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1. Introduction

Carbon fiber reinforced polymers (CFRP) are increasingly important materials
for structural applications in many fields. The use of CFRP materials is no longer
just for advanced high-cost applications like aerospace, but cost-effective man-
ufacturing is nowadays possible in many cases (Antin, Pärnänen 2017). For ex-
ample, there are several novel applications of unidirectional (UD) fiber rein-
forced polymers in civil engineering (Aniskevich, Kulakov et al. 2012). One in-
teresting application is the use of UD CFRP materials as ropes. CFRP ropes can
act as tension members in applications such as stay bridges (Rizzo, Lanza di
Scalea 2001, Brönniman, Nellen et al. 1998)  hoisting (Antin 2018, Kwon, Kim
et al. 2018) and anchoring (Rebel, Verreet et al. 2006). The high strength-to-
weight ratio of UD CFRP ropes means less sag in anchoring and stay cables, and
taller hoisting heights in lifting applications. However, the efficient and safe use
of CFRP components requires periodic non-destructive inspection routines or
condition monitoring systems to ensure the strength has not been adversely af-
fected during operation. In addition to damage from in-service static and cyclic
loading, these novel ropes could contain manufacturing defects and become
damaged during transportation, installation or maintenance operations. In-
spection of metallic ropes is established (Mironenko, Kumar 2013), but CFRP
ropes are a new application. Furthermore, the brittle nature of carbon fiber
composites makes them less damage tolerant (Wang, Chung 2005) than metals,
which have a mechanism for plastic deformation (Antin, Jalava 2015). There-
fore, regular inspection or continuous monitoring is needed. This dissertation
is founded on five levels of non-destructive evaluation (NDE), adapted and ex-
panded from the four levels defined by Rytter (Rytter 1993) (Table 1). The con-
cept of the five levels and combining them in a sequence is key to the structure
of this dissertation and it forms the framework through which all results are
viewed.

Table 1. Five levels of non-destructive evaluation.

# Level Question
1 Detection Is the component damaged?
2 Localisation Where is the damage?
3 Characterisation What is the damage?
4 Decision Is the component fit for service?
5 Prediction What is the remaining life?
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1.1 Objectives and scope

The objective of this dissertation is to develop an online monitoring concept that
works in field conditions and answers the first four questions in Table 1. The
scope includes evaluating the applicability of existing NDE technologies
through analysing existing research literature and performing experiments. The
shortcomings of the state-of-the-art are identified and the requirements of a
dedicated online monitoring system are defined. Such a system could be imple-
mented into real-world CFRP rope applications and it would have a positive ef-
fect on the safety and economics of using CFRP ropes. For example, sudden rope
failures could be avoided and the full service life of each rope could be fully ex-
ploited without unnecessary maintenance or replacement operations. Signifi-
cant focus is put on the fourth level, Decision, because it is an often forgotten
aspect of NDE and the amount of knowledge needed for an informed decision is
not always understood, especially when dealing with damage evolution in com-
posites.  The fifth level of estimating the remaining service life is outside the
scope. The introductory part of this dissertation is deliberately made dependent
on the appended publications to give a comprehensive description of experi-
mental details. This enables focusing on the author’s contributions and synthe-
sising a holistic view of the topic.

1.2 Structure of the dissertation

The structure of this dissertation is as follows. First, existing publications ad-
dressing inspection of CFRP materials are reviewed, with a focus on applicabil-
ity to rope inspection. Second, a research gap is identified based on the literature
review. Third, materials and methods relevant to a real-world application are
presented. Fourth, the results of the experimental program are organised using
a structure corresponding to the research questions (Table 1). Finally, the im-
plications of the results are discussed and summarised with the intention of
forming a systems-level approach to non-destructive evaluation that ties to-
gether all five levels of NDE. The four appended publications cover the first four
levels of NDE (Figure 1).

Figure 1. Structure of the dissertation with regard to the research questions and journal publica-
tions.
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The first publication deals with selecting the methods for detecting, localising
and characterizing damage. The second and third publication focus on optimiz-
ing the selected methods for CFRP rope inspection. The fourth publication ad-
dresses the issue of estimating the effect of damage using a multiscale modelling
approach.
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2. Literature review

The use of synthetic ber ropes in civil engineering applications has been re-
ported in the literature (Brönniman, Nellen et al. 1998, Rebel, Verreet et al.
2006, Rizzo, Lanza di Scalea 2001, Meier 2012, Kwon, Kim et al. 2018). How-
ever, the inspection methods have not reached a mature stage in their develop-
ment, as the inspection of steel wire ropes has. Steel wire ropes have a proven
track record and periodic visual inspection is used to monitor their condition.
However, visual inspection of ropes is tiresome, subjective, capable of detecting
only surface defects and means downtime for the customer (Mironenko, Kumar
2013).

The state-of-the-art solution for monitoring CFRP ropes is using embedded
optical bres (Rebel, Chaplin et al. 2000, Brönniman, Nellen et al. 1998, Meier
2012) however; they provide only local strain values, which are an indirect indi-
cation of damage. Moreover, matrix and interface damage, such as microcrack-
ing, delamination, environmental aging and debonding, does not cause an in-
crease in strain although it can reduce the strength and service life of a rope
(Benmokrane, Ali et al. 2016). Matrix cracking could be observed using electro-
magnetic methods if the matrix is made conductive by adding carbon nanotubes
(Spinelli, Lamberti et al. 2018, Vertuccio, Guadagno et al. 2016). Like embedded
sensors, this approach may be challenging to implement into existing products
and production lines. Hence, other possibilities need to be considered.

2.1 Observing interfaces using waves

Thermo-elastic stress analysis (TSA) is a typical method applied to polymer
composites, including carbon fiber reinforced plastic, to detect different kinds
of damage, but most sensitive to delaminations (Meola, Carlomagno et al. 2014,
Emery, Dulieu-Barton 2010, Freire, Waugh et al. 2015). Obtaining the surface
temperature of UD CFRP via TSA is a challenging measurement due to various
factors, such as anisotropy of coefficients of thermal expansion (CTE) of the
composite, near-zero CTE of carbon fiber, differences in the behaviour of matrix
and reinforcement, large surface temperature variations compared to the mag-
nitude of the thermoelastic effect, variations in surface emissivity and maintain-
ing adiabatic conditions (Meola, Carlomagno et al. 2014).



