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ABSTRACT 

Determination of the mechanical properties of materials is largely based on 
established test methods that aim to generate simple, and typically uniaxial, stress 
state to the test specimen. If the test specimen behaves homogeneously, the 
deformation caused by the loading can be measured reliably by common methods. 
However, as the complexity of the tested material or the geometry of the test 
specimen increases, the general discrete measuring methods do not necessarily give 
a true picture of the behaviour of the specimen. This is particularly true for 
heterogeneous and anisotropic materials whose mechanical response is strongly 
dependent on the observation point, direction and scale. In these cases, reliable 
measurements require a more comprehensive examination of deformations, which 
is typically challenging with traditional discrete measuring methods. 

Numerical analysis techniques (such as the finite element method) are 
increasingly taken advantage of in the identification of material properties, especially 
when non-uniform stress state is known to occur in the specimen during testing. 
However, detailed data of the deformed specimen is required in the simulation of 
the experiments. The measured data must be reliable, as the results of the models 
are as good as the used raw data. 

Digital image correlation (DIC) is an optical method for determining the 
deformation field from the surface being studied. The objective of this thesis is to 
improve the reliability and precision of the results produced by the selected 
experimental test methods using DIC, especially when testing heterogeneous and 
non-linear–behaving materials. The work is focused on compression tests and 
methods for determining fracture mechanics properties of polymer coatings and 
adhesives. The thesis is based on five original scientific publications in which the 
selected test methods are used to characterise and identify properties of very 
different materials, including soft hydrogel, fibrous polymer composites, thin 
polymer coating and adhesive. 

In the thesis, the developed method is presented for determining elastic material 
constants for orthotropic polymer composite using the continuous deformation field 
provided by DIC with high spatial resolution. DIC was also used to measure the 
realistic deformation of the soft and transparent compressed hydrogel specimen, 
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enabling more valid characterisation of the stress-strain relationship of the material. 
The DIC experiments revealed hidden factors that affected the behaviour of the test 
specimens in the compression tests. The precision of the test methods was thus 
improved by the systematic use of DIC, since without the full-field measurements, 
the factors are difficult to recognise and consider in the analysis of the results. 

  Generally, the analysis of the fracture mechanics tests is based on the monitoring 
of the progressive crack growth in the test specimen, which is known to be a major 
source of uncertainty in the methods. The determination of the crack length is 
performed typically by visual means, which is challenging, if not impossible, 
especially in mode II tests where the crack faces do not separate per definition. This 
thesis presents the developed methods to quantitatively evaluate the crack 
propagation for the investigated fracture mechanics tests based on the deformation 
fields provided by the DIC. The presented methodology significantly reduces the 
uncertainty resulting from the subjective interpretation performed by the operator. 
Major effort is made to evaluate fracture testing with cyclic loading, i.e. fatigue.  
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TIIVISTELMÄ 

Materiaalien mekaanisten ominaisuuksien määrittäminen perustuu pitkälti 
vakiintuneisiin testimenetelmiin, joissa koekappaleeseen pyritään kohdistamaan 
tunnettu yksinkertainen jännitystila. Koekappaleen käyttäytyessä homogeenisesti 
kuormituksen aiheuttama muodonmuutos voidaan mitata luotettavasti perinteisillä 
menetelmillä. Testattavan materiaalin sekä koekappaleen muodon tai rakenteen 
kompleksisuuden kasvaessa yleisesti käytetyt mittausmenetelmät perustuen 
yksittäisiin tarkastelupisteisiin, eivät kuitenkaan välttämättä anna todellista kuvaa 
koekappaleen käyttäytymisestä. Tämä pätee erityisesti heterogeenisille ja 
anisotrooppisille materiaaleille, joiden ominaisuudet riippuvat voimakkaasti 
tarkastelukohdasta, -suunnasta sekä -mittakaavasta. Näissä tapauksissa mittausten 
luotettavuutta voidaan parantaa muodonmuutosten kattavammalla tarkastelulla, 
mikä perinteisillä diskreeteillä mittausmenetelmillä on tyypillisesti haastavaa.  

Materiaaliominaisuuksien määrityksessä hyödynnetään yhä yleisemmin 
numeerisia laskentamenetelmiä (kuten elementtimenetelmää) joiden avulla on 
mahdollista huomioida muun muassa monimutkaisempien kuormitustilanteiden 
aiheuttamat vaikutukset koekappaleen käyttäytymisessä. Toimivien mallien 
ratkaisemiseen tarvitaan kuitenkin yksityiskohtaista mitattua lähtötietoa 
koekappaleen muodonmuutoksista. Mitatun tiedon tulee olla luotettavaa, sillä 
tunnetusti malleilla saatavat tulokset ovat korkeintaan yhtä hyviä kuin käytetyt 
lähtötiedot. 

Digitaalinen kuvakorrelaatio (digital image correlation, DIC) on optinen 
menetelmä, jolla voidaan määrittää muodonmuutoskenttä tutkittavan kappaleen 
pinnasta. Tässä väitöskirjassa käsitellään DIC:n mahdollistamia menetelmiä, joiden 
avulla pyritään parantamaan valittujen kokeellisten testimenetelmien tuottamien 
tulosten soveltuvuutta ja luotettavuutta erityisesti heterogeenisiä ja epälineaarisesti 
muotoaan muuttavia materiaaleja testattaessa. Työssä keskityttiin 
puristustestaukseen sekä testimenetelmiin polymeeristen pinnoitteiden ja liimojen 
murtumismekaanisten ominaisuuksien määrittämiseksi. Työ perustuu viiteen 
tieteelliseen artikkeliin, joissa tarkasteltuja testimenetelmiä hyödynnettiin 
määrittämään hyvin erilaisten materiaalien ominaisuuksia – vaihdellen pehmeästä 
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hydrogeelistä kuitulujitettuihin komposiitteihin sekä ohuisiin, pinnoitteina ja liimoina 
käytettäviin polymeerimateriaaleihin. 

Työn tuloksina esitetään menetelmä ortotrooppisen polymeerikomposiitin 
elastisten materiaalivakioiden määrittämiseen, jossa hyödynnetään digitaalisella 
kuvakorrelaatiolla tuotettua korkean paikkaresoluution omaavaa jatkuvaa 
venymäkenttää. DIC:n avulla voitiin myös tunnistaa hydrogeelin testauksesta 
tekijöitä, jotka vaikuttavat koekappaleiden ideaalista poikkeavaan käyttäytymiseen 
puristustesteissä. Ilman toteutettuja full-field-mittauksia nämä tekijät jäävät helposti 
piileviksi lisäten näin ollen menetelmän epätarkkuutta. 

Murtumismekaanisten testien analysointi perustuu testikappaleessa etenevän 
särön suoraan tai epäsuoraan seurantaan, joka testimenetelmien alkuperäisissä 
toteutustavoissa suoritetaan tyypillisesti visuaalisesti. Erityisen hankalaa, ellei jopa 
mahdotonta särön sijainnin määritys perinteisillä mittausmenetelmillä toteutettuna 
on testeissä, joissa särö ei avaudu vaan etenee leikkautumalla (moodi II -särö). 
Väitöskirjassa kehitettiin tarkastelluille testimenetelmille soveltuvat menetelmät 
särön kasvun seuraamiselle perustuen DIC:n tuottamaan muodonmuutoskenttään. 
Kehitetyt menetelmät vähentävät merkittävästi operaattorin subjektiivisesta 
tulkinnasta aiheutuvaa epätarkkuutta testien toteutuksessa. Erityisesti tarkasteltiin 
syklistä, väsyttävää kuormitusta liimatulla koekappaleella. 
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1 INTRODUCTION 

Materials create the basis for all technologies. The leaps in technological 
developments are closely related to the progress in material development. The pace 
in the development is fast – new applications continuously call for better and better 
functioning materials. New requirements are continuously set, and these 
requirements can be fulfilled by the development of new materials. Another solution 
to the requirements is to utilise current materials more efficiently by creating 
composites, or hybrids, by combining several materials into single system, which 
performs better than its individual constituents. In addition to the creation of novel 
technological solutions, the increased awareness of the importance of energy 
efficiency and the retaining of natural resources loudly call for more efficient 
methods to replace the already established products and technologies. 

The solid development of novel materials also creates the continuous need for 
various procedures of materials testing. The novel material systems to fulfil the 
requirements are far more complex than the preceding solutions. For example, 
different composite materials can offer novel property combinations that are 
impossible to achieve by (known) monolithic materials. In these composites, 
behaviour at the macroscale can seem homogeneous but, in reality, the performance 
is based on the intrinsic heterogeneity at the micro- and nanoscale. On the other 
hand, hybrid structures, which combine dissimilar materials at the macroscale into a 
single operating structure (i.e. macrocomposites), can be extremely efficient working 
solutions. However, property mismatches and component interfaces create new 
problems, which are often uncharacteristic to more conventional material solutions. 
All the above-mentioned can be summed up by claiming there is an increased intrinsic 
need for more detailed and tailored material testing, due to the development of the 
novel and challenging material solutions. 

Simultaneously, with the development of new materials, significant progress in 
analysis methods is going on in terms of how the material data obtained from the 
experiments is utilised. Numerical analysis methods have already replaced the 
conventional and established analytic procedures in many areas, enabling more valid 
and detailed interpretation of the test outcomes. The ideology of multiscale 
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modelling can vastly improve efficiency in the development of new materials or 
products [1]. Also, research and development tasks are more and more commonly 
performed in a virtual way using different kinds of digital twin solutions [2]. 
However, for the above-mentioned methods to offer the desired outcomes, they 
require significant amounts of accurate and reliable experimental data. Thus, it can 
be concluded that development in the analysis and utilisation techniques of the test 
outcomes creates the extrinsic need to acquire more detailed experimental testing data. 

The testing for material properties relies, generally, on established procedures and 
often on standardised methods. Naturally, newly developed experimental techniques 
continuously evolve, and the basis of this evolution is to improve the reliability, 
accuracy and efficiency of the testing routines. However, the establishing process 
takes time. Due to the high speed of the development and the increased scarcity of 
the novel material solutions, it is evident that the development of the specific testing 
routines easily lags behind the actual material development. This leads to a situation 
where the previous test protocols may still be largely used to characterise novel 
materials or test specimens which were actually not developed to offer the data 
sought for. For example, an established analytic solution may have originally been 
derived, for simplicity, to account for a homogeneous two-dimensional problem. 
However, the same technique can still be routinely used to characterise a novel 
specimen that can inadvertently encounter significant three-dimensional effects. As 
a result, remarkable errors in results may appear.  

In a simple event, the mechanical testing of materials is straightforward – such as 
when testing homogenous isotropic materials in uniaxial loading conditions. 
Conventionally, the measurement of the test response in standard specimens has 
been performed by discrete means, such as by using extensometers or foil strain 
gauges to study the deformation of the specimen at previously selected locations. 
However, with the increased complexity of the tested specimen or in the loading 
condition of interest, the complexity of the test responses also increases. The 
defining of the accurate test response with discrete measurements thus becomes 
more challenging, and this increases the uncertainty of the test outcomes. 

 In the past two decades, so-called full-field methods to study the global 
deformation responses of the studied objects have been under intensive research. 
Of the methods, digital image correlation (DIC) [3] in particular has already 
established its extensive use in a great variety of different applications, including 
material testing [4], particle movement measurements [5], component-scale testing 
[6] and fracture mechanics [7], among many others. The possibility of measuring the 
global deformation of a studied object creates enormous potential to improve the 
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performance of existing (mechanical) test methods, as summarised as the 
background of this thesis (Figure 1). The reliability of the established test methods 
can be improved using the full-field measurement techniques by carefully studying 
the global behaviour of the specimen or the test fixture. But even more fascinating 
is that the full-field data enables the development of totally new analysis approaches. 
These new approaches offer vastly more detailed and accurate material data that is 
increasingly sought after and that has been impossible to obtain with conventional 
methods [8]. This potential of DIC will be studied in depth in this thesis. 

 

Figure 1.  Summary of the motivation aspects, the background, of the thesis. 



 

20 

modelling can vastly improve efficiency in the development of new materials or 
products [1]. Also, research and development tasks are more and more commonly 
performed in a virtual way using different kinds of digital twin solutions [2]. 
However, for the above-mentioned methods to offer the desired outcomes, they 
require significant amounts of accurate and reliable experimental data. Thus, it can 
be concluded that development in the analysis and utilisation techniques of the test 
outcomes creates the extrinsic need to acquire more detailed experimental testing data. 

The testing for material properties relies, generally, on established procedures and 
often on standardised methods. Naturally, newly developed experimental techniques 
continuously evolve, and the basis of this evolution is to improve the reliability, 
accuracy and efficiency of the testing routines. However, the establishing process 
takes time. Due to the high speed of the development and the increased scarcity of 
the novel material solutions, it is evident that the development of the specific testing 
routines easily lags behind the actual material development. This leads to a situation 
where the previous test protocols may still be largely used to characterise novel 
materials or test specimens which were actually not developed to offer the data 
sought for. For example, an established analytic solution may have originally been 
derived, for simplicity, to account for a homogeneous two-dimensional problem. 
However, the same technique can still be routinely used to characterise a novel 
specimen that can inadvertently encounter significant three-dimensional effects. As 
a result, remarkable errors in results may appear.  

In a simple event, the mechanical testing of materials is straightforward – such as 
when testing homogenous isotropic materials in uniaxial loading conditions. 
Conventionally, the measurement of the test response in standard specimens has 
been performed by discrete means, such as by using extensometers or foil strain 
gauges to study the deformation of the specimen at previously selected locations. 
However, with the increased complexity of the tested specimen or in the loading 
condition of interest, the complexity of the test responses also increases. The 
defining of the accurate test response with discrete measurements thus becomes 
more challenging, and this increases the uncertainty of the test outcomes. 

