Petri nets.
IEEE Trans Syst Man Cybern B Cybern 29(5):573–582. https://
doi.org/10.1109/3477.790440
306. Lee J, Liu KFR, Chiang W (2003) Modeling uncertainty reasoning with possibilistic Petri nets. IEEE Trans Syst Man Cybern B
Cybern 33(2):214–224. https://doi.org/10.1109/TSMCB.2003.
810446
307. Chiachío M, Chiachío J, Prescott D, Andrews J (2019) Plausible
Petri nets as self-adaptive expert systems: A tool for infrastructure asset monitoring. Computer-Aided Civil and Infrastructure
Engineering 34(4):281–298. https://doi.org/10.1111/mice.
12427
308. Reich Y, Fenves SJ (1989) The potential of machine learning
techniques for expert systems. AI EDAM 3(3):175–193
309. Reich Y (1995) Artificial intelligence in bridge engineering:
Towards matching practical needs with technology. Microcomputers in Civil Engineering, 1–25
310. Grieves M, Vickers J (2017) Digital twin: Mitigating unpredictable, undesirable emergent behavior in complex systems. In: Transdisciplinary Perspectives on Complex Systems,
pp. 85–113. Springer, New York . https://doi.org/10.1007/
978-3-319-38756-7_4
311. Wagg D, Worden K, Barthorpe R, Gardner P (2020) Digital twins:
State-of-the-art and future directions for modeling and simulation in engineering dynamics applications. ASCE-ASME J Risk
and Uncertainty in Engineering Systems Part B: Mechanical
Enineering 6(3). https://doi.org/10.1115/1.4046739
Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Vol.:(0123456789)