Literature review

14

The reflection or transmission of ultrasonic waves can be used to detect inter-
faces or heterogeneities in CFRP components (Gholizadeh 2016, Meola, Boc-
cardi et al. 2015). The principle of ultrasonic inspection is similar to the thermal
waves of the TSA phase image and is therefore especially sensitive to delamina-
tions.

2.2 Observing heterogeneities using electromagnetism

Several methods for inspection of ber ropes using electromagnetism have been
suggested, such as methods based on the electrical resistivity of the bres
(Schmieder, Heinze et al. 2015, Wang, Chung 2005). Electrical resistivity works
well for small samples (Irving, Thiagarajan 1998, Kwon, Kim et al. 2018), but it
does not provide information on the location of damage. Resistance (Park,
Okabe et al. 2002) and capacitance (Kupke, Schulte et al. 2001) monitoring can
be used to detect strain, fiber breaks and even matrix damage (Todoroki 2014,
Abry, Choi et al. 2001). However, resistance measurements do not provide in-
formation about the damage location nor morphology. Furthermore, the rela-
tive increase in resistance caused by a small fraction of broken bres is low com-
pared to the total resistance of a long rope. The main benefit of resistance meas-
urements is the almost instantaneous measurement of the whole rope regard-
less of its length. However, the location of damage is not resolved by monitoring
resistance. On the other hand, the transmission line principle can be used for
reflectometry of electromagnetic waves (Antin 2018, Todoroki, Ohara et al.
2016).

Eddy current testing (Cheng, Qiu et al. 2016) is typically used for inspecting
undulations in carbon fiber reinforcement fabrics, quality control of stacking
sequence, fiber orientation and curing effects (Heuer, Schulze et al. 2015,
Hughes, Drinkwater et al. 2018, Bouloudenine, Feliachi et al. 2017). Delamina-
tion detection has been proposed (Mook, Lange et al. 2001) and shown with
artificial delaminations made with interply release film (Cheng, Qiu et al. 2017)
and induced free-edge delaminations (Gros, Takahashi 1998). Artificial cracks
made by slitting the fabric before lamination have been detected (Schmidt,
Schultz et al. 2014, Mook, Lange et al. 2001, Cheng, Ji et al. 2014). The only
paper demonstrating detection of real impact damage (Koyama, Hoshikawa et
al. 2013) used an absolute probe, which is sensitive to the lift-off distance. The
impact caused permanent deformation and therefore lift-off conditions were
changed giving an indication at the impact location.

2.3 Observing mechanical damage using modal analysis

The use of vibrations to detect damage in beams, i.e. modal analysis, has been
under intensive investigation since the 1970s (Dimagoronas 1996). These meth-
ods have also been applied to composite beams (Zou, Tong et al. 2000), which
can be thought to represent a short interrogation section of a longer rope. Online
monitoring using vibrations is based on creating a model that describes the
structure in question and looking for deviating behaviour under controlled or
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uncontrolled excitation (Andersen 1997). The model can be a physical model
based on fundamentals of physics or the model can be created and calibrated
(updated) using a reference state of the structure (Castello, Stutz et al. 2002).
The behaviour under excitation can be monitored by measuring modal param-
eters; eigenfrequencies, mode shapes and damping ratio (Friswell 2007). Meas-
uring eigenfrequencies is relatively accurate and it has the capability to show
distributed damage (Salawu 1997). However, localizing the damage can be dif-
ficult just by observing eigenfrequencies of different modes and it requires the
damage to be modelled correctly (Kessler, Spearing et al. 2002). Locating dam-
age is possible if sufficient spatial information is available for solving differences
in mode shape curvature (Sahin, Shenoi 2003). Mode shape measurements
need a full-field method (Patsias, Staszewski et al. 2002) in order to avoid meas-
uring mode shape minima (Banks, Inman et al. 1996). One approach is to use
digital image correlation (DIC) (Antin, Harhanen et al. 2016) together with an
optimized pattern (Bossuyt 2013). On the other hand, delamination is a type of
damage characteristic to composites and it does not necessarily affect the stiff-
ness enough to cause a detectable change in mode shape curvature. However,
delamination can be detected by measuring the energy dissipation or damping
of a structure (Montalvao, Karanatsis et al. 2015). These dynamic effects are not
observable using steady state methods, such as quasi-static elasticity imaging
(QSEI) (Smyl, Antin et al. 2018). However, QSEI does allow the quantification
of the local stiffness of the structure.

2.4 Observing mass-thickness using radiography

Conventional film radiography is a well-established and commonly used tech-
nique for NDE purposes. Whereas film radiographs are limited in terms of
achievable contrast sensitivity by the limited exposure time, digital radiographs
offer much higher contrast, which allows inspecting and visualizing large differ-
ences in wall thickness as well as various material compositions. Photon count-
ing detectors (PCD) in particular can offer even higher contrast sensitivity and
dynamic range than conventional converting digital detector arrays (DDA) can
(Jandejsek, Jakubek et al. 2014, Schumacher, Ewert et al. 2017). The detection
process of a PCD is different compared to an indirectly detecting DDA (Taguchi,
Iwanczyk 2013). A semi-conductor crystal is biased with an electrical field in
which charge is directly created by the incident X-ray photons. The charge then
travels towards the bias electrode and creates a pulse signal, which is processed
by the electronics. Fast read-out electronics allow counting single photons. The
signal contains information about the energy of the incident photon, which en-
ables the suppression of electrical noise by pulse height discrimination and
threshold criteria (Walter, Zscherpel et al. 2016). Besides the advantages of the
photon counting technology, some specific considerations are needed for radi-
ography using PCDs (Ullberg, Urech et al. 2013, Taguchi, Iwanczyk 2013).