 In the past two decades, so-called full-field methods to study the global 
deformation responses of the studied objects have been under intensive research. 
Of the methods, digital image correlation (DIC) [3] in particular has already 
established its extensive use in a great variety of different applications, including 
material testing [4], particle movement measurements [5], component-scale testing 
[6] and fracture mechanics [7], among many others. The possibility of measuring the 
global deformation of a studied object creates enormous potential to improve the 

 

21 

performance of existing (mechanical) test methods, as summarised as the 
background of this thesis (Figure 1). The reliability of the established test methods 
can be improved using the full-field measurement techniques by carefully studying 
the global behaviour of the specimen or the test fixture. But even more fascinating 
is that the full-field data enables the development of totally new analysis approaches. 
These new approaches offer vastly more detailed and accurate material data that is 
increasingly sought after and that has been impossible to obtain with conventional 
methods [8]. This potential of DIC will be studied in depth in this thesis. 

 

Figure 1.  Summary of the motivation aspects, the background, of the thesis. 



 

22 

2 AIMS OF RESEARCH AND HYPOTHESES 

In this thesis, the exploitation of 3-D digital image correlation (DIC) is investigated 
in selected compression and fracture mechanics tests with different polymer-based 
materials in the specimens. The focus in the work is about how to efficiently utilise 
the current established subset-based local DIC techniques to get the desired and 
even new output from the experiments. This focus is expected to result in more 
detailed data of the specimens’ materials and thus extend the scope and improve the 
precision of the selected test methods. Thus, the aim is to present how DIC 
measurements can be used in a practical way to further improve the established 
testing procedures and to offer more precise understanding of the test responses, 
especially when heterogeneous or nonlinear-behaving materials are investigated with 
the methods.  

The studies of the hypothesis are reflected in two fundamental research questions 
of this thesis:  

• How can the effect of the operator- and specimen-dependent 
unknown factors in compression and fracture mechanics testing 
with complex polymer-based test specimens using DIC be 
minimised? 

• How can the high spatial resolution provided with DIC help to 
improve the mechanical and fracture mechanics test methods for 
notably anisotropic and heterogeneous materials? 

 
The thesis and its published work are built on four hypotheses:  

1. DIC can be used to validate the test response in the unconfined compression 
of wet hydrogel materials. (Pub I) 

2. A set of elastic constants can be solved by enhanced use of small specimen 
size and DIC for fibrous composite materials. (Pub II) 
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3. The reliability of the notched coating adhesion test method can be improved 
by using DIC, even when highly non-linear coating is used. (Pub III) 

4. DIC can be used to quantify the local strain state and crack propagation in 
mode II-dominated quasi-static and fatigue experiments, even for joint 
specimens with thin bond lines. (Pubs IV and V) 

Here, the measured deformation response of an experiment is the base information 
from which the material properties are eventually determined. One of the main aims 
in the utilisation of the DIC in the selected material test methods was to minimise 
the bias to the test results caused by the operator, specimen or testing jig. This was 
done by systemically examining the 3-D deformation of the specimens to reveal 
anomalies in the assumed test responses. This enabled us to recognise factors 
affecting the test results that were difficult, or impossible, to identify without the 
information provided by DIC. In the traditional process, the specimen deformation 
is measured either by greatly averaging and contact-requiring (e.g. crosshead traverse 
or extensometer) or pointwise methods (e.g. strain gauges). In this thesis, new 
analysis techniques of the investigated test methods were developed that aimed at 
more applicable and precise characterisation. This was done by first identifying the 
lacking features that the current techniques possess, and then tackling the recognised 
problems by developing new analysis approaches based on the measured full-field 
responses.  

This thesis is a compilation dissertation based on five original scientific 
publications. The structure of the thesis consists of a condensed background theory 
about DIC (Chapter 3), focusing on its use in material testing with heterogeneous 
specimens. The experimental methods, and the technique about how the DIC was 
utilised for acquiring the data, is presented in Chapter 4. The above research 
questions, in terms of publications I–V, respectively, are discussed in Chapter 5 and 
the conclusions to the hypotheses will be presented in Chapter 6. 
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3 BACKGROUND THEORY 

3.1 Mechanical and fracture testing of composites, and hybrid 
materials and structures 

Generally speaking, composite is understood as a material system, in which two or 
more materials are combined during the fabrication process into a single synergistic 
unit. Composites can be categorised in multiple ways, such as by their constituents’ 
1) material classes, 2) dimensions or 3) sizes. Hybrid materials are commonly defined 
as materials incorporating organic and inorganic components (often at the nano- or 
microscale). Hybrid structures, on the other hand, are defined in this thesis as 
macrocomposites, in which different materials are combined into a single working 
unit. Thus, by following these definitions a composite or hybrid material is a 
continuum, whereas a hybrid structure is comprised of finite blocks of different 
materials adhered together permanently. In materials, length scales play an evident 
and important role. 

Composites and hybrids offer enhanced performance and flexibility of design 
over single-constituent materials. However, the increased complexity related to 
materials complicates the determination of materials’ properties and induces 
challenges in their testing procedures. Certain special features, discussed below, are 
characteristic of composites and hybrids and have to be considered in testing. 

Anisotropy 
 
While excluding the composites with zero-dimensional particulates, composite 

materials often show anisotropic behaviour. Thus, many of the material properties 
are dependent on the direction, due to which multiple tests are required to find out 
the required information for characterising the material behaviour [9]. For example, 
where the elastic behaviour of isotropic materials (e.g. randomly oriented 
polycrystalline metals or glass) can be defined by two independent elastic constants, 
for transversely isotropic material (e.g. unidirectional composite lamina) five 
independent constants are required. For the orthotropic material model (e.g. wood), 
the amount of independent elastic constants is already nine. The linear-elastic 
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compliance matrices clearly present the simplest symmetries of material models, as 
depicted in Figure 2. 

 

  

Figure 2.  The compliance matrices for a) isotropic and b) orthotropic linear elastic materials. 

Due to the lack of symmetry and a finally complete anisotropy, many of the test 
methods developed for isotropic materials are not feasible for composites. In some 
cases, the test specimen type can be modified for better suitability with anisotropic 
materials. For example, in the tensile test, the common dogbone specimen cannot 
be used with unidirectional composite laminates due to the material’s relative 
weakness under (local) shear during tensile loading. For laminates, straight-test 
coupons can be successfully tested using long adhered end tabs [10]. However, 
numerous important properties require specific test methods developed specifically 
for composite materials and new, improved methods are indeed continuously 
studied.  

Heterogeneity 
 
Whereas single-constituent materials are homogeneous, composites and hybrids 

are strongly heterogeneous by nature. In fibre- or particle-reinforced composite 
materials, a uniform distribution of the constituents is normally targeted. However, 
due to the challenges in manufacturing, the actual distribution can be imperfect and 
practically unknown. The random-alike distribution increases the experimental 
scatter of the material response and complicates the analysis of the test results.  

The combining of different material components into a solid unit inevitably 
creates internal interfaces and strong property mismatches. Basically, the interfaces 
in composites create the basis for all the functionality of composites yet increase the 
complexity in the performance of the materials. The interfaces also make the 
characterisation methods more challenging. Often, solid adhesion at interfaces, such 
as between the fibre and matrix, is sought for. Several characterisation methods have 
been developed to specifically study these features. Essentially, products containing 
coatings or joints implemented by adhesives can also be considered as hybrids. In 
such products, especially, a high value of fracture toughness at the interfaces is vital 
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as between the fibre and matrix, is sought for. Several characterisation methods have 
been developed to specifically study these features. Essentially, products containing 
coatings or joints implemented by adhesives can also be considered as hybrids. In 
such products, especially, a high value of fracture toughness at the interfaces is vital 
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and various test methods exist to evaluate the fracturing. The heterogeneity also 
increases the complexity among the failure types of composite and hybrid materials. 
For instance, in composite laminates, the failure mode can range from the bulk 
materials’ normal failure to the interlaminar shear or the interfacial adhesion failures. 
Actually, the great fracture toughness of many composites base on the phenomena 
which occur at interfaces of the constituents. Test methods to characterize the 
fracture at the interfaces in detail are thus highly valuable. All in all, the use of 
appropriate testing methods and detailed interpretation of the test responses are 
essential in order to achieve the desired outcomes from the performed experiments 
– reliable statistics or properly normalised material constants, for example.    

Length dependency 
 
The length scale of the components in heterogeneous materials can range from 

the nano to the macro level. All the levels of scales have their specific characterisation 
procedures with their intrinsic challenges. Even though it is essential to understand 
the mechanical behaviour in the case of each scale, the mechanical testing of 
composite materials is still mostly performed at the meso or macro scale and, thus, 
the homogenised properties for the continuum are often determined. However, it is 
important to acknowledge that the responses of the mechanical tests are usually 
dictated by the phenomena occurring at a smaller scale in materials. How to select 
the proper level of homogenisation and how to ensure that the tests are performed 
using a representative sample of the tested material are essential questions in the 
testing and analysis of composite and hybrid materials. 

3.1.1 Compression tests 
 

In practical applications, materials are normally subjected to complicated loading 
conditions in which compression plays a significant role. The established 
compression tests are performed to evaluate the material response under (presumed) 
uniaxial compression load. In addition to identifying constitutive parameters, 
compression testing is used regularly in the quality assurance of construction 
materials, in particular. The elastic constants used to define materials’ stress-strain 
response are generally evaluated with tensile tests. However, the evaluation of 
compressive properties is especially essential for fibre-reinforced composites 
because their mechanical properties are known to differ under tension and 
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compression. For example, Meng et al. reported an average compressive to tensile 
moduli ratio of 0.9 for unidirectional carbon fibre laminates. The ratio of 
compressive-to-tensile strengths is even lower, around 0.6–0.7 [11].  

Several different standard tests exist for compression, which differ mostly in 
terms of the technique used to transfer the load to the specimen. Unconfined 
compression tests are the simplest, where the flat-ended cylindrical or rectangular 
specimen is loaded using two parallel compression plates. For measuring in-plane 
compression for sheet- or plate-type samples, the unconfined compression tests are 
not feasible and specific testing jigs are used that prevent the buckling of the 
specimen.  

In principle, compression tests are simple to carry out but, at the same time, they 
are prone to test artefacts related to jigs and specimen. The generally assumed 
uniaxial loading in the specimen is actually difficult to achieve – for example, in the 
unconfined compression method, contact friction can easily play a strong role. The 
recorded traverse of the moving crosshead is still a commonly used method for 
measuring the specimen response in compression. This holds especially when testing 
materials whose nature restrains the use of foil strain gauges, such as soft elastomers, 
foams or hydrogels. However, the traverse includes all the compliances caused by 
the testing apparatus and the used jigs, the effects of which are often unknown. 
Compression tests include some 3-D effects, although their role is often excluded in 
the conventional analysis of results. The measuring of the exact specimen 
deformation during testing is challenging because the detailed 3-D deformation data 
is difficult to obtain using conventional, discrete measurements. The measurement 
of specimen deformation directly is an important requirement in the compression 
testing of novel materials.  

3.1.2 Fracture mechanics tests using layered specimens 

Adhesively bonded joints are used increasingly in various metal or composite hybrid 
structures, as they provide low structural weight, great damage tolerance and low 
manufacturing cost. In the design of adhesively bonded joints, the ability to 
characterise the crack onset and propagation in the structure is essential to ensure 
the functionality of the joint. This holds true especially for structures where the 
highest material performances are required, such as in the aerospace industry [12].  

The methods to determine fracture parameters are generally based on linear 
elastic fracture mechanics (LEFM). LEFM theory is applicable for brittle materials 
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or when the region of plastic deformation (due to the stress singularity) can be 
assumed to be small compared to other dimensions of the specimen. In practice, the 
parameters that are used to characterise the fracture include, for example, stress 
intensity factor (SIF), critical energy release rate (Gc) and crack-tip opening 
displacement (CTOD) [13]. 

Gc, is a generally used parameter to characterise the resistance against fracture for 
adhesive joints. Specific test methods to determine Gc are employed, such as double-
cantilever beam (DCB) [14] for mode I fracture and three-point end-notched flexure 
(3-ENF) [15], four-point ENF [16] and end loaded split (ELS) [17] for mode II. The 
methods utilise sandwiched layered specimens that consist of rigid substrate 
components and a thin layer of the studied adhesive material. An artificial crack is 
fabricated in the specimen, whose onset and-or propagation in the loaded specimen 
is studied. 

Detection of the initiation (onset) and propagation of the crack in fracture 
mechanics tests is a well-known challenge. The traditional, and still commonly used, 
method to determine the crack position is carried out by visually detecting it in-situ 
or from the recorded images afterwards. For mode I (opening) fractures this can 
normally be performed successfully but is still always a subjective method. On the 
other hand, in cases where the fracture is dominated by mode II (shear), the visual 
detection of the crack position can be extremely difficult, or even impossible [15]. 
The major source of error in the Gc measurements thus lies in the crack length 
measurements [18]. Alternative strategies have been used to measure the crack length 
such as strain gauges, distributed optical fibre sensors and acoustic emission 
techniques. However, the accurate linking of the crack length to the indirect 
measurements is not straightforward. To overcome the challenges caused by the 
accurate crack length measurements, various analytical specimen compliance-based 
approaches have been developed to describe the specimen response with a 
progressing crack. On the other hand, the direct measurement of the crack length is 
strongly preferred when, for example, finite element analysis (FEA) is used to 
simulate the experiment, which is an increasingly utilised technique to solve the 
values of fracture parameters. 

3.2 Digital image correlation 

Digital image correlation is a non-contact optical method to acquire full-field 
deformation data from a studied surface. The idea of utilising digitised optical images 
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for fast computer-based deformation analysis in experimental mechanics was 
introduced in the early 1980s by Peters and Ranson [19]. Later, Sutton’s team [20], 
[21] developed the process further and created the basis for the current DIC 
methods. During the past 30 years, the pace of progress has been fast, both in terms 
of hardware, especially cameras and the computational capacity of computers, and 
the fundamental DIC algorithms. A bibliometric study (retrieved using Web of 
Science™) presented in Figure 3 shows that the use of DIC in scientific publications 
began to increase rapidly after the mid-2000s and has increased ever since. 
Nowadays, DIC is already a mature method that has proven its usefulness in 
different applications in the field of experimental mechanics. This can also be seen 
in Figure 4, which depicts the diversity of the publication categories for the DIC-
related publications.  