Computed tomography (CT) can give high-resolution volumetric information
on the damage state of a fiber rope (Schmieder, Heinze et al. 2015). The disad-
vantage is that the apparatus is difficult to adapt in field conditions, especially
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when inspecting large objects (Bullinger, Schnars et al. 2016, Ewert, Fratzscher
et al. ), such as a rope. Furthermore, increased spatial resolution by geometric
magnification inherently leads to a smaller field-of-view (FOV) and hence
slower inspection speed.

2.5 Strength models of fiber reinforced composites

Multi-axial composite laminates are very complex in their structure and behav-
ior and difficult to model reliably, whereas UD composites are better under-
stood (Swolfs, Verpoest et al. 2015). Micromechanical models of UD composites
are typically based on fibers failing according to a statistical strength distribu-
tion discovered by Weibull (Weibull 1951). Obtaining accurate Weibull param-
eters has proven to be difficult. Swolfs lists the reasons causing the problems in
his state-of-art review (Swolfs 2015): varying fiber diameter, variation of
Weibull parameters within a tested population (“Weibull of Weibulls”), low
number of samples, minimum force required to extract single fibers from bun-
dles and issues related to clamping such as effective gauge length and misalign-
ment. Accurate Weibull parameters have a significant effect on UD strength
models. The fiber lengths used in micromodels are much smaller than the gauge
lengths used in testing and therefore inaccuracy arises from size scaling. In ad-
dition, population sizes are often too small to give reliable Weibull parameters.
Over 1600 fibers need to be tested for reliable results (Swolfs, Verpoest et al.
2015). Strength of the polymer matrix is not straightforward either. The
strength is different in tension and compression and various failure criteria have
been suggested (Ha, Jin et al. 2008) based on modified von Mises or Tresca
criteria taking into account the non-unity ratio of compressive strength to ten-
sile strength. However, the ratio is so close to one that the original von Mises
criteria seems adequate according to some authors (Fard, Chattopadhyay et al.
2012).

A broken fiber becomes ineffective for a certain length (Johnson, Zhao et al.
2006) and load is distributed to the neighbouring fibers according to load shar-
ing rules. Final failure occurs when a sufficiently large cluster of broken fibers
is formed and the stress concentration around it becomes critical (Behzadi,
Jones 2010). Early modelling solutions were based on shear-lag models with a
single fiber, a row of fibers or ordered 2D packing of fibers (Hedgepeth, van
Dyke 1967).  Shear-lag models are still used today due to their higher computa-
tional efficiency compared to finite element models where more degrees of free-
dom are allowed (Landis, McMeeking 1999). However, shear-lag models usually
include some simplifications, such as ordered fiber packing, fibers carrying only
axial loads and strains, linear-elastic matrix carrying only shear, isotropic con-
stituent properties, perfect fiber-matrix bonding and no matrix cracking (Swolfs
2015). Therefore, 3D finite element (FE) models have become popular.

The microstructure determines the morphology of the 3D finite element
model. Information such as fiber volume fraction, fiber packing, fiber size and
shape as well as possible defects are included in microstructure. Periodic square
or hexagonal packing is an idealized case whereas random packing generators
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create a more realistic distribution of fibers, but high fiber volume fractions are
challenging for the generators (Melro, Camanho et al. 2008). The packing type
has an effect on transverse elastic constants (Beicha, Kanit et al. 2016). Further-
more, fibers very close to each other can lead to a significant increase in stress
concentration factor (SCF) (Bouaoune, Brunet et al. 2016), but stress recovery
distance is smaller due to a locally stiffer matrix. Hence, packing type does not
make much of a difference for uniaxial loading of UD CFRPs in the fiber direc-
tion (Swolfs, Gorbatikh et al. 2013). However, matrix plasticity and debonding
may change results (Okabe, Takeda et al. 2001) and off-axis loading requires
random packing for accurate results (Trias, Costa et al. 2006). Finite element
models use a representative volume element (RVE) which has boundaries. How-
ever, boundary effects diminish at a couple fiber diameters from edge (Wongsto,
Li 2005), allowing the RVE to have statistical representation of the true behav-
iour if a sufficient amount of fibers are included in the RVE.

2.6 Summary

There are many possible approaches for non-destructive inspection of carbon
fiber composites. Many of them originate from inspection routines used for me-
tallic components and need optimisation for polymer composites. Approaches
dedicated for composites inspection are usually aimed at laminated panels,
which is a typical structure for fiber reinforced polymers. However, the use of
polymer composites in civil engineering and especially as ropes is a novel appli-
cation lacking off-the-shelf commercial solutions. Furthermore, the damage
evolution in composite materials is so complex, that a single method is seldom
suited for detecting all possible defects. Moreover, accurate methods are typi-
cally slow due to a smaller inspection area or larger quantity of data collected.
Hybrid approaches encompassing multiple methods were not found in the lit-
erature and a system-level approach is missing, which takes into account the
consequence of finding an imperfection and determining its effect. This disser-
tation contributes to filling this research gap.
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3. Materials and methods

This chapter describes the carbon fiber composite rope system, the defects in-
troduced to it, selected NDE techniques as well as modelling and experimental
methodology. Characterising the material and defects is a fundamental part in
NDE development, since most methods show contrast at heterogeneities based
on measurements of some physical property. Therefore, it is necessary to know
what properties the material has and how imperfections could possibly alter
those. Having established what is being looked for, NDE methods capable of
detecting heterogeneities in those properties are explained. After damage has
been found, it needs to be characterised using a method that gives useful infor-
mation for decision-making. In other words, information that can be used to
establish whether the component is safe to use. This information is then used to
simulate the response of a defective structure to assess the effect of the defect.
Simulation approaches require some experimental mechanics for obtaining in-
put values and verifying the results.