 

 

Figure 3.  Number of publications per year related to Digital Image Correlation (Source: Web of 
Science™) 

 

Figure 4.  The categories for the Digital Image Correlation containing publications, 1994–2022). 
(Source: Web of Science™) 
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Simplified, DIC is based on tracking local motion on discretised surfaces 
containing a random surface pattern. During the DIC process, the full-field surface 
displacements are calculated by numerically correlating the deformed surface pattern 
against the reference pattern (‘motion’). 2-D displacement vectors perpendicular to 
the optical axis of the camera can be measured with one camera system. 
Simultaneous use of two (or more) cameras enables the determination of surface 
deformations in 3-D. This method is generally known as the stereo DIC which 
enables more robust correlation algorithms. Stereo DIC should also always be used 
when the studied object has non-planar surfaces or out-of-plane deformation is likely 
to exist during measurement. After the displacement field has been defined, the 
surface strains can be obtained from the derivative of the determined displacement 
field. The basic workflow of the DIC measurement process is shown in Figure 5. 

 

Figure 5.  Workflow of the DIC process in general.  

 
Different approaches to DIC exist that can be divided into so-called local and 

global methods [22]. In the local methods, the acquired images are processed using 
a battery of smaller regions of the image (called subsets) that include unique features 
to be distinguishable and whose instantaneous relative locations are computed 
separately. In local methods the displacement field is thus generally incompatible. 
However, the implementation of the calculations can be carried out in parallel 
enabling very fast analysis. The global methods, such as the four-node FE-based 
DIC [23] and the extended DIC (X-DIC) [24], are generally based on finite element 
approaches. In these methods, the full region of interest is discretised into elements 
connected by nodes. By tracing the elements simultaneously, the displacement 
continuity is guaranteed between neighbouring elements. The global DIC methods 
have the potential to improve abilities to ensure the accurate matching of smaller 
details and heterogeneous structures [25]. Also, global techniques can offer more 
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seamless linking with numerical simulation methods. On the other hand, the 
convergence of the global methods is slow, and they are computationally significantly 
more costly.  

Recently, new methods to combine the advantages of local and global DIC have 
been introduced such as the Augmented Lagrangian DIC [26]. However, up to now, 
the subset-based local DIC is used in most commercial software codes largely due 
to its high efficiency, and is it still the dominant method in the field of experimental 
mechanics. 

3.2.1 Correlation procedure 

The first essential step of the 3-D DIC measurement is the calibration of the camera 
setup. The purpose of the calibration is to orient and scale the images of the cameras 
to the physical world positions. A number of different calibration methods [27] exist, 
but the technique based on the landmark principle is generally implemented in 
current DIC software [28]. Here, several images of a calibration grid plate are taken 
by altering its orientation between the views. With the images, the intrinsic and 
extrinsic calibration parameters of the cameras are defined. The intrinsic calibration 
parameters include, for example, the focal length, the distortion coefficients, and the 
centre point of the individual cameras. The extrinsic parameters then define the 
translation and rotations between the used cameras, which are required for the 
triangulation procedure enabling studies in 3-D.  

In the local DIC methods, a portion of the investigated area in the acquired 
image, that contains a unique pattern for the pixel intensity in greyscale, is known as 
a subset. The shape of the subset is typically square, but oblong or round subsets can 
also be used. In the DIC process, multiple, typically overlapping, subsets are 
positioned on a grid in the processed image. The distance between two adjacent 
subsets (in pixels) in the calculation process is called the step size. The basic principle 
of the DIC is to search for the accurate position of each subset from image to image 
by the utilised correlation criterion. The searching is carried out by minimising (or 
maximising) the correlation function that includes the information of the pixel 
intensities from both the reference and the deformed images. The outcome of the 
correlation function is thus a measure how accurately the details in the processed 
subsets correlate with the reference image. The ultimate target of the correlation 
process is to detect the closest match between the reference and deformed subsets 
to determine the temporal position of moved subsets in the processed images. 
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The changes in the illumination affect the recorded greyscale intensities of the 
speckle pattern that, without compensation, produce fundamental error for the 
results of the correlation process. Several different correlation criteria exist, such as 
sum-squared difference (SSD), normalised cross-correlation (NCC), zero-
normalised cross-correlation (ZNCC), and zero-mean normalised sum of squared 
difference (ZNSSD). ZNSSD can efficiently compensate the typical, unavoidable 
changes in the brightness and contrast during an experiment and is nowadays one of 
the most regularly exploited criterion in the DIC software packages.  

As the studied surface deforms, the subset shape also changes from the original 
(e.g., square). The shape change of the subset in the correlation process is 
accommodated with mathematical shape functions. The simplest shape function is 
the zero-order rotation-free rigid translation. The first-order affine shape functions 
allow translations, rotation, linear stretching and shearing, and are routinely used in 
DIC analysis. Higher order shape functions allow non-linear deformation of subsets 
which is particularly beneficial to curved surfaces. In addition, they can also adapt 
better to strain gradients occurring inside a subset, which is more likely to occur 
when the used subset size is large. However, the more complex the shape function, 
the more computationally expensive they are.  

The raw results of stereo DIC process are 3-D points that practically define the 
locations of each subset’s centre in the deformed images. The density of the point 
grid is defined by the step size in the performed analysis. The displacement vectors 
are then determined by subtracting the deformed 3-D point cloud from the reference 
points, as presented schematically in Figure 6. Finally, strains can be calculated by 
the derivation of the displacement data, which is often the targeted quantity of 
interest in the DIC measurements. The comprehensive description of the 
fundamentals of the full DIC process is explained extensively in the current literature 
[3], [27]. 
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Figure 6.  The schematic principle of the DIC. 

3.2.2 Requirements for the images and their acquisition 

DIC is based on the numerical processing of acquired digital images. Naturally, the 
most general method for acquiring images is to utilise optical imaging equipment 
such as that presented in Figure 7. However, DIC is not limited to using optical 
(white light) imaging and basically any series of images that can provide sufficient 
contrast patterns can be used. For example, thermal imaging [29], electronic imaging 
[30] and scanning probe microscopy [31] have been utilised for deformation 
measurements with the method.  

In optical imaging, cameras with a high-resolution charge-coupled device (CCD) 
or complementary metal-oxide-semiconductor (CMOS) sensors and objectives with 
minimal lens distortions are typically used. Shooting parameters must be optimised 
to produce sharp and consistent images for the full imaged region. A high depth of 
field is often required in the characterisation of 3-D surfaces, calling for the use of a 
small aperture. At the same time, to minimise the motion blur caused by the moving 
subject, a fast exposure time is required. In order to decrease the pixel noise of the 
sensor due to a lack of sufficient lighting, the test setup normally includes powerful 
extra lights. Good practices for carrying out typical DIC measurements have been 
described in detail in the guidebook by the International Digital Image Correlation 
Society (iDIC) [32].  
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Figure 7.  An example of a typical 3-D DIC test setup. 

 
The complete imaging hardware eventually defines the smallest displacement 

resolution that can be achieved in the experiments. The displacement resolution is 
proportional to the image resolution (or the mm-to-pixel -ratio), and resolution of 
1/30th of a pixel can be often achieved. The actual displacement resolution can range 
from nanometres (using atomic force or electron microscopy) to hundreds of metres 
(using e.g. optical satellite images [33]). The temporal resolution of the method is 
dictated plainly by the achievable image acquiring frequency. For example, the 
extremely high measuring frequency (>100 000 Hz) that can be obtained with high-
speed cameras has enabled the realisation of novel fracture mechanics and vibration 
measurements. 

In the local DIC method, the acquired images are divided into subsets and, during 
the correlation routine, each subset is processed independently. The requirement for 
the method is that the subsets include a unique signature, which is guaranteed when 
the surface has a high-contrast and non-repetitive pattern. A common rule-of-thumb 
to achieve good results is that a subset should have at least three separate speckles. 
The size of the subset can be varied when carrying out the correlation routine but 
the surface pattern, naturally, is defined prior to testing. Also, the diameter of a single 
speckle should always be more than three pixels to prevent fundamental error due 
to aliasing caused by undersampling [34]. Thus, the speckle size must always be 
considered carefully together with the targeted spatial resolution in the planning 

 

35 

phase of the experiments. The fundamental requirement for the pattern is that it 
must follow the underlying sample as the studied object deforms. In some cases, the 
natural pattern of the studied surface can be sufficient for performing feasible DIC 
analysis. Such examples include, for instance, the surfaces of rocks or wood, and the 
grain boundaries or distributed filler particles at high magnifications in microscale 
measurements. However, because the quality of the speckle pattern (i.e. size, contrast 
and distribution) has a great influence on the resulting accuracy of the method [35], 
normally an optimised random black-and-white pattern is applied to the surface prior 
to testing. The most common methods for generating the pattern are spraying, 
stamping and water transfer printing.  

3.2.3 Uncertainties in DIC measurements 
 
The accuracy and precision of the displacement measurements with DIC are 

dependent on the number of factors. Some of the well-recognised factors playing a 
role for the DIC results are presented in Figure 8. Basically, all the information that 
the determined values of the analysis are composed of is based on the acquired 
images. Thus, high contrast images with good resolution are always targeted, and 
their quality has the most essential importance when considering the results. All 
factors that can reduce the image quality should be minimised, such as vibrations 
(both the thermal and the test setup vibrations) and uneven or varying illumination 
(e.g. glares). The complete error chain for the determined results of a DIC 
measurement is complex, and the total uncertainty always originates from several 
sources. The comprehensive analysis of all the errors for stereo DIC is thus very 
challenging. 

 

Figure 8.  List of parameters affecting the DIC results as a whole. 
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Figure 7.  An example of a typical 3-D DIC test setup. 
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In engineering applications, often the strain data is sought after instead of the 
plain displacement information. The spatial resolution (or the density of the 
measurement point grid) for the displacement is defined by the step size, and the 
single extracted displacement value represents the displacement of the area dictated 
by the used subset size. Strain is normally calculated from the determined 
displacement data over larger area to reduce noise. The area from which the single 
strain value is computed can be approximated by the size of the Virtual Strain Gauge 
(VSG) by: 

 
𝐿𝐿𝑉𝑉𝑉𝑉𝑉𝑉 = (𝐿𝐿𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 − 1) × 𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠    (3.1) 

 
Here, 𝐿𝐿𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊  defines the number of (displacement) data points over which the 

strain value is determined, and 𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 and 𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 describe the size of the step and 
the subset (in pixels) in the correlation process. The minimum length of the VSG is 
thus 𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠+ 𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  when the strain is calculated using the adjacent points of the 
determined displacement field. By increasing the 𝐿𝐿𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊  parameter, the VSG size 
increases (i.e. the locality of the information diminishes) but also the accuracy of 
strain increases (through statistical averaging) since more data points are used to 
calculate the quantity. If compared to the displacements, quantifying the accuracy of 
the determined strain values is more complicated, or even impossible to carry out 
unambiguously. As strain is derived mathematically from the measured 
displacements, the measurement noise is strengthened during the process, resulting 
in uncertainty in the calculated strain always being accentuated. 
 

3.3 Use of DIC in material testing 

What is especially characteristic of composites and various hybrids is their strong 
length dependency in almost all material properties: the ultimate parameters in the 
macroscale are basically derived from the mesoscale properties and finally from the 
microscale. For a researcher, this dependency often creates a problem – 
conventionally one must plan and select the utilised experimental measuring 
technique strictly according to the aim of the study. A good example relates to the 
conventional electrical resistance strain gauges used to measure strains. When 
planning the test setup, one has to decide, in advance, the proper gauge length 
(averaging length), the number and precise locations of the gauges and their 
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orientations. However, the load distribution in a hybrid structure is challenging to 
predict and the gauge installation can be challenging. Typically, (foil) strain gauges 
are positioned there where the expected strain field has a low gradient (in any 
direction). The gauge installation is also prone to effects from fixing the gauges 
(manually) on the surface. In contrast to local discrete measuring methods, the above 
problems can, in many cases, be avoided using full-field techniques to measure the 
global behaviour, for example by using DIC. Full-field methods allow, after the well 
performed measurement, for the making of decisions and running multiple analysis 
of parameters.  

The purposes of the DIC measurements in material testing can be classified into 
four categories, as described by Pan [27]. The characterisation can be defined as 
examination of the deformation response of a studied target to external loading, 
whereas identification aims to determine quantitative material properties by 
combining the DIC-measured strain data to the known exerted mechanical loading. 
In cross-validation, the correctness of the FEM analysis or analytic predictions can 
be verified with the measured experimental fields. Finally, DIC-based measures can 
also be used in controlled mechanical testing to adjust the measuring devices. In this 
thesis, DIC is used mostly for characterisation (Publications I–V), but also for 
identification (Publications I and II) and cross-validation (Publication IV) purposes. 

3.3.1 Testing of specimens with non-continuous deformation  
 
DIC is an especially advantageous technique for studying targets with 

heterogeneous deformation, where the use of conventional single point measuring 
devices (e.g. extensometers) would easily measure an overly averaged test response. 
Also, a great number of devices (e.g. displacement sensors or strain gauges) would 
be required to study the ‘heterogeneous’ behaviour, or the field of it. Good examples 
of applications where DIC has been successfully exploited to study local deformation 
response include adhesively bonded structures and various hybrid joints [12], [13], 
[36]–[39]. In the studies, the failure mechanisms of the joints (i.e. measuring the local 
peel and shear deformations) and locations of the strain concentration (hot spots) 
have been determined, among others. For example, the results have been used in 
optimising the performance of the adhesively bonded repair patches for composite 
laminates [40]–[42].   
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DIC has also been used in the characterisation of thin coatings, which are 
generally challenging to examine. Both the mechanical properties and interfacial 
toughness of coatings on rigid substate specimens have been determined [43]–[45]. 

The mechanical performance of materials fabricated by additive manufacturing 
(AM) methods deviates in many cases from the behaviour of isotropic materials. The 
structures are generally at least partly heterogeneous, since they are built of material 
layers which typically orientate during manufacturing. As a result, in cases where the 
conventional gauges can be insufficient to describe the complex mechanical 
behaviour of the materials, DIC has proven its usefulness in the characterisation and 
identification of AM structures [46]–[48].  

Fibre-reinforced composite laminates are well-known owing to their anisotropic 
behaviour. The bulk behaviour of common composite materials has been extensively 
characterised using DIC. The method has been used, for instance, in identification 
of elastic moduli and Poisson’s ratios [49]–[51] and also in the characterising of their 
damaging mechanisms [52]–[54]. The possibility to measure local deformation data 
is very useful for the interpretation of results in tests like open-hole fracture tests 
[41] and compression-after-impact tests [55]. 

Like other full-field characterisation methods, DIC can accurately measure 
deformation fields with strong gradients, which are challenging to study with discrete 
physical measuring devices. The method has enabled, for example, experimental 
mesoscale measurements to study the effect of reinforcement fabrics’ weave patterns 
on the deformation response [4], [56], [57] On the other hand, DIC is still a fuzzy 
measuring technique by definition because it averages the measured data over its 
subsets. The deformation gradients or local fragmentation caused by the geometric 
discontinuities, located for example at the materials’ interfaces or cracks, thus cause 
challenges for the method [27], [58]–[61]. In local DIC, the size of the subset 
essentially dictates the spatial resolution of the derived displacement field. 
Decreasing the subset size improves the spatial resolution but simultaneously 
increases the noise, thus decreasing the accuracy of the measurements [60]. When 
the subset size approaches the order of the size of heterogeneities in the studied 
specimen, or when the subsets cannot resolve the localised strain variations, it is 
evident that the conventional DIC leads to increased local error. This occurs because 
the regularly used shape functions for the subset deformation cannot characterise 
the displacement discontinuity occurring inside a subset. Because of this, the very 
vicinity of the interfaces, or other discontinuities, in the specimen are difficult to 
study accurately. Also, the effect of the small-scale discontinuities on the analysis 
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results is difficult to verify, so the resulting strain values in regions containing 
interfaces can be unreliable.  

In order to overcome the discontinuity limitation of the conventional local DIC 
method hindering the detailed study of interfaces, modified methods have been 
presented, including the point-wise method [62] and mesh adaptation techniques 
such as the subset-splitting method [63]–[65]. The point-wise method utilises genetic 
algorithms to process each pixel separately. It can be used to capture the detailed 
displacement field in the vicinity of the cracks but is computationally very expensive. 
The subset-splitting methods are based on ‘improving’ the shape function of the 
subset when a discontinuity is detected by dividing the subset into two sections. The 
methods are rather simple but require further progress to account for regions with 
multiple cracks or other discontinuities instead of a distinct crack [66]. The global 
DIC methods can adapt the deformation discontinuities better [25] showing 
potential use in interface studies but are not included with the recent DIC software 
packages which base on local method. 

A straightforward technique to enable more accurate deformation measurements 
in the vicinity of a discontinuity with conventional local DIC is to increase the spatial 
resolution by decreasing the subset size. However, the size of the speckles of the 
pattern eventually dictates the minimum usable subset size (because single subset 
should include a minimum of 3–5 individual speckles). An exceptionally fine surface 
pattern is thus required together with high magnifying imaging setup if the spatial 
resolution is to be minimised. Feasible methods to fabricate speckle patterns for 
micro DIC measurements has been introduced by Kammers [67]. For example, 
detailed micro-scale measurements of polymer composites have been carried out to 
study the material deformation at single fibre scale. The fine surface pattern was 
accomplished by applying a nanoscale pattern with submicron alumina particles. The 
actual measurements, using compression [58] and three-point bending [68] fixtures, 
were monitored with a scanning electron microscope. It is obvious that the size of 
the field of view of such measurements (as well as the actual specimen size) is very 
limited. Studies focusing accurately on the locations near the interfaces require a 
strongly focused, and thus size-limited, region of interest. Performing focused 
measurements where a large field of view but still a high spatial resolution is needed 
or the preferred location to be accurately focused does not remain stationary during 
a test are thus challenging to carry out. Such tests include, for example, the detailed 
characterisation of deformation along a thin adhesive bond line or the measuring of 
a deformation field at the very vicinity of a propagating crack tip.  
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3.3.2 Use of DIC in fracture mechanics tests 

 
In fracture mechanics tests generally, the crack length and the displacement field 

of the material around the crack tip is the essential information that is sought from 
the experiments (in addition to the applied loading). The DIC experiments have been 
used extensively to study the fracture parameters in various loading modes for bulk 
material specimens. For example, many studies present how the stress intensity 
factors have been determined using notched specimens where the displacement 
fields can be measured accurately around the known crack tip region [69]–[72]. The 
displacement field data can then, for example, be substituted in analytical relations 
based on linear elastic fracture mechanics that relate the displacement components 
to the determined fracture parameters. DIC thus has enabled measuring 
experimentally fracture parameters that has been challenging to carry out by discrete 
means due to stress singularity near the crack tip (i.e. very steep gradient).  

The fracture mechanics tests of adhesives differ from measurements with bulk 
materials, since the tests are performed generally using specimens with rigid 
substrates and thin adhesive bond lines. The experiments normally target measuring 
the critical value, which is followed by the crack propagation. The established 
(standard) analysis methods are commonly used, which are often built on linking the 
measured crack length to the applied loading. The conventional optical methods, to 
characterise the crack in a specimen, are most typically based on the detection of 
changes in the contrast in images, due to an onsetting or propagating local 
discontinuity. To be able to distinguish between the studied regions in the images, 
various binarisation techniques are used during the image analysis [73]. However, the 
adhesive-adherend structure is generally very complicated where several local effects 
occur, such as plasticisation and the non-uniform cracking of the adhesive or the 
fibre bridging at the interphase, which impede the crack length determination.  

DIC-based techniques have been used to overcome the problems in crack length 
measurements. Many of the crack detection techniques used with DIC are based on 
the evaluation of the derived strain fields, in which the progressing material 
discontinuity creates local changes. Again, the (global) deformation response is being 
measured. The generally used method is to study the opening after or ahead of the 
crack tip (or the strain perpendicular to the crack surface). Another technique for 
detecting the crack length is the evaluation of the local decrease in the resulting 
‘sigma’ coefficient of the DIC analysis. The parameter represents the quality of the 
pixel correlation against the reference image, which can be used to define the crack 
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front [74]. This is based on the phenomenon where the formed local discontinuity 
affects the performance of the subset shape function in the DIC analysis, which 
cannot adapt the strongly heterogeneous deformation inside a subset. However, the 
strongly heterogeneous deformation at the adherend-adhesive interface in the bi-
material specimens has an inevitable consequence on the ‘quality’ of the DIC results 
at the adhesive layer. This naturally decreases the uncertainty of the local results and 
challenges the unambiguous identification of the crack length measurement with the 
techniques.   

Due to the complex geometries of the fracture mechanics specimens used for 
adhesive joints, the analytical models (calculation methods) can be too demanding 
to be solved precisely [75]. In recent years, the combined use of DIC and FEA has 
gained rising popularity for determining adhesive fracture parameters. Virtual crack 
closure technique [76] (VCCT) together with the direct displacement fields provided 
by DIC has been used to characterise fracture parameters for adhesive joints. For 
example, Huo et al. [13] introduced technique to determine the energy release rates 
of joints effectively, basically with no need of data for specimen geometry, loading 
or boundary conditions. FEA utilising cohesive zone models (CZM) has been used 
extensively to model the damage of a homogenised crack tip in adhesive joints. By 
the defined traction-separation law, the CZM can simulate the non-linear effects (due 
to nonlinear elastic, micro cracking, fibre bridging, etc.), which takes place generally 
in structural adhesives in the large failure process zone (FPZ) [77]. The displacement 
fields provided by DIC experiments have proven to be an excellent tool in the fitting 
of representative cohesive laws that can be used in characterising the fracture 
behaviour of materials [12], [78]–[80]. 

The accurate measurement of the local test responses, instead of the global 
indirect measurements with derived linkage to the local behaviour, can thus give new 
insight into the behaviour of the material responses. This has been efficiently utilised 
in various fracture mechanics studies where the use of DIC is becoming more and 
more common, and new analysis methods are evolving at a rapid pace. 
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front [74]. This is based on the phenomenon where the formed local discontinuity 
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availability of the closed-form solutions covering such responses. With the solutions, 
one can quantify the unknown constitutive parameters that are used to model the 
mechanical behaviour [81]. DIC has already become a mature measuring technique 
and the full-field data it produces can verifiably greatly improve the accuracy and 
reliability of the established test methods as the specimen response is known more 
precisely. Currently, the implementation of the full-field method to various 
experimental characterisation techniques utilising heterogeneously deforming 
specimens is a hot topic. 

Inverse analysis methods based on the use of measured deformation fields for 
identifying constitutive parameters of heterogeneous and non-linear–behaving 
materials in particular have been under active research. Here, the set of constitutive 
parameters are used as input values for numerical models and by finding the result 
that matches with the experimental deformation field, the sought parameters can be 
fitted. Two main approaches have been used for solving the inverse problems: the 
virtual fields method (VFM) and finite element model updating (FEMU). VFM 
utilises the principle of virtual work to solve the problem [8], [81], [82]. Here the 
global equilibrium of a structure is expressed using a set of equations from which 
the constitutive parameters can be obtained when the continuous deformation field 
of the specimen is known.  

FEMU is the most straightforward technique for the inverse identification 
approaches of constitutive model parameters. It is based on iteratively minimising 
the gap between experimental and modelled nodal displacements [83], [84]. Basically 
FEMU is an indirect two-step approach [85], [86]. In the first step, the displacement 
field is determined experimentally. Then in the second step, the inverse procedure is 
applied by minimizing the difference between the experimental and FEM-simulated 
displacement fields and optimizing iteratively the unknown parameters. Recently, 
new method has been introduced in which the need for computing the displacement 
field (with DIC) prior to parameter identification has been eliminated. This one-step 
approach is known as integrated DIC (IDIC) in which the constitutive model is 
directly related to the experimentally obtained images (from the deformation process 
of a material) and force measurement [85], [87]. The DIC routine is thus integrated 
within the identification loop without a separate displacement field determination. 
The one-step approach contains less systematic errors and has better tolerance 
against image noise. 

The maturing of the full-field measuring techniques has opened up new 
possibilities to perform the mechanical experiments that so far have been developed 
based on the use of point sensors. For example, Pierron and Grédiac [8] have 

 

43 

recently named this fully novel philosophy of mechanical experiments the ‘Materials 
testing 2.0’ paradigm, which utilises the recent progresses shown in the experimental 
and computational mechanics. By designing and optimising the experimental test 
configurations and specimen geometry, desired multi-axial stress states can be 
obtained within a specimen. Utilising FEMU or VFM together with the 
experimentally determined full-field displacement data with either local or global 
DIC, or IDIC with the acquired experimental images, a large set of even complex 
constitutive parameters can then be identified from a single well-designed 
experiment. This can make the testing significantly more efficient and reduce the 
need for performing several separate experiments, especially when identifying 
constitutive parameters to describe parameters for cohesive zone models [88] or the 
material behaviour of highly anisotropic and non-linear–behaving materials [84], 
[89].  
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4 EXPERIMENTAL METHODS AND MATERIALS 

This chapter describes the central experimental methods within the scope of the 
dissertation. The following subchapters also explain the specific targets for using 
stereo DIC in different research cases.  

4.1 Compression tests for hydrogels 

Challenge: How can the validity of a simple unconfined compression test for wet 
hydrogel specimens be confirmed? 

Target for using DIC: To measure the deformation during compression in terms of shape and 
quantitative response for transparent and wet hydrogel specimens.  

The compression behaviour of gellan gum hydrogel was studied using displacement 
controlled unconfined compression testing in Publication I. The hydrogel was cast 
into cylindrical specimens with a diameter of 12.2 mm and a height of 6.5 mm (Figure 
9). The tests were performed with a test instrument (Electroforce BioDynamic 5100, 
Bose) using 225 N and 22 N load sensors. A range of test parameters were studied 
to account for the viscoelastic behaviour of the hydrogel material.   

Hydrogels contain a large amount of water, typically in the range of 70–95% of 
their mass. The wet hydrogel specimen against the smooth compression plates shows 
very low friction. Basically, a low lateral friction is favourable in terms of achieving 
the uniaxial stress state in the specimen. However, the specimen tends to slide away 
from the initial position, making testing impossible. Due to this, wetted lint-free 
cellulose papers were used between the hydrogel specimen and compression plates, 
enabling the specimen location to stabilise for successful testing.  
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Figure 9.  Compressed cylindrical hydrogel specimen. 

A stereo DIC setup using 5 Mpix E-lite cameras, 100 mm/F2.8 (Tokina) and a 
pulsed LED-light was used to study the 3-D deformations. The recording rate 
ranged from 1 Hz to 8 Hz, depending on the crosshead displacement rate. Naturally, 
the hydrogel specimens are transparent and mostly water and the common 
patterning methods of painting could not be used. Here, the random pattern was 
accomplished by blowing fine carbon powder (Corax N550, Evonik) on the 
specimen surface just before the specimens were compressed (Figure 10). 

 

 

Figure 10.  a) The test equipment with the 3D-DIC setup, b) A compressed hydrogel specimen with 
the applied pattern (Publication I). 

The DIC processing (Davis 8.4, LaVision) parameters are listed in Table 1.  

Table 1.  The processing parameters for DIC in hydrogel compression tests. 
Correlation 
method 

Matching 
criteria 

Subset/step 
size [pix] 

Scale factor 
[pix/mm] 

Subset 
shape 
function 

Interpolation 
method 

VSG 
size 
[mm] 

Sum-of-
differential 

ZNSSD* 55/15 125 2nd order 6th order spline 0.68 

*Zero-normalised sum of squared differences 
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4.2 Compression testing for fibre reinforced polymer specimens 

Challenge: How can the directional elastic properties from a small volume of 
anisotropic materials be identified?  