3.1 Carbon fiber composite rope system

The carbon fiber rope is a structural system consisting of four unidirectional
(UD) CFRP rods protected by a polyurethane coating with a thickness of about
1 mm (Figure 2). Each load carrying CFRP rod has a cross-section dimension of
5.0 mm × 2.5 mm. The CFRP rods are manufactured at an industrial production
plant using the pultrusion method. The composite consists of standard modulus
(high strength) polyacrylonitrile-based (PAN) carbon fiber embedded in an
epoxy matrix. The material properties given by the manufacturer are listed in
Table 2, where fiber direction is denoted as “1” and isotropy in the “2-3” plane
is assumed (transverse isotropy). As the CFRP rods are manufactured using a
pultrusion line, they are not laminates and do not consist of plies like most CFRP
structures. However, they behave in a similar manner as UD laminates. Like
laminated structures, the microstructure of the pultruded rods contains resin
rich zones, but their orientation varies. Failure due to excessive shear stresses
and impact loading results in near-planar matrix cracks that closely resemble
delaminations commonly seen in laminates (Figure 3). Such matrix cracks are
henceforth called delaminations in order to emphasise the typical planar crack
morphology and through-the-width extension as well as to distinguish them
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from matrix micro-cracking occurring due to shrinkage during processing or fa-
tigue loading.

Figure 2. Coordinates and dimensions of the CFRP rod in millimeters (a) and structure of the
rope system (b).

Table 2. Material parameters for fiber and matrix.

Material E1 [GPa] E2 [GPa] G12 [GPa] ν12 ν23

Carbon fiber 239 20 30 0.2 0.25
Epoxy resin 3.2 1.2 0.35

3.1.1 Defects

The carbon fiber composite rope could contain multiple kinds of imperfections.
They could originate already from processing and manufacturing (voids, micro-
cracks), or from transportation and installation (impact, cuts). Damage during
cyclic loading include the typical fatigue and delamination growth phenomena,
but also events like foreign object impact. Despite the protective coating, these
kinds of special events could induce fiber breaks and delaminations (Figure 3).

Figure 3. Near-planar matrix cracks resembling delamination.

The artificially induced imperfections discussed in this dissertation can be di-
vided into two types; fiber damage and matrix damage. Fiber damage (Figure
4a) was made by manually sawing with a hacksaw transversely to the rope
length. The cut was made approximately one third of the depth to ensure that a
clear signal is obtained with high signal-to-noise ratio. Detection thresholds or
limits of the apparatus were not pursued at this point. Artificial defects made by
sawing or drilling are repeatable and the size of the resulting defect can easily
be controlled. These are benefits when developing NDE methods and looking
for detection thresholds. However, such defects do not correspond to real im-
perfections formed during manufacturing or service. Therefore, two additional
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defects are included that resemble actual damage more closely. The first is low-
velocity drop-weight impact loading at a potential energy of 15 J according to
ASTM D5628-10 producing fiber damage (Figure 4b) but also delaminations.
The second is matrix defects in the form of porosity (Figure 4c) produced by
adding water to the resin bath at the pultrusion line. It is worth noting that be-
cause the rope is not a laminated panel like most CFRP structures, the damage
due to impact is somewhat different. Low-energy impact typically leads to de-
lamination (matrix) damage in laminated panels while high-energy impact
leads to fiber breaks and permanent deformation. The CFRP rope, however, ex-
hibits multiple delaminations in various orientations and distributed fiber
breaks, which poses a challenge to NDE. The use of mixed and distributed dam-
age due to real impact loading increases realism compared to using fiber cuts or
interlayer films as defects.

Figure 4. Damage induced by sawing (a), impact (b) and porosity (c).

3.2 Non-destructive evaluation

Many NDE techniques have been deployed successfully to detect various defects
in the UD CFRP rope. Published results include ultrasonic testing (Machado,
Antin et al. 2019)(Publication 1), thermography (Antin, Bossuyt et al.
2018)(Publication 1), modal analysis (Antin, Harhanen et al. 2016), eddy cur-
rent testing (Antin, Machado 2019)(Publication 2), quasi-static elasticity imag-
ing (Smyl, Antin et al. 2018), transmission line reflectometry (Antin 2018) and
radiography (Publication 3). However, the most feasible method for contactless
online monitoring of long ropes moving at high speeds is eddy current testing
(ECT). X-ray tomography or laminography is the best option for characterising
damage with subsequent finite element analysis in mind, because they are
three-dimensional imaging techniques giving direct volumetric information on
any mass-thickness variations.

3.2.1 Eddy current testing

One CFRP rod at a time was inspected using a custom-made probe (Figure 5)
excited at 4 MHz (Publication 1). The probe has a driving coil in the middle and
two pick-up coils on either side operating in differential mode. The specimen
translation, as well as the signal acquisition, were controlled and programmed
in LabVIEW environment. The specimen was translated in 0.5 mm steps with
data acquisition at each step. Excitation and signal processing was handled by
an Olympus Nortec 500 impedance analyser. The sampling rate of the equip-
ment is 6 kHz. Absolute pencil probes from Olympus were tested under the
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same inspection conditions without success. The distance (lift-off) between the
probe and the CFRP material was about 3 mm.

Figure 5. Tailored eddy current probe.

A derivative of the probe shown in Figure 5 was deployed to field conditions
(Publication 2). The setup was as in lab-scale but the traverse of the rope was
handled by a traction sheave of a hoisting apparatus. Strips of aluminium tape
were bonded to the surface of the rope to mark the start and end of the section
where constant speed conditions apply. The maximum hoisting height was 60
meters. A sawed defect similar to the one shown in Figure 4a was made on-site
to test the high-speed detection capabilities of the ECT system (Figure 6).

Figure 6. High-speed testing of eddy current probe (white arrow) in field conditions.
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3.2.2 Radiography

Laminography using a photon-counting detector (PCD) was used to character-
ize damage in the CFRP ropes (Publication 3). A series of 800 images were rec-
orded during parallel translation of the source and reconstructed using VG Stu-
dio Max software by Volume Graphics. The photon counting detector is com-
posed of eight CdTe semiconductor tiles where a high-voltage electric field
draws electrons to a CMOS sensor for detection. A calibration curve was gener-
ated for the CMOS chip using a stack of PET films to simulate the absorption
spectrum of the CFRP material as a function of material thickness. The calibra-
tion compensates also for the small variations in gain when amplifying the sig-
nal from each active pixel sensor (APS). The main parameters are listed in Table
3. In short, the setup consists of a linear guide and motor responsible for the
movement of the x-ray tube between exposures (Figure 7). The samples are po-
sitioned in front of the detector to achieve full coverage at various incident beam
angles (Figure 8). Further details are available in Publication 3.

Table 3. Parameters of the x-ray source and detector.

Parameter Value
Tube model Comet MXR-160/HP-FB
Tube voltage 42 kV
Tube power 840 W
Filters 0.8 mm Be, 0.14 mm Cu
Detector Ajat Xcounter, CdTe
Detector area 102.4 × 51.2 mm2

Pixel size 0.1 mm
Exposure time 2 s

Figure 7. X-ray laminography setup showing the collinear movement.
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Figure 8. CFRP samples in front of the detector.

3.3 Numerical and analytical modelling

The multiscale numerical modelling workflow (Figure 9) follows an approach
where the microscopic response is described using a cubic (250×250×250 μm3)
statistical volume element (SVE) (Publication 4). The size of the SVE was re-
duced until the homogenised properties began to deviate due to increased influ-
ence by boundary and sampling effects. This assures that the SVE is representa-
tive of the material being sampled, i.e. it acts as a representative volume element
(RVE) in terms of elastic properties. The RVE is created directly from micro-
graphs using a script running under Abaqus CAE, which algorithmically detects
and separates fibers and adds an interface phase (interphase). Fiber and resin
properties are provided by the manufacturer (Table 2).

The first step is to homogenised the RVE in order to obtain composite prop-
erties needed for macroscopic simulations. Homogenised properties could be
measured experimentally, but the goal here is that no experimental calibration
or inverse micromechanics is used. The experimental work included here is
solely to validate the simulation workflow. There are two reasons for this. First,
experimental work can be expensive and time-consuming if it is needed every
time an input parameter is altered. Second, using inverse micromechanics or
model calibration makes experimental validation redundant. In other words, if
calibration is used to force the model to correspond with experiments, then the
same experimental method cannot be used to check whether the (calibrated)
model performs correctly. Similarly, if the starting point for the micromodel is
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inverse micromechanics using measured macroscopic properties, then homog-
enising the micromodel will give the same macroscopic results from which the
analysis was started.

The second step in the workflow is to insert the homogenised properties into
a macroscopic model (Figure 10), which takes the component geometry, bound-
ary conditions and load cases into consideration. Three-point bending was se-
lected as the load case to make it directly comparable with experimental condi-
tions. Three-point bending is an encompassing load case because it results in
compressive, shear and tensile stresses. It is also more demanding to unidirec-
tional fiber composites than tensile loading and corresponds to real world load-
ing in hoisting applications. The response of the macroscopic model can then be
validated by comparing simulated strain with experimentally obtained strain.
The macroscopic model is used to identify critical areas in the structure. In other
words, highly stressed locations, which are sensitive to defects.

The third step in the workflow involves using the critical locations for defining
displacements and boundary conditions for the RVE so that they are relevant
with the practical application in mind. The effect of known or postulated defects
can now be evaluated in microscale with loading conditions relevant to real-life
applications. The simulated failure strength of a defective component can thus
be estimated using some failure criteria and compared to experimentally ob-
tained failure loads. Developing a failure criterion is outside the scope of this
study and the linear-elastic model does not consider damage evolution. Never-
theless, some estimate of the severity of a defect can be made by analysing the
stresses (e.g. von Mises) and computing stress concentration factors (SCFs).
Ideally, this process allows the estimation of residual strength of a defective
component based on in-service inspection results.

Figure 9. Multiscale simulation workflow with corresponding experimental validation.
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Figure 10. Macroscale FE model of three point bending a single CFRP rod.

An analytical approach is included for comparison. There, the homogenised ma-
terial properties are solved analytically (Chamis 1983) with an assumption of
isotropy. Macroscopic beam bending is simulated using those material proper-
ties toghether with the classical beam theory CBT (Euler-Bernoulli) modified
with large-deflection corrections as outlined in ISO 14125 Annex B. The second
moment of area I2 needed for solving the flexural rigidity (EI) is analytically in-
tegratated. Hence, a fully analytical solution to the beam bending behaviour is
obtained starting from constituent properties and component dimensions.

3.4 Experimental mechanics

All of the homogenised composite properties were verified experimentally. The
parameters E1 and 12 were measured using uniaxial tensile and compression
tests following the procedures in ISO 527-5, with strain gauges bonded parallel
and perpendicular to fiber direction (Figure 11). The tensile test was stopped
when slipping in the grips occurred and the compression test was stopped when
buckling took place. No anti-buckling setup was used since the goal was to meas-
ure elastic properties in the strain interval outlined by the standard. The param-
eter 12 was solved by linear regression of the 2- 1 strain data instead of meas-
uring transverse thickness of the sample as is suggested in the standard.

E2 and 23 were calculated from strains measured with micro-DIC (digital im-
age correlation) during transverse compression loading. DIC requires a contrast
pattern on the imaged surface for tracking displacements. A painted speckle
pattern is typically used, but in this case, the fibers in the microstructure gave
sufficient contrast relative to the surrounding matrix so that no additional pat-
terns were needed (Figure 12). The cross-section surface was imaged during the
compression test using a LaVision Gmbh (Göttingen, Germany) Imager Pro
X2M camera (1600×1200 px). Displacement fields were calculated from the rec-
orded images using DaVis 8.1 software. A strain field could be computed from
the displacement data, but here the distance between two points was monitored
using a so-called virtual strain gauge (Figure 12). Strain data could then be syn-
chronized with load cell data to obtain the stress-strain curve for the Young’s
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modulus and a strain-strain curve for the Poisson’s ratio. Furthermore, quasi-
static elasticity imaging was used to solve E1, E2, 12 and G12 (Smyl, Antin et al.
2018).