Target for using DIC: To determine accurate strain distribution fields for a small heterogeneous 
prism specimen under compression.  

Four different fibre reinforced epoxy laminates fabricated either with strip winding 
(series here coded A, B, C) or resin infusion (series D) methods were studied in 
Publication II. The laminates (thickness approximately 10 mm) were cut and ground 
accurately into right-angled prism-shaped specimens (the number of specimens per 
series, n = 3) having edge lengths of 8 mm to 12 mm.  

The compression testing of the specimens was carried out with a servo-hydraulic 
universal testing machine (Model 8800, Instron). A 50 kN load sensor was used with 
manually aligned compression plates. The plates were lubricated with silicone oil to 
minimise the lateral friction forces. The tests were carried out under displacement 
control (0.5 mm/min) and were stopped at 60 MPa of engineering stress to avoid 
the plastic deformation (or failure) of the specimen.  

Stereo DIC (LaVision) was used to study the deformations of the surface of the 
prism perpendicular to the loading direction. Prior to testing, a random pattern was 
applied to the specimen using spraying with black and white alkyd paints. The DIC 
setup (Figure 11) consisted of two 5 Mpix E-lite cameras with 100 mm F2.8 
objectives (Tokina) and pulsed LED lights. The recording frequency was 2 Hz. Davis 
8.4 (LaVision) software was used to derive the DIC results and the parameters for 
the analysis are presented in Table 2.  

 

 

Figure 11.  a) A prism specimen under compression, b) the 3-D DIC test setup (modified from 
Publication II). 
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Table 2.  The processing parameters for DIC in Publication II. 
Correlation 
method 

Matching 
criteria 

Subset/step 
size [pix] 

Scale factor 
[pix/mm] 

Subset 
shape 
function 

Interpolation 
method 

VSG 
size 
[mm] 

Relative-to-
first 

ZNSSD* 21/5 66 2nd order 6th order spline 0.47 

*Zero-normalised sum of squared differences 

 
Each specimen was tested six times in random order, which means that three 

different loading directions were used (with reference to the specimen), and the 
specimen deformation was measured using DIC from the two other directions 
(faces), as shown in Figure 12. Data obtained in this way enabled us to determine 
the strain field at the studied surface of the prism and furthermore to derive the 
compression modulus in the three orthogonal directions of the composite material 
together with six Poisson’s ratios. Additionally, the strain field of the heterogeneous 
materials could be studied precisely for understanding the length scale effects. 

 

Figure 12.  The test sequence of a compressed prism specimen (Publication II). 

4.3 Notched coating adhesion test 

Challenge: How can the accuracy and efficiency of determining debond for strongly 
nonlinear coatings be improved? 

Target for using DIC: To quantitatively determine the progress of the coating debond from its 
substrate. 
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The notched coating adhesion (NCA) test is a method for studying the fracture 
toughness of a coating-substrate interface. The test is performed by a uniaxial tensile 
load subjected to the test specimen. During the test, coating peels from its substrate. 
The onset of the coating debond is required in terms of the corresponding specimen 
strain. The critical strain at the debond onset can further be used to determine the 
critical energy release rate (Gc). Publication III presented a method based on the 
stereo DIC to define and determine quantitively the debond progression. In addition 
to the NCA specimens, DIC was also used to determine Poisson’s ratio for the 
(separate) substrate and thin PAI coating. 

In this thesis, the NCA test was used to study the interface between polyamide-
imide (PAI) coating (Torlon 4000TF, Solvay) and CuSn10Pb10 substrates. Substrate 
coupons with the dimensions of 120 mm x 13 mm x 1.6 mm were coated with 
PAI/dimethylsulfoxide (DMSO) solution using a bar coater (finally 75 µm mean 
coating thickness), as presented in Figure 13. After the heat treatment of the 
specimens, a pre-crack transverse to the specimen’s longitudinal axis was prepared 
using a razor blade loaded by a drop-weight impactor.  

 

 

Figure 13.  The NCA test specimen dimensions (mm) in the studies of Publication III. 

 
The tensile tests for the NCA specimens were performed using a universal testing 

machine (Model 5967, Instron) at a test rate of 5 mm/min. A clip-on extensometer 
(L0=50 mm) was used to measure the global (engineering) specimen strain. A stereo 
DIC setup with 5 MP E-lite cameras, 50 mm/F2.8 (Nikon) and pulsed LED lights 
(Figure 14) were used. The PAI coated surface of the specimen was patterned using 
black and white spray paints. The average diameter of the speckles was 50–80 µm 
measured with an optical profilometer (InfiniteFocus G5, Bruker Alicona). The 
imaging rate was 2 Hz. The processing parameters of the DIC analysis carried out 
using Davis 8.4 (LaVision) software are presented in Table 3.  
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Figure 14.  The 3-D DIC setup used with the NCA tests in Publication III. 

Table 3.  The processing parameters for DIC in the NCA tests. 
Correlation 
method 

Matching 
criteria 

Subset/step 
size [pix] 

Scale factor 
[pix/mm] 

Subset 
shape 
function 

Interpolation 
method 

VSG 
size 
[mm] 

Relative-to-
first 

ZNSSD* 33/11 38 Affine 6th order spline 1.45 

*Zero-normalised sum of squared differences 

4.4 Mixed-mode testing with single leg bending specimen 

Challenge: How to experimentally determine normal and shear strains along the 
adhesive (in bond line) of a bonded test specimen.   

Target for using DIC: To determine the displacement field to provide data for deriving the 
representative strains of the adhesive layer beyond spatial resolution of the DIC. 

 
Single leg bending (SLB) specimens were fabricated for studying the mixed-mode 

fracture behaviour of FM 300-2 (Solvay) epoxy film adhesive in Publication IV. The 
test specimens presented in Figure 15 consisted of two adhesive plies applied 
between two thick aluminium alloy (Alumec 89, Uddeholm) plates. A pre-crack was 
created between the adhesive plies using a thin PTFE foil during manufacture. The 
adhesive was cured in an oven (120 °C) under a vacuum bag, and finally the plates 
were water-jet cut into test coupons with a thickness of 17 mm.   
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The specimens were tested with either of two specimen orientations (here coded 
test types A and B), which enabled us to achieve two different mixed-mode ratios 
using the same test specimen geometry as depicted in Figure 15. The specimens were 
tested using a modified 3-point bending jig enabling the horizontal orientation of the 
specimen to be maintained for both test types. The tests were performed with a 
universal testing machine (Model 5967, Instron) using the test rate of 2 mm/min. 

 

 

Figure 15.  The region of interest (ROI) for DIC and the test types for the single leg bending specimen 
with dimensions (mm) in Publication IV.   

A stereo DIC setup consisting of two 5 MP E-lite cameras, 50 mm/F2.8 (Nikon) 
and pulsed LED lights was used to study specimen deformation at the region of 
interest (ROI) shown in Figure 15. Prior to testing, the imaged surface of the 
specimen was painted with thin white (acryl) spray followed by the creation of the 
random pattern using black paint and a foam roll.  

The recorded images were processed into full-field displacement data using Davis 
8.4 (LaVision) software with the parameters presented in Table 4.  

 

Table 4.  The processing parameters for DIC in single-leg bending tests in Publication IV. 
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Interpolation 
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4.5 Fatigue testing using the end-notched flexure test 

Challenge: How to determine the propagation of the crack in adhesive (in-bond 
line) of mode II fatigue testing repeatably. 

Target for DIC: To determine the accurate deformation field of the fatigue-tested specimen to 
provide data for crack growth analysis. 

End-notched flexure (ENF) test specimens were fabricated using aluminium alloy 
(Alumec 89, Uddeholm) plates and two layers of epoxy film adhesive (FM300-2, 
Solvay). The pre-crack was fabricated using thin PTFE film with a length of 66% of 
the half support span. The specimen dimensions are presented in Figure 16.  

The fatigue testing (Publication V) with the R-ratio of 0.1 was performed with a 
servohydraulic universal testing machine (Model 8800, Instron) using sinusoidal 
loading spectrum shown in Figure 17. The tests were carried out with three different 
load amplitudes (50%, 60% and 70%) relative to the maximum load measured in a 
quasistatic ENF test.  

 

Figure 16.  Dimensions of the ENF specimen (mm) and the region of interest (ROI) for DIC in 
Publication V. 
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Figure 17.  a) The repeating unit of the cyclic loading spectrum. b) The 3-D DIC setup and the test 
equipment for ENF specimens (Publication V). 

The specimen deformation at the defined ROI shown in Figure 16 was studied by 
synchronising the stereo DIC setup (5 MP E-lite cameras with 50 mm and F2.8 
objectives and pulsed LED lights) with the testing machine taking an image pair at 
every hold step at the maximum load (of the repeated spectrum). Prior to testing, a 
black-and-white random pattern was applied to the ENF specimen using spray paint 
and foam roller. Davis 10.1 (LaVision) software was used to process the images into 
displacement fields using the parameters explained in Table 5.  

Table 5.  The processing parameters for DIC in ENF tests in Publication V. 
Correlation 
method 

Matching 
criteria 

Subset/step 
size [pix] 

Scale factor 
[pix/mm] 

Subset 
shape 
function 

Interpolation 
method 

VSG 
size 
[mm] 

Relative-to-
first 

ZNSSD* 35/11 43 Affine 7th order spline  1.32 

*Zero-normalised sum of squared differences 
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5  RESULTS AND DISCUSSION 

This chapter sums up the essential findings in Publications I to V and append the 
solutions found in the challenges stated in the previous chapter. 

5.1 Compression tests 

5.1.1 Testing of hydrogel specimens 

Gellan gum hydrogel specimens were studied using the unconfined compression test 
method. Hydrogels possess a strongly nonlinear mechanical stress-strain response 
due to which their response in compression is also complex. In the literature, the 
crosshead displacement has been routinely used to determine the estimated (here: 
engineering) strain of hydrogel specimens [90], [91]. However, measuring the 
(engineering) strain solely using the stroke of the test device can be considered as a 
coarse method for soft and highly deforming specimens. To formulate a 
representative constitutive material model for the strongly nonlinear material 
applicable to large strains, naturally, the engineering strain and stress measures 
cannot be used. DIC was used in understanding the valid strain distribution and true 
specimen cross-section area by studying the intrinsic (i.e. specimen barrelling, local 
material anomalies) and extrinsic (i.e. uniformity of the specimen/plate contact, 
specimen sliding) factors affecting the deformation response of the tested 
specimens. 

During compression, the hydrogel specimens tend to move and slide between the 
smooth compression plates. To prevent this, lint-free cellulose papers were used 
between the specimen and the plates. On the other hand, the increased contact 
friction increased the barrelling phenomenon due to the constrained Poisson effect 
at the contact, as presented in Figure 18. Initial tests revealed that the condition and 
the application of cellulose paper had a strong effect on the deformation (and stress 
state respectively). If the same papers were used with several specimens, obviously 
the friction was altered due to sticking gel, and the specimen deformation was no 
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longer symmetrical, as depicted in Figure 18. Thus, if such papers are to be used to 
increase the contact friction in a controlled manner, one has to take great care of 
their consistent application to achieve deformation and respective symmetric 
(calculatable) stress distribution.  

 

Figure 18.  The measured barrelling effect in compressed specimens and the effect of the condition of 
the papers used to control the contact friction (Publication I). 

 
Figure 19 depicts an example of the axial strain distribution of the compressed 

hydrogel in which the barrelling deformation was observed to be similar on the upper 
and lower contact surfaces (to the compression plates). Near the edges the strain 
field is strongly inhomogeneous, whereas at the central region the strain was 
considered valid for compressive behaviour. Figure 19 shows the comparison of the 
axial strains extracted from different locations of the specimen (using ≈ 1.5×1.5 mm2 
artificial strain gauge). The axial strain extracted at the centre of the specimen surface 
corresponded well with the engineering strain calculated using the crosshead 
displacement, whereas significant difference was seen when studying regions closer 
to specimen edges. 
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Figure 19.  a) The axial strain field in a compressed hydrogel specimen. b) Comparison of the device 
stroke-based engineering strain and the extracted axial strain from the DIC measurements 
using different locations at the specimen (unpublished data). 

If it was ensured that the specimen deformed approximately symmetrically during 
the test, the engineering strain determined from the crosshead displacement 
consistently equalled the local strain at the specimen centre. The true (here, Hencky) 
strain could then be calculated from the engineering strain using the equation: 

 
𝜀𝜀𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠 = − ln(1 − 𝜀𝜀𝑒𝑒𝑊𝑊𝑒𝑒)     (5.1) 

 
The experimental true stress at the centre of the specimen was determined by 

dividing the measured force by the true cross-sectional area. The true area was 
determined using the measured radius change in the centre of the compressed 
specimen (Figure 18). The experimental true stress (i.e. assuming constant volume) 
was then compared with the calculated true (here, Cauchy) stress (based on constant 
volume): 

 
𝜎𝜎𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠 = 𝜎𝜎𝑒𝑒𝑊𝑊𝑒𝑒(1 + 𝜀𝜀𝑒𝑒𝑊𝑊𝑒𝑒)    (5.2) 

 
Figure 20 depicts the comparison of the stress-strain curves defined by different 

means, where it is seen that the experimental true stress accurately follows the 
calculated Cauchy stress. To conclude, if the plate-specimen friction remains 
constant and no local material defects are present in the specimen observed to result 
symmetrical specimen deformation, the simply calculated Cauchy stress and Hencky 
strain (either from crosshead displacement or from DIC) can be used to estimate the 
stress state in a valid way for the cylindrical hydrogel specimen. However, it is 
important to note that Equations 5.1 and 5.2 do not account for boundary conditions 
and the change in the stress-strain component in the radial direction. In order to 
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match the absolute stress and strain over the specimen volume, boundary conditions 
satisfying calculation would be needed with validation to DIC-based barrelling (due 
to the non-rigid boundary). 

 

Figure 20.  The comparison of different stress-strain definitions (modified from Publication I). 

5.1.2 A test method to determine elastic properties of composites under 
compression 

 
Compression tests were carried out with rectangular prism specimens cut from three 
strip-wound curved composite laminations with the different weave pattern of the 
reinforcement fabrics. The elastic constants of the composite material, including 
three elastic moduli and Poisson’s ratios, were determined by loading the specimens 
in several test orientations as explained in Section 4.2.  

Figure 21 depicts the optical and DIC-based axial strain field images of the three 
different composite materials. The optical images were taken before applying the 
painted random pattern to the specimens from the same surfaces the strain fields 
were later acquired from. The strain maps point out the very heterogeneous 
deformation of the tested specimens and the need to decide upon the proper level 
of homogenisation. The pseudo images show that the strain maps correspond with 
the microstructure of the specimens at their surfaces. The high strain regions focus 
accurately on the resin pockets between the reinforcement fibre bundles, whereas 
the lowest strains occur over the fibre bundles. For example, along the lines seen in 
Figure 21, the axial strain fluctuates between -0.002…-0.012 mm/mm, whereas the 
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average is approximately 0.007 mm/mm (i.e. homogenisation over a frame area of 
≈10 × 10 mm2). The strain maps can also reveal the surface or sub-surface flaws in 
the materials, as presented in Figure 21. In addition, the evenness of the stress 
distribution, affected by the flatness of the specimen and/or planarity of the 
compression plates, can be evaluated from the deformation data (strain or 
displacement). The above-mentioned factors can finally be used to evaluate whether 
the recorded test response is representative and valid for further analysis of elastic 
constants. If only contacting discrete strain measuring devices are used, such 
evaluation is impossible to perform, and the uncertainty (and simultaneously scatter) 
of the measured results increases.  

 

Figure 21.  Optical (left), pseudo image (middle) and axial strain (right) of the three compressed 
composite specimens. The loading direction in the images is vertical (Publication II). 
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Although the actual material behaviour is fundamentally related to its 
microstructure, the mechanical properties of materials are still commonly 
approximated by defining the behaviour using macroscale engineering constants. 
Here, instead of acknowledging the local heterogeneous fibre-matrix characteristics, 
the composite material is treated as a homogenised continuum with a generalised 
material model. For example, the mechanical behaviour of fibrous composites is 
usually expressed by an orthotropic material model, in which material has three 
mutually orthogonal symmetry planes, and the behaviour is characterised by nine 
material constants (Ei, νij, and Gij, i = 1…3, j = 1...3). 

To determine the elastic constants based on the performed compression tests, 
representative mean strain values were first determined as the average of the desired 
strain quantity over the whole specimen surface, excluding 1 mm edge borders. The 
measured large area, for exporting the strain data, averages the local gradients caused 
by the woven reinforcements. Thus, apparent strain for the composite specimen is 
obtained and can be used to determine the homogenised material constants. When 
the same test specimen was tested using six different test orientations, the three 
orthogonal Young’s moduli and, basically, six Poisson’s ratios could be determined. 
The elastic (compression) moduli were derived as the secant in the engineering stress 
versus compressive strain curves over the strain range of 0.0005…0.0025 mm/mm. 
The Poisson’s ratios were calculated as areal mean values from the DIC derived field 
data over the strain range of 0.003…0.006 mm/mm. Figure 22 and Figure 23 depicts 
examples of the test results. The determined constants of the tested composite 
materials are presented in Table 6.  

 

Figure 22.  Full-field map for axial strain (ε2) of the tested composite material B at an engineering 
stress level of 50 MPa (force per cross-sectional area), and the engineering stress-strain 
curve (Publication II). 
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Figure 23.  Full-field map for Poisson’s ratio (ν32) of the tested composite material C at an engineering 
stress level of 50 MPa (force per cross-sectional area), and its areal mean value as a 
function of axial strain (Publication II). 

Table 6.  Determined engineering constants for the tested composite materials A, B and C in 
Publication II. 

 E1 [GPa] E2 [GPa] E3 [GPa] 𝜈𝜈12 𝜈𝜈21 𝜈𝜈13 𝜈𝜈31 𝜈𝜈23 𝜈𝜈32 

A 6.8 7.0 6.5 0.34 0.36 0.4 0.38 0.40 0.30 

B 15.3 16.8 7.4 0.25 0.19 0.48 0.22 0.46 0.21 

C 10.4 11.3 6.1 0.27 0.22 0.48 0.27 0.42 0.23 
 

In orthotropic materials, the moduli and Poisson’s ratios are coupled, and the 
following relationship is fulfilled: 

 

𝜈𝜈𝑖𝑖𝑖𝑖
𝐸𝐸𝑖𝑖

= 𝜈𝜈𝑗𝑗𝑗𝑗
𝐸𝐸𝑗𝑗

 ↔   𝜈𝜈𝑖𝑖𝑖𝑖
𝜈𝜈𝑗𝑗𝑗𝑗

= 𝐸𝐸𝑖𝑖
𝐸𝐸𝑗𝑗

      (5.3)  

 
where i and j can have values of 1, 2 and 3.  
 
The validity of the orthotropic material behaviour for the tested materials was 

evaluated by simply plotting the calculated ratios of the Poisson’s ratios and the 
moduli as shown in Figure 24a. For isotropic material, having no orientation 
dependency, all the calculated ratios (right side of Eq. 5.3) would equal 1. 
Orthotropic material would result in equal calculated material constant ratios that 
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Figure 23.  Full-field map for Poisson’s ratio (ν32) of the tested composite material C at an engineering 
stress level of 50 MPa (force per cross-sectional area), and its areal mean value as a 
function of axial strain (Publication II). 

Table 6.  Determined engineering constants for the tested composite materials A, B and C in 
Publication II. 
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where i and j can have values of 1, 2 and 3.  
 
The validity of the orthotropic material behaviour for the tested materials was 

evaluated by simply plotting the calculated ratios of the Poisson’s ratios and the 
moduli as shown in Figure 24a. For isotropic material, having no orientation 
dependency, all the calculated ratios (right side of Eq. 5.3) would equal 1. 
Orthotropic material would result in equal calculated material constant ratios that 
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always lie on the diagonal line in the figure. Generally, the stronger the orthotropic 
characteristics, the greater the calculated ratios would be.  

The percentage of coupling difference from the theoretical orthogonal behaviour 
can be calculated as: 

 

𝛥𝛥𝑊𝑊𝑖𝑖 = 100 × (1 −
𝜈𝜈𝑖𝑖𝑖𝑖
𝜈𝜈𝑗𝑗𝑗𝑗
𝐸𝐸𝑖𝑖
𝐸𝐸𝑗𝑗

)    (5.4) 

 
where i and j denote the orthogonal directions 1, 2 and 3. Figure 24b shows that 

for composite materials B and C, the value Δ12 is significant. The result suggests that 
the orthotropic material model is not fully valid for the studied materials. This could 
have originated from the microstructure of the tested materials where, contrary to 
unidirectional reinforcement layers, the reinforcement fabrics have significant out-
of-plane crimp, inducing the anisotropy [92]. In addition, the winding of laminates 
over a large cylindrical mandrel will lead to non-zero curvature of reinforcement 
planes, causing minor deviance between the presumed ply orientation. 

 

 

Figure 24.  a) Calculated modulus ratios to evaluate material characteristics against the orthotropic 
behaviour. b) Difference between the theoretical (orthotropic) and measured coupling of 
the Poisson’s ratios and moduli (Publication II). 
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5.2 Fracture mechanics tests for layered specimens with polymer 
films 

5.2.1 Detection of the debond progression of coating in the NCA test  

The NCA test method is based on detecting the critical strain (εc) at the onset of the 
coating debond using a manually pre-cracked coated specimen. As external work is 
being done to load the specimen, energy is increasingly stored in the deformed 
coating. As the available strain energy finally exceeds the specific value to cause the 
crack to propagate, the critical energy release rate to cause the debonding 
phenomenon (cERR or Gc) can then be calculated using the simplified uniaxial 
solution [93]: 

 

𝐺𝐺𝑐𝑐 = ℎ𝐸𝐸 [( 𝜀𝜀0
1−𝜈𝜈) + 𝜀𝜀𝑊𝑊𝜀𝜀𝑐𝑐 + 𝜀𝜀𝑐𝑐2

2 ]    (5.5) 

where h is the thickness, E is the Young’s modulus, ε0 is the residual strain and ν is 
the Poisson’s ratio of the coating. 

The accurate detection of the coating debond onset is a challenging task. On the 
other hand, the onset is the essential parameter the whole method is based on. In 
addition to the original pure visual detection method, different techniques have been 
used to study the coating debond, such as acoustic emission [94] and derivatives of 
strain-time and strain-force curves [95]. However, an imperfect test specimen and 
material nonlinearities cause unknown factors of scatter in the tests. The coating 
debond phenomenon can often deviate from the ideal assumed response, which 
impedes the interpretation of the obtained results. 

The full-field deformation data of the NCA specimen was used in the thesis to 
quantitatively determine the coating debond process. Using the derived DIC-based 
axial strain, the instantaneous area of the debonded coating was determined 
throughout the test, as presented in Figure 25. The strain threshold of < 0.005 
mm/mm was used to define the local debonded coating and a MATLAB code was 
written to determine the area of the region. The obtained area was then divided by 
the specimen width, providing the normalised debond length of the coating in the 
axial direction (of load). Finally, the debond length was linked to the instantaneous 
global specimen strain measured with the clip-on extensometer. This arrangement 
accurately described the debond progression of the coating layer during the test, as 
depicted in Figure 26. The process flow for determining the critical strain is 
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always lie on the diagonal line in the figure. Generally, the stronger the orthotropic 
characteristics, the greater the calculated ratios would be.  

The percentage of coupling difference from the theoretical orthogonal behaviour 
can be calculated as: 
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summarised in Figure 27. The critical strain thus represents the global axial strain 
value in the test specimen, which induces the propagation of the coating debond. 

 

Figure 25.  The progress of coating debond in an NCA test. The black region represents the area 
where the coating has debonded, i.e. where the axial strain of coating is below 0.005 
mm/mm (Publication III). 

The initial ‘stick-slip’ phase was characteristic of the tested material system, where 
the debond propagated a few millimetres by small random steps (during steady 
loading). After the initiation phase, typically a sudden longer debond(s) was 
observed. The clip-on extensometer data was also used to derive the strain derivate 
of stress. The derivate curve in Figure 26 shows evident peaks, which can be linked 
to the significant sudden progressions of the peeled coating. However, not all the 
debond steps were strong enough to be detected using the load or extensometer-
based results. Thus, the observation suggests that the linking of the measured data 
to the coating peeling without the full-field data can easily lead to false interpretation 
of the debond progression in NCA tests.  
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Figure 26.  The measured DIC-based instantaneous debond length and the strain derivate of stress 
(see the stress definition in Publication III) in an NCA test (modified from Publication III) . 

The DIC-derived half-crack (or debond) length of 8 mm was used to characterise 
the debond onset of the coating in Publication III. The 8 mm threshold then defined 
the momentary critical strain value in the developed method. Here, the debond 
initiation phase was fully developed and the debond showed the high-rate peeling 
phase in the full test series. In other words, successful peeling was reached instead 
of coating (tensile) failure or substrate failure.  
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Figure 27.  The process flow to derive the critical strain at the debond onset according to the thesis. 

Significant variation in strain can occur locally even in a uniaxially loaded 
macroscopically homogeneous specimen. This is observed for example in Figure 28, 
which presents the waterfall strain plot provided by the DIC measurements. The 
curves depict the development of the axial strain exported across the specimen width 
at a distance of 5 mm from the pre-crack for an NCA specimen. The smoothness of 
the curves can be largely explained by the averaging size of the VSG (1.45 mm). It is 
seen that, locally, the strain deviates significantly from the average ‘global’ strain in 
the substrate’s CuSn10Pb10 material. The local strain gradients are assumed to be 
induced by the microstructure of the material and have a role in the observed 
irregular coating debond process. The local variation in turn increases the scatter of 
the determined critical strain readings at the debond and finally the determined 
cERR values. However, the use of homogenised (global) strain can be considered a 
conservative method to represent the critical strain value inducing the debond. The 
homogenisation fades the local peak strains observed in the test specimen (by DIC), 
where the debond is presumably initiated (due to the greater available strain energy).   

The debond analysis of coating from substrate is naturally a 3-D problem, which 
is not fully acknowledged with the simplified analytic solution (Equation 5.3). The 
3-D effects, as well as the influence of plasticity and the unknown residual stresses 
in the used material system, in terms of the test response, can be systematically 
studied with FEA simulations using CZM and non-linear material models. The 
characteristic parameters of the CZM (e.g. the total Gc and the cohesive strength for 
the used bilinear traction-separation law and element size) can be fitted so that the 
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simulation produces similar crack propagation, as observed in the experiments. The 
experimental crack propagation that is targeted with the simulation can be defined 
using the DIC-based measured crack onset and growth rate and the shape of the 
debond patterns (i.e. the angle shown in Figure 25). The fitted CZM can be used for 
any application and product geometry as long as the manufacture process of coating 
and substrate are similar, and the finite element mesh is comparable (in density). 

 

 

Figure 28.  Waterfall plot of the developing axial strain measured across the specimen width at 5 mm 
from the pre-crack in an NCA test. The dots in the uppermost curve present the spacing of 
the strain data points. (unpublished data) 

5.2.2 Measuring local deformation distributions in thin adhesive layer 

Adhesive joints are the most efficient when designed to carry shear loading [96]. 
However, instead of the pure shear deformation, some peeling, or opening, of the 
adhered surfaces typically occurs in real applications, especially at the edges of the 
joints. In an adhesive joint where pure shear stress is having an effect, the failure 
tends to happen by fracture mode II. In mixed-mode loading, on the other hand, the 
failure is due to the interaction of modes I and II, which can have synergetic effects 
compared to single-mode loading. In Publication IV, a new mixed-mode test 
concept was developed based on the single leg bending test specimen. This concept 
offers two different mixed-mode ratios by changing the loading direction of the 
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specimen (Figure 29). Using the results, a mixed-mode failure criterion for the 
adhesive could be determined. 

Experimental determination of the opening and shear deformation at the 
adhesive is conventionally based on discrete measurements by using, for example, 
extensometers [97] and crack gauges [98] at the previously decided locations in the 
test specimens. The extensometers can be used to accurately measure the crack tip 
opening or shear displacement, but the result is purely local (point-to-point 
displacement measured). No information is obtained in terms of how the thin 
adhesive layer deforms outside the measurement point. Also, the detecting of both 
the opening and the shear deformation of the adherends simultaneously using 
physical devices is very challenging. In the experiments, where the crack propagates 
in a test specimen, crack gauges can be used to detect the crack tip location based 
on the breakage of the physical conductive strands due to increased localised 
deformation in the specimen. However, again no information is obtained if the 
breakage is due to the shear or opening deformation of the adhesive.  

 

 

Figure 29.  Mixed-mode fracture testing using the SLB specimen in type A loading configuration 
(Publication IV).  

 
A method based on the DIC was developed to experimentally determine the 

continuous deformation distributions along the thin adhesive line. Due to the large 
region of interest relative to the low thickness of the adhesive layer, as depicted in 
Figure 15, the spatial resolution of the used DIC setup was significantly too low for 
the characterisation of the strains directly on the adhesive layer. In other words, the 
virtual strain gauge size was greater than the thickness of the adhesive layer. To 
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overcome this restriction and to allow the determination of the continuous opening 
and shear strain distributions in the adhesive, the method was developed based on 
the measured deformation field of the rigid (aluminium alloy) substrates.  

The developed approach is based on the idea of determining the displacement 
vectors of both adherends along the specimen length (x-direction) at three constant 
distances measured from the adhesive midline. As the displacements are measured 
purely from the adherend, the high strain gradient originated at the adhesive-
adherend interface does not interfere with the DIC analysis. Points An, Bn and Cn 
presented for the upper adherend in Figure 30 show the unloaded stage. As the 
specimen is loaded, the bending causes the points to move to locations A’n, B’n and 
C’n. Considering the Euler-Bernoulli beam theory, the lines Pn and P’n can be fitted, 
and the points Qn and Q’n at the interface between the adhesive and adherend can 
be determined. As the same process is repeated with the lower adherend, finally, 
after some mathematical manipulation given in Publication IV, the local shear (v) 
and opening (w) displacements along the adhesive can be derived using the 
determined locations of points Q’n and R’n. As the initial thickness of the adhesive 
layer is also known, the engineering shear (γxy) and opening (εy) strains can be 
calculated. As the calculation process is repeated at every X-coordinate location from 
the extracted displacement field, the strain distribution along the whole adhesive 
layer can be determined. 

 

Figure 30.  Schematic illustration of the control points used in the DIC data reduction scheme for 
determining deformation in adhesive (Publication IV). 
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The SLB tests were simulated by creating a FE model (Abaqus/Standard 2017, 
Dassault Systemes) using 3-D solid elements. Two element layers were used to model 
the adhesive. A further purpose of the numerical analysis was to analyse the ERR of 
the measurements with the VCCT to define the mixed-mode fracture criterion for 
the adhesive. The comparison of the shear (γxy) and opening (εy) strains between the 
FE and DIC results at the onset of the crack propagation are presented in Figure 31. 
It can be seen that there is a good correlation between the determined shear strains 
along the adhesive. On the other hand, the experimental opening strains in the 
adhesive are significantly greater than the numerically obtained values. The 
difference could not be explained by any features related to the used elements (type 
or size) or the material model in the FE analysis.  

 

Figure 31.  a) Shear (γxy) and b) opening (εy) strains in the adhesive for the SLB specimens at the 
crack onset (Publication IV). 

 
A plausible explanation for the observed difference was found when the fracture 
surfaces of the tested specimens were studied. Figure 32 depicts the profilometer 
image (by using InfiniteFocus G5, Bruker Alicona) of the SLB specimen’s fracture 
surface near the pre-crack tip region. During the specimen manufacturing, the thin 
foil used to create the pre-crack had wrinkled, presumably due to thermal 
expansion/shrinking, which formed the ridged topography in the pre-crack region. 
In these ridges, the wrinkle peak-to-peak amplitude of more than 100 µm was 
measured. Whereas the modelled specimen had perfectly smooth contact surfaces 
allowing horizontal sliding, in the experiments the wrinkled pre-crack interface 
induced external opening loading at the crack tip zone. Basically, the fraction of the 
mode I loading was higher than assumed in the tests, which has to be considered in 
the further analysis of the similar experiments. Also, the fabrication process of the 
pre-cracks using the applied thin PTFE foil needs more careful implementation in 
order to consistently achieve smooth pre-crack surfaces. 

The developed method to determine the strain distributions of an adhesive layer 
basing purely on the measured deformation fields of the deformed adherends, 
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instead of the direct measurement from the adhesive, proved to be efficient. With 
the introduced technique, the spatial resolution of the used DIC setup does not 
dictate the minimum adhesive thickness for successful strain measurements. The 
continuous strain distributions can thus be derived even from very thin adhesive 
layers, well beyond the VSG size of the DIC calculations. 

 

Figure 32.  The profilometer image of the surface topography in the pre-crack tip region (Publication 
IV). 

5.2.3 Evaluation of crack propagation in ENF fatigue test for adhesives 

Adhesive joints are advantageous over conventional joining technologies, especially 
due to their fatigue characteristics [99]. The three-point ENF technique was used 
here to carry out the fatigue testing for the epoxy film adhesive. The test method 
was selected due to its simplicity for specimen fabrication and the testing jig, and the 
prior experience obtained with static testing.   

In fracture tests where the mode I fracture dominates, the crack opens and can 
be rather easily examined, even visually. In the mode II dominating fracture, on the 
contrary, the detection of the propagating crack due to the shear deformation has 
been recognised as a challenging or sometimes impossible task [100],[101]. The task 
is even more complicated due to the fact that, generally, the crack does not form the 
well-defined tip but is characterised by a larger fracture process (FPZ) zone [97], 
[102]. The FPZ is understood as the non-negligible region in front of the distinct 
crack tip, where the adhesive has already undergone some softening damage. The 
damage can include, for example, plasticity, microcracking, microvoiding and crack-
branching [103]. The challenges in the reliable crack length determination have been 
overcome largely with the use of various numerical post-processing methods, which 
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are mostly based on the measured compliance of the specimen. From the changes 
in the specimen’s compliance, the so-called equivalent crack length (ae) for the ENF 
specimen can be determined according to the compliance-based beam method 
(CBBM), as described by de Moura [104]. The value of ae can finally be used to 
determine the fracture toughness (GIIC) of the joint. Even though ae in theory takes 
the FPZ into account, it is not the identical measure for the actual size of the 
damaged region in adhesive. Publication V presented a method to study the 
development of the plasticised (or damaged) region of the adhesive using DIC.  

The full-field displacement field of the fatigue tested specimen was acquired as 
presented in section 4.5. Even though the opening (peeling) of the joint in this almost 
purely mode II loaded specimen is not intuitive, small deformation occurs. This 
opening is presumed to originate mostly due to formed microcracks, which increase 
the volume of the adhesive as well as the contact surface roughness/waviness in the 
split region of the ENF specimen encountering the shear-induced sliding. The 
vertical displacement was extracted from the derived DIC field data along the lines 
above and below the adhesive from the adherends, as depicted in Figure 33. The 
minimum distance of the picked displacement values from the adhesive midline was 
always more than half of the adhesive thickness plus half of the used subset size. 
This ensured that the local displacement values were extracted outside the region 
where the high local deformation gradient due to the adhesive-adherend interface 
emerges. 

 

Figure 33.  The tested ENF specimen with the applied DIC pattern. a) The lines along which the 
vertical displacement data was collected. b) The basis of the crack length determination 
method (Publication V). 

From the results, the opening displacement difference of the adherends was 
determined at the pre-crack tip location. The initial displacement difference at the 
known pre-crack tip location (at the maximum loading from the first cycle) was used 
as the threshold value to define the crack location, or the length of the damaged 

 

71 

region. Using a MATLAB script, a similar threshold value was then sought from the 
sequential curve pairs obtained as the fatigue test proceeded (Figure 33). Figure 34 
presents an example of the test result in which the smooth progression of the 
measured opening separations between the adherends is shown.  

 

Figure 34.  The progress of the opening separation curves along the adhesive, where the black dots 
present the location of the instantaneous crack length based on the similarity to the initial 
threshold value (Publication V). 

In addition to the DIC-based method, the crack propagation was determined by 
purely visual means and analytically using the CBBM method. The visual detection 
of the crack length or the damaged material was difficult, but weak inclined cracks 
in the adhesive could be detected by detailed inspection of the recorded images 
representing the crack length, as shown in Figure 35. The DIC-based method 
corresponds well with the visual observations. On the other hand, the difference 
between the results provided by the CBBM method is significant. 

The penetrating fluid method to evaluate the cracked regions in the specimens 
was used with the test specimens, the cycling of which was stopped well before the 
crack had propagated near the central loading pin. The colouring presented in Figure 
36 indicates that two distinct regions were revealed. The length of the dark-coloured 
region corresponded well with crack length obtained with the CBBM method, 
whereas the pink region matches the result obtained with the DIC-based method 
(Table 7.  
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Figure 35.  The comparison of the three crack length determination methods (modified from 
Publication V). 

 

Figure 36.  The fracture surface of the separated fatigue specimens after the penetrating fluid 
treatment from the test, which was stopped after 1500 cycles (upper) and 2000 cycles 
(lower) (Publication V). 

Propagation 
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Table 7.  The determined crack lengths using the different methods in Publication V. 

 

Specimen 

Penetrating 
fluid, purple 
(crack) area 

[mm] 

Penetrating 
fluid, pink 
(FPZ) area 

[mm] 

Effective 
crack length 
(CBBM) ae 

[mm] 

DIC, 
opening-

based 
[mm] 

Stopped after 1500 cycles  4-5 17 3.5 19 

Stopped after 2000 cycles  11-13 22-32 10 30 

 

The DIC method based on the detection of the slight opening of stiff adherends 
was shown to be suited to quantitatively measuring the length of the damaged region 
in the ENF tests. Basically, this damage contains the region where the first 
microcracks develop, but which globally does not have a significant effect on the 
load-bearing ability (under bending) of the specimen. However, as the cycling 
continues, finally the microcracks coalesce and form a continuous crack, which is 
detected as the increased compliance of the test specimen. The schematic 
presentation of the presumed process of the crack propagation is depicted in Figure 
37.  

 

Figure 37.  Schematic presentation of the observed propagation of the crack in the adhesive layer as 
the test proceeds (a-d). First, the inclined repeating microcracks develop, and eventually 
they coalesce near the upper adhesive-adherend interface. The orange colour indicates 
the continuous crack. 
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The results suggest that the microcracked adhesive region does not affect the 
instantaneous rigidity of the similarly bent specimen. However, as the formation of 
such damaged adhesive in real applications due to fatigue can also be assumed to 
exist, the micro-damaged region can actually play a significant role when the loading 
spectrum is more complex. For example, as the direction of the loading is changed 
from a mode II- to mode I-favoured failure type, the microcracked region is assumed 
to perform differently (is very weak). In addition, the environmental ageing can be 
assumed to have more critical effects on the microcracked region compared to the 
virgin material. The influence of the damaged region ahead of the distinct crack in 
thin adhesive layers thus remains an interesting topic for further research. 
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6 SUMMARY AND RESEARCH HYPOTHESES 
REVISITED 

The use and popularity of DIC methods have increased greatly over the last two 
decades, and DIC has already become a matured tool in experimental studies in 
mechanical testing of materials and structures. Although the potential of the 
methods is acknowledged and tested widely, conventional methods for carrying out 
the deformation measurements are still largely used. This is due to the established 
testing procedures and standards, but also because of their simplicity and known 
precision. Nevertheless, the broad change from the conventional discrete 
measurement techniques of deformation to the optical full-field methods continues, 
and the exploitation of the systematic use of DIC in material testing will indubitably 
increase in future at a rapid pace. 

In this thesis, the deformation of highly different varied materials and specimens, 
ranging from extremely soft hydrogels to rigid fibre-reinforced polymers and bi-layer 
test specimens, was examined using DIC in the selected compression and fracture 
mechanics testing methods. The acquired full-field deformation data using the 
contactless experimental method enabled thorough investigations of the test 
specimen response. The novel scientific contributions of the thesis rely on the 
introduced and demonstrated enhancements achieved by the systematic use of the 
DIC on the selected material test methods, which are used regularly within the 
material science community.  

The inclusion of the DIC in the established test methods was shown to improve 
their applicability, especially for non-linear and heterogeneous materials. Instead of 
measuring the specimen deformation by pointwise methods, the available full-field 
deformation data enabled the characterisation of the local specimen response with 
adjustable spatial resolution. This allows us to characterise materials and identify 
their properties using desired level of homogenisation. The use of DIC also reduces 
the number of unknown factors in the analysis of the test results, which cause 
operator-, specimen- or testing jig-related bias to the results that decrease the 
precision of the methods. Examples of the significant factors that were revealed and 
identified by the DIC measurements include sub-surface voids and uneven surfaces 
in test specimens, tilted testing jigs, and varying contact friction on the test surfaces.  
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The available full-field data enabled us to obtain accurate and detailed 
information from the multi-material test specimens, which was utilised to develop 
novel strategies to analyse the test outcomes. The data was used to create operator-
independent methods to evaluate crack propagation in the selected, mode II-
dominated fracture mechanics tests with bi-material test specimens.  

Generally, the more detailed raw data provided by the DIC can be exploited in 
improving the performance of computer-aided modelling and simulation. The 
simulations based on numerical analysis can be used to expand the current 
characterisation methods to better understand the material behaviour and to enable 
the use of more accurate and efficient techniques in virtual research and 
development of industrial components.   