Figure 11. Post-buckling state of the uniaxial compression test with strain gauges.

Figure 12. DIC measurement of the UD CFRP cross-section during transverse compression us-
ing a virtual strain gauge.
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Destructive tests were also performed in order to measure failure strength and
failure mode. Tensile tests with bonded aluminium end tabs were not successful
due to adhesive failure and therefore three point bending (Figure 13) according
to ISO 14125 (long beam) and ISO 14130 (short beam, apparent interlaminar
shear strength) were selected. Premature compressive failure under the loading
nose was mended by using a 1 mm thick pad (not shown) between the specimen
and the loading nose. The material of the pad was the same polyurethane coat-
ing used on the rope. Using a soft pad introduced a non-linear region in the
displacement measurement. Therefore, strain gauges bonded to the bottom of
the specimen at the middle of the load span were used for strain measurements
instead of calculating strains from displacement data. Data analysis utilised the
large-displacement corrections and friction corrections outlined in the stand-
ards.

Figure 13. Three point bending setup of a long beam (a) and short beam (b).
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4. Results

This chapter is structured to correspond with the research questions outlined in
Table 1. First, results from damage detection using eddy current testing (ECT)
are presented. Second, the localisation capabilities of ECT are demonstrated
with long CFRP ropes. Third, characterisation with selected X-ray methods is
presented. Fourth, the effect of a defect is simulated and experimentally veri-
fied. Emphasis is put on the fourth research question, because it is often ne-
glected when talking about NDE and requires substantial background infor-
mation to be effective.

4.1 Detection

Eddy current testing proved to be most promising technique capable of detect-
ing fiber breaks due to cutting (Figure 14a) and impact (Figure 14b). The figures
show the resistivity along the length of the sample. The differential probe (Fig-
ure 5) is wired to read the difference in resistivity between the pick-up coils
whereas the off-the-shelf absolute probes measure the change in resistivity of
the coil compared to the zeroed reading at the beginning of the measurement.
The latter is therefore sensitive to lift-off effects such as vibrations of the setup.
Nevertheless, it is evident that the commercial probe is not sensitive to the
tested defects. The sample with 15 J impact damage was inspected with the
same probes and operating parameters. This sample was longer, which allows
quantifying the signal-to-noise ratio (SNR) (Figure 14). The extent of the dam-
age does have a physical consequence to the measurement and thus the ampli-
tude of the signal has a relation to the damage size. However, defining damage
size in composites is not straightforward due to multiple damage types and lo-
cations. For example, impact damage could produce both distributed fiber
breaks and multiple delaminations in various orientation, which all affect the
measured impedance, but are difficult to correlate with one single sizing crite-
rion.
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Figure 14. Real component of the impedance response (ohm) along the length of samples with
sawed defect (a) and impact damage (b).

4.2 Localisation

Eddy current testing can also be used for locating damage by moving the probe
over the component under testing. The shape of the output signal of the custom
probe is typical to the differential sensing arrangement passing over a heteroge-
neity in the material. The highest signal amplitude is observed when one of the
pick-up coils is above the center of the anomaly. A peak-and-valley signal shape
arises since both pick-up coils are traversed over the defect. The center of the
defect in terms of effect on conductivity lies between the two amplitude maxima.
The measured and modelled conductivity (Publication 2) leads to an anisotropic
distribution of current density, with the preferred direction being in the length
direction of the reinforcement which is also the direction of traverse. Therefore,
the signal width does not mark the start and end of the damage.

The tailored eddy current probe used in the detection phase was developed
into a PCB version and deployed into field conditions for localisation experi-
ments at high inspection speeds. The principle is the same as in lab-scale, but
new challenges arose from electromagnetic and mechanical noise. However, se-
vere fiber breaks, such as a lateral cut, were detected with a high SNR (Figure
15). The aluminium strips marking the beginning and end of the measurement
give a strong EC signal and are used to determine the distance travelled during
the sampling of data. Unfortunately, it was not possible to create other artificial
defects on-site.
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Figure 15. Output signal of ECT Probe #4 inspecting Sample 4 at 6 MHz at 4 m/s.

4.3 Characterisation

Detection and localisation was achieved using eddy current testing, but it does
not give enough information about the damage size, shape and type. The char-
acterisation method has to provide data for simulating the effect of a defect in
three dimensions and therefore X-ray laminography was chosen. The acquired
images are reconstructed to form three-dimensional voxel data, which can then
be virtually inspected on a computer or visualised by taking slices in different
orientations. Figure 16 shows a slice from laminography of a rope sample where
all CFRP rods have been subjected to drop-weight impact loading. Large delam-
inations are clearly seen and some of them exhibit enough contrast so that they
could be segmented using grey scale based thresholding criteria (Figure 17).

Figure 16. An image taken during the laminogaphy scan showing delaminations due to impact.
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Figure 17. Reconstructed laminography scan showing volumetric data of impact damage.

4.4 Decision

The effect of a defect needs to be known in order to make an informed decision
on whether or not a component can continue in service. The workflow presented
in Figure 9 is followed when analysing the effect of a defect. The first step in-
volves making sure that the micromechanical model (Figure 18) is performing
correctly without defects. The model is meshed from 2D micrographs (Figure
4c) and material properties provided by the composite manufacturer (Table 2)
are inserted. Experimental verification and sensitivity of the material properties
is addressed in Publication 4.

Figure 18. Image-based micromechanical model of the composite.
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The micromodel is then homogenized to obtain composite properties. The ho-
mogenized composite properties (Table 4) can be verified with various experi-
mental methods as discussed in Publication 4.

Table 4. Comparison of composite properties obtained from modelling and experiments.

Method E1 [GPa] E2 [GPa] G12 [GPa] ν12 ν23

Uniaxial tension 148 0.29
Uniaxial compression 135 0.29
Transverse compression 7 0.5
Flexural testing 152
QSEI 155 7 10 0.29
Analytical 156 10 5.3 0.25 0.29
RVE FEA 158 9 6.8 0.25 0.34

The second step in assessing the effect of a defect is inserting the homogenised
composite properties into a linear-elastic macroscopic finite element model
simulating the component being inspected. The case presented here is three
point bending of a beam (Figure 10) corresponding to the experimental condi-
tions (Figure 13). The results of the simulation can be compared to experimental
results in order to verify the correct behaviour with the homogenised material
properties and boundary conditions used (Figure 19). Results from using ana-
lytical Euler-Bernoulli beam bending equations are included for comparison.
The FE simulations and experimental results are in good agreement while the
analytical solution predicts lower strains at failure load.

Figure 19. Simulation and experimental data of three point bending of an intact CFRP rod.
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The third step involves using the most severely loaded locations in the mac-
roscale model for simulating the effect of a defect in the RVE. The case study
presented here uses a resin-rich zone in the microstructure to represent the po-
rosity observed in micrographs (Figure 4). Micrographs with real pores were
available, but the automatic meshing using a 2D image does not, as such, allow
the generation of a mesh with a spherical pore. The pore would need to be man-
ually defined based on microstructural characterisation, but editing the mesh
was beyond the scope of demonstrating the modelling workflow.

Bending of the beam introduces tensile, shear and compressive strains (Figure
10). The load case for the RVE is derived from node displacements at the bottom
of the bent beam where strain magnitude is highest (Figure 10). While the mi-
crostructural inhomogeneity causes local stress concentrations in the simula-
tions, experiments show that porosity does not affect the flexural strength in
long beam bending. However, the failure type changes from broom-like failure
at the bottom of the bent beam where tensile loads are highest, to sharp mi-
crobuckling and kink band formation failure typically seen in compressive load-
ing (Figure 20).

Figure 20. Failure mode in three-point bending of reference material (top) and porous samples
(bottom).

It can be concluded that the pore content appears to reduce the compressive
strength to a point where it become the weakest link in long beam bending, but
the mean flexural strength of the CFRP rod is not affected to a significant degree.
In contrast, the strength is adversely affected by porosity when the span is short-
ened for an apparent interlaminar shear strength (ILSS) test (Table 5).
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Table 5. The effect of porosity on the strength of a CFRP beam in bending.

Material Flexural strength [MPa] ILSS [MPa]
Reference 3124±30 93.9 ±0.2
Porous 3153±132 73.1 ±3.1

Therefore, a more relevant load case is found in the center plane of the beam
where delamination occurs in short beam bending. Indeed, the matrix is highly
shear strained where reinforcement fibers are missing (Figure 21). These find-
ings highlight the fact that defects could alter the failure mode and locations and
that the modelling workflow needs to consider matrix, interphase and fiber fail-
ure individually at multiple different locations, not just the macroscopic stress
hot spot. Failure criteria, such as strain to failure, would then be assessed for
each case separately to find the weakest link. Thus, the suggested workflow (Fig-
ure 9) may require iterating and prior failure analysis to assure its relevance to
the application. Moreover, a linear-elastic simulation was performed without
defining any specific failure criteria.

Figure 21. Shear stress and strain in a microstructure with a resin-rich zone at peak shear load
location during bending.
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5. Discussion

Five levels of non-destructive evaluation were introduced in the beginning of
this dissertation: detection, localisation, characterisation, decision and predic-
tion. From those levels, four research questions were formulated. The main re-
sults are summarised in the previous chapter. This chapter discusses the find-
ings as a whole, including implications, limitations and suggestions for future
studies.

Non-destructive evaluation is often studied because a real application requires
a solution that has to be developed specifically for the purpose. In other words,
commercial solutions do not exist or they do not perform optimally and the ex-
isting literature does not provide a solution that could be applied without adap-
tations. Furthermore, most of the NDE setups developed for carbon fiber com-
posites presented in the literature focus on the first two levels of NDE, namely
detection and localisation. However, to be able to act based on the findings, the
damage needs to be characterised and its effect evaluated in order to make a
decision. A decision needs to be made on whether or not the component can
continue in use until next inspection or should it be discarded or repaired. Ac-
ceptance criteria depend on the application, but damage evolution of fiber rein-
forced composites is complex and not understood well enough to easily deter-
mine such criteria. Moreover, the efficient use of the life span of a component
requires a prediction of the remaining life when damage is found. Continuous
online monitoring allows the prediction to be constantly updated based on con-
dition, while periodic inspection would need to include an assessment of the
probability and confidence at which the component will survive until next in-
spection.

5.1 Practical implications

The approach presented in this dissertation aims to answer the key research
questions considering the NDE of a carbon fiber composite rope. Detection and
localisation of fiber damage in CFRP ropes using dedicated eddy current probes
was demonstrated in lab-scale and tested in field conditions. X-ray laminogra-
phy was shown to be suitable to characterise volumetric defects at sufficient res-
olution in 3D if a new kind of photon-counting digital detector array is used. The
method is easier to implement in field conditions than the typical tomography
setup, and it has superior detection capabilities compared to 2D imaging due to
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multiple angles of incidence used. Finite element analysis is used to help deci-
sion-making when damage is found and characterised. Unlike analytical and
phenomenological models, such as shear lag models, 3D FEA makes is possible
to analyse the effect of any defect in any microstructure and therefore forms a
universal tool. However, the model behaviour should correspond to the actual
component in question minimising the assumptions and approximations made.
Inaccuracies of linear-elastic models include material parameters, boundary
conditions and load cases. Considering matrix viscoplasticity and failure mech-
anisms introduce even more uncertainties.

Carbon fiber composite rope inspection using a combination of eddy current
testing, X-ray laminography and finite element modelling makes it possible to
implement a meaningful online monitoring system in field conditions. The sys-
tem presented in this dissertation allows the safe and economical use of novel
composite ropes in demanding applications. It benefits the hoisting solution
provider by preventing sudden failure and enables planning a condition-based
maintenance schedule. It saves money, energy and materials by avoiding un-
necessary component replacements and maintenance operations. The user of
the hoisting solution benefits from uninterrupted operation and predictable
costs. Even if some damage could be observed using visual inspection, it is not
feasible to have a human inspector continuously monitor several kilometres of
rope. Instead, the approach presented here can be automated and controlled
remotely. It also generates a wealth of data, which can be later used for statisti-
cal analysis across multiple sites globally.