 

1. DIC can be used to validate the test response in the unconfined compression of hydrogel 
materials (Publication I) 

The mechanical testing of hydrogels is challenging due to their intrinsic nature as 
being extremely soft, watery and transparent materials. Of the regular test types, 
compression testing is the most commonly used method due to the simple test 
specimen geometry and loading fixtures (two anvils). The materials show strong non-
linear stress-strain behaviour and very strong rate dependency, and various 
procedures have been utilised to perform the compression tests. The specimen 
deformation has often been measured solely using the traverse of the crosshead from 
the test apparatus, because contacting devices cannot be used due to the softness of 
the materials. However, the possible imperfect specimen geometry, or slightly 
inclined compression plate fixtures, can easily cause test artefacts on such measured 
data. Also, the friction between the soft specimen and compression plate surface 
cause significant barrelling of the specimen (uneven Poisson effect). The 
determination of the true deformation of the compressed test specimen is thus of 
great importance in determining the valid material characteristics, like Young’s 
modulus, strength, and relaxation constants. 

The stereo DIC method was used to measure the true deformation of the 
compressed hydrogel cylinder. The random speckle pattern was generated on the 
transparent material specimen by applying fine carbon black powder on the surface 
of the wet specimen. The measured 3-D deformations enabled the determination of 
the true instantaneous geometry of the specimen, which allowed the true stress at 
the centre of the compressed cylinder to be defined. Moreover, the measured 3-D 
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deformation results revealed the importance of the constant contact friction at both 
compression plates for inducing symmetrical specimen deformation to obtain a 
repeatable test response. 

 

2. A set of elastic constants can be solved by enhanced use of small specimen size and DIC 
for fibrous composite materials (Publication II) 

Standard test specimens cannot always be practically fabricated, or include the 
correct effects of certain manufacturing methods, but still the accurate material 
properties need to be known, for example, in applying realistic material models used 
for simulations. This holds especially true for polymer composite materials whose 
final properties can be strongly dependent on the selected manufacturing method. 
For example, if the final product will be a curved component manufactured with the 
strip winding technique, it is practically impossible to fabricate standard material test 
specimens using the same fabrication process with the same fabrication-based 
effects. Changing the manufacturing method would have unknown effects, for 
instance, on the reinforcement orientation and fibre volume content of the 
composite material, thus affecting the determined material properties. 

A method was introduced based on a series of compression tests using a cut prism 
specimen of a proper size to apply an actual sample of a manufacturing method of 
composite. The DIC is used to determine the full-field strain data at the surface of 
the compressed specimen. The local strain mapping provided by the DIC allows the 
study of the intrinsic heterogeneity of the composite specimen caused by 
reinforcements, and the definition of the representative region for deriving valid 
strain data in the studied specimens. With the introduced method, three direction-
dependent elastic moduli, including the out-of-plane modulus, and six Poisson’s 
ratios can be determined from a single small test specimen. 

 

3. The reliability of the notched coating adhesion test method can be improved by using DIC, 
even when a highly non-linear coating is used (Publication III) 

The established NCA fracture test method for determining the fracture toughness 
of a coating-substrate interface is based on the detection of the onset of the coating 
debond during the experiment. In the literature, an analytic 2-D solution was derived 
to determine the critical energy release rate using the critical strain at the mixed-



 

76 

The available full-field data enabled us to obtain accurate and detailed 
information from the multi-material test specimens, which was utilised to develop 
novel strategies to analyse the test outcomes. The data was used to create operator-
independent methods to evaluate crack propagation in the selected, mode II-
dominated fracture mechanics tests with bi-material test specimens.  

Generally, the more detailed raw data provided by the DIC can be exploited in 
improving the performance of computer-aided modelling and simulation. The 
simulations based on numerical analysis can be used to expand the current 
characterisation methods to better understand the material behaviour and to enable 
the use of more accurate and efficient techniques in virtual research and 
development of industrial components.   

 

1. DIC can be used to validate the test response in the unconfined compression of hydrogel 
materials (Publication I) 

The mechanical testing of hydrogels is challenging due to their intrinsic nature as 
being extremely soft, watery and transparent materials. Of the regular test types, 
compression testing is the most commonly used method due to the simple test 
specimen geometry and loading fixtures (two anvils). The materials show strong non-
linear stress-strain behaviour and very strong rate dependency, and various 
procedures have been utilised to perform the compression tests. The specimen 
deformation has often been measured solely using the traverse of the crosshead from 
the test apparatus, because contacting devices cannot be used due to the softness of 
the materials. However, the possible imperfect specimen geometry, or slightly 
inclined compression plate fixtures, can easily cause test artefacts on such measured 
data. Also, the friction between the soft specimen and compression plate surface 
cause significant barrelling of the specimen (uneven Poisson effect). The 
determination of the true deformation of the compressed test specimen is thus of 
great importance in determining the valid material characteristics, like Young’s 
modulus, strength, and relaxation constants. 

The stereo DIC method was used to measure the true deformation of the 
compressed hydrogel cylinder. The random speckle pattern was generated on the 
transparent material specimen by applying fine carbon black powder on the surface 
of the wet specimen. The measured 3-D deformations enabled the determination of 
the true instantaneous geometry of the specimen, which allowed the true stress at 
the centre of the compressed cylinder to be defined. Moreover, the measured 3-D 

 

77 

deformation results revealed the importance of the constant contact friction at both 
compression plates for inducing symmetrical specimen deformation to obtain a 
repeatable test response. 

 

2. A set of elastic constants can be solved by enhanced use of small specimen size and DIC 
for fibrous composite materials (Publication II) 

Standard test specimens cannot always be practically fabricated, or include the 
correct effects of certain manufacturing methods, but still the accurate material 
properties need to be known, for example, in applying realistic material models used 
for simulations. This holds especially true for polymer composite materials whose 
final properties can be strongly dependent on the selected manufacturing method. 
For example, if the final product will be a curved component manufactured with the 
strip winding technique, it is practically impossible to fabricate standard material test 
specimens using the same fabrication process with the same fabrication-based 
effects. Changing the manufacturing method would have unknown effects, for 
instance, on the reinforcement orientation and fibre volume content of the 
composite material, thus affecting the determined material properties. 

A method was introduced based on a series of compression tests using a cut prism 
specimen of a proper size to apply an actual sample of a manufacturing method of 
composite. The DIC is used to determine the full-field strain data at the surface of 
the compressed specimen. The local strain mapping provided by the DIC allows the 
study of the intrinsic heterogeneity of the composite specimen caused by 
reinforcements, and the definition of the representative region for deriving valid 
strain data in the studied specimens. With the introduced method, three direction-
dependent elastic moduli, including the out-of-plane modulus, and six Poisson’s 
ratios can be determined from a single small test specimen. 

 

3. The reliability of the notched coating adhesion test method can be improved by using DIC, 
even when a highly non-linear coating is used (Publication III) 

The established NCA fracture test method for determining the fracture toughness 
of a coating-substrate interface is based on the detection of the onset of the coating 
debond during the experiment. In the literature, an analytic 2-D solution was derived 
to determine the critical energy release rate using the critical strain at the mixed-



 

78 

mode debond onset. A known challenge in the NCA test is carrying out the detection 
of the debond of the coating objectively. The conventional method is based on pure 
visual observation, where the operator undoubtedly has a significant role in defining 
the ‘accurate’ onset. Also, several indirect means have been used based on linking 
the debond onset to the changes in the measured force or specimen deformation. 
Unambiguous direct linking of the observations is, however, challenging and can 
lead to high scatter in the final results. The challenges with conventional methods 
increase further as the heterogeneity and the non-linearity of the tested materials 
increase.  

A method was developed to quantitatively determine the propagation of the 
coating debond. The technique is based on measuring the full-field strain data of the 
coating using DIC. From the results, the instantaneous debond length can be 
determined and linked to the global specimen strain. The process eliminates the 
operator-based subjective effects on the determination of the critical strain at the 
coating debond. In addition, the determined instantaneous debond length and the 
debond shape based on the DIC measurements offer essential raw data that can be 
used in defining numerical solutions for the problem based on the CZM, for 
example. The simulations based on CZM or VCCT also take the 3-D effects into 
account, which can have severe effects on specimen behaviour, especially when non-
ideal test specimens are used (e.g. with in various sizes). 

4. DIC can be used to quantify the local strain state and crack propagation in mode II-
dominated quasi-static and fatigue experiments, even for joint specimens with thin bond 
lines (Publications IV and V) 

The extensive characterisation of adhesives requires several different tests to be 
performed. In addition to the bulk mechanical properties of the material systems, 
the fracture toughness characteristics are the most essential information required in 
the design of modern adhesive joints. Different test methods exist to determine the 
property values under mode I (opening) or mode II (shear). Naturally, in real 
applications, most cases consist of a combination of the modes, due to which also 
mixed-mode tests are carried out to enable the formulation of more accurate fracture 
criterions. 

Many of the original test methods are based on the detecting of the crack tip at 
the test specimen and following its propagation as the test progresses. In mode I-
type tests, the crack opens and its width increases, which makes its experimental 
detection easier. However, in mode II (dominated) tests, the crack propagates under 
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out-of-plane shear, making its accurate visual detection challenging, and sometimes 
practically impossible. Due to this, different specimen compliance-based strategies 
have been introduced to avoid the requirement for the direct crack propagation 
measurements. However, a variety of different approaches exist, and their outcomes 
are not always comparable, due to different presumptions and operator selections in 
the analysis of data.  

Nowadays, the fracture mechanics characteristics are determined regularly using 
numerical analysis methods by simulating the test specimen response related to the 
experiment in question (inverse methods). For fitting the models to simulate the 
observed specimen behaviour, the precise crack tip location, however, should be 
known. Moreover, the local deformation along the adhesive layer, if known, could 
be used to improve the fit of the models. 

A technique based on DIC was introduced and demonstrated to experimentally 
determine the local opening (‘mode I’) and shear (‘mode II’) deformation along the 
thin adhesive layer in joint specimens, as conventionally used in ENF and SLB tests. 
The method is based on measuring the accurate deformation of the rather rigid 
substrates, which then enables the derivation of the local deformation along the 
actual adhesive layer. With the introduced method, local strain values from the very 
thin adhesive layers, even beyond the direct spatial resolution of the used DIC setup, 
can be determined. 

Also, a method was developed based on the local crack opening deformation data 
provided by the DIC at the adhesive bond line, which can be used to monitor the 
progression of the damaged adhesive zone in cyclic-loaded mode II tests. The results 
showed that the size of the fracture process zone ahead the distinct crack tip in the 
fatigue-degraded specimens is significant and not constant over the test time. This 
finding underlines the need to carefully consider the development of the process 
zone within the analysis method of fatigue test data.  
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provided by the DIC at the adhesive bond line, which can be used to monitor the 
progression of the damaged adhesive zone in cyclic-loaded mode II tests. The results 
showed that the size of the fracture process zone ahead the distinct crack tip in the 
fatigue-degraded specimens is significant and not constant over the test time. This 
finding underlines the need to carefully consider the development of the process 
zone within the analysis method of fatigue test data.  
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Abstract
Fracture modes I and II interact in mixed-mode loading conditions, and

the interaction is typically taken into account using a mixed-mode fracture
criterion. In this work, a concept for defining the criterion is developed
through an experimental-numerical simulation analysis. The mixed-mode
behaviour for the criterion is tested and analysed with a single specimen
design. The design of the specimen simplifies the measurement when
complex test arrangements and preparations for various specimen
geometries are excluded in practice. Here, the mixed-mode fracture
behaviour of the specimen is analysed in detail using digital image
correlation (DIC). The DIC data is used in collaboration with a finite element–
based crack onset analysis, including the virtual crack closure technique, in
order to consider the typical simplifications and their effects on the mixed-
mode criterion. As a benchmark case, the fracture criterion is determined for
an epoxy film adhesive FM 300-2 using the developed approach. The
developed approach was shown to be feasible and effective for defining the
mixed-mode fracture criterion. The determined Power law criterion's
exponents were below unity, which points out that the common (presumed)
exponent values in the current literature are actually unconservative.
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1. Introduction

Adhesively bonded joints are typically designed to carry shear loads. This
type of pure single-mode loading can be computationally analysed by
comparing the energy release rate (ERR) – provided by the selected
numerical analysis – to the critical ERR provided by the experiments. A pure
single-mode loading is scarce in real applications, where joints will also meet
peeling loads, e.g., loads that typically exist at the edges of the joints. The
actual loading in the adhesive layer is a combination of both peeling and
shearing loads. The interaction of mode I and II can cause failure to occur
when total ERR is less than critical value of either modes [1]. Shearing and
peeling fracture modes have an interaction which is taken into account by
using an adjusted mixed-mode fracture criterion. Several mixed-mode
fracture criteria have been developed [2, 3, 4]. One of the most typical
fracture criteria is the power law. The power law is typically formulated
using only two fracture modes (I and II). The power law is commonly
implemented in the commercial finite element (FE) codes, such as Abaqus
[5]. The power law criterion can be extracted in the following form:

+ = 1 (1)

where and are the ERRs evaluated in the analysis of the joint and
and are critical ERRs determined for the adhesive (layer). The
parameters and are the fitting parameters.

The mixed-mode criterion is an equation which is fitted based on
experimental results. The experimental methods for describing pure single
fracture modes (I and II) have been developed and are essentially standard.
A test using a double cantilever beam (DCB) specimen is the standard test
method for mode I testing [6]. The methods for mode II testing include end-
notched flexure (ENF), an end-loaded split (ELS),tapered end notched flexure
(TENF) and end loaded shear joint (ELSJ) [7]. Standardised methods do not
exist for fracture mode III.
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The determination of the criterion (fitting) parameters requires
experiments describing the mixed-mode behaviour. The mixed-mode testing
for composite delamination is typically performed using mixed-mode
bending (MMB) apparatus [8]. The MMB apparatus