5.2 Limitations and future studies

The online monitoring system presented in this dissertation has its limitations,
but at the same time potential to become more comprehensive and reliable with
continued development. The eddy current method is inherently capable of only
detecting damage that causes a change in conductivity in the material under in-
spection. Therefore, matrix damage such as delaminations were not detected
using ECT. However, transverse bulk conductivity was measured and attributed
to the observed fiber waviness. This makes it physically possible to detect matrix
damage even when the matrix is not conductive. The effect of cracks on meas-
ured conductivity could be enhanced by bending the rope during inspection,
which would open cracks that might otherwise be closed and have electrical con-
tact. The orientation of the delamination affects the sensitivity of the probe and
therefore dedicated probes for various orientations of delaminations are
needed. Moreover, the matrix could be made conductive using some additive,
such as carbon nanotubes. This solution has been demonstrated in the literature
for lab-scale specimen, but the practical implementation at composite produc-
tion plants could be difficult due to unknown effects on worker health and pro-
duction parameters (resin viscosity, agglomeration, wetting etc.). Health con-
cerns and related regulations are also an obstacle when using X-ray sources for
inspection at sites where restricting access is not feasible. While laminography
is faster than full tomography, it is still relatively slow which could cause issues
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if the number of suspicious locations becomes large. Using ECT also for damage
characterisation would solve this and bring significant benefits in terms of cost
savings and simplicity of the system. Then, the simulation would not be based
on the actual damage in that specific case, but instead it would rely on past dam-
age characterisation results giving similar eddy current data. In other words,
there would be a database of previously found and characterised damage mor-
phologies with corresponding eddy current data, which can be correlated with
new eddy current measurements. However, such an approach requires plenty of
empirical findings, which take time to accumulate and are case-specific.
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6. Summary

A condition monitoring approach for carbon fiber composite ropes is presented
in this dissertation. The approach can be implemented in online monitoring. A
general concept for the requirements of non-destructive evaluation was created
and it consists of five so-called levels: Detection, Localisation, Characterisation,
Decision and Prediction.

Detection is the most basic level of non-destructive evaluation and involves
detecting a change in the component under monitoring. In the case of the car-
bon fiber composite rope, eddy current probes handle this best. However, the
commercial probes tested were unable to detect fiber breaks in the electrically
anisotropic material and therefore novel probes optimised for unidirectional
carbon fiber inspection were developed to meet the perceived requirements. De-
velopment was needed to reach sufficiently high sensitivity to local variations in
conductivity. The systematic development of eddy current probes specifically
for unidirectional carbon fiber composites was missing in the literature. Fur-
thermore, impact damage without permanent deformation was detected with
the tailored probes. Impact damage detection previously reported in the litera-
ture included only specimen where no real impact had occurred, but an embed-
ded interply release film was used to simulate impact damage or the impact had
caused permanent deformation, which was detected by an absolute eddy current
probe sensitive to variations in lift-off distance.

Localisation means finding the exact location of the detected damage. The
same eddy current probes can handle the task and high-speed inspection capa-
bilities were demonstrated in field conditions. A defect was detected and local-
ised in a rope moving at 4 m/s. Contactless high-speed inspection is a require-
ment for uninterrupted operation of a rope and the high-speed capabilities pre-
sented here have not been published in the research literature before.

Characterizing damage involves determining the type, shape, and size of the
damage. The characterisation method needs to provide volumetric data with an
indication corresponding directly with the actual size of the defect. X-ray lam-
inography using photon-counting detectors was developed, because the state-
of-the-art is missing a solution that provides more information than plain 2D
digital radiography, but is easier than tomography to implement in field condi-
tions. Near-planar defects like delaminations can be challenging for X-ray in-
spection, but it was shown that having multiple angles of incidence allows the
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reconstruction and characterisation of low-volume defects at various orienta-
tions. Laminography is easier to implement on-site compared to the tomogra-
phy approaches commonly used. Furthermore, the use of detectors without a
conversion (scintillating) layer avoids diffusion of the spatial resolution, which
would otherwise lead to lower contrast making it challenging to detect narrow
defects.

Once damage is detected, localised and characterised, a decision needs to be
made whether or not the component is fit for service. The complex nature of
damage evolution in composites makes acceptance criteria difficult to define
and therefore a simulation approach is presented in this dissertation. The ap-
proach is based on 3D finite element multiscale modelling using forward micro-
mechanics only. Multiscale micromechanical models have been created before,
but they typically use some macroscale calibration, inverse micromechanics or
microstructure generators to account for the lack of exact microscale inputs.
Here, we emphasise the accurate measurement of fiber and resin properties to-
gether with an image-based microstructure. While nanoindentation did not pro-
vide a reliable means for determining material properties, image-based mesh-
ing from micrographs was successfully used. The simulations were in good
agreement with the experimental results and showed the effect of microstruc-
tural heterogeneity as localised strain in the microstructure. However, the pres-
ence of a defect could change the postulated failure mode and location, making
it necessary to consider multiple outcomes simultaneously and assess the most
likely occurrence. Predicting the effect of a defect based on simulations is prom-
ising, but requires a failure criterion to put the results into context. Such criteria
were not defined in this work and the linear-elastic model is only capable of
outputting stresses and strains and ignores phenomena like load transfer from
broken fibers to neighbouring fibers, distribution of fiber strength,  critical fiber
bundle size and so on.

The fifth level of the NDE involves predicting the remaining service life of the
component when the effect of a detected defect is known. This remains as future
work and requires more advanced modelling principles, than the linear-elastic
approach used here. Nevertheless, a holistic solution for online condition mon-
itoring of carbon fiber composite ropes is presented here and it adds to the lim-
ited publications available on the topic of using composite ropes in civil engi-
neering.
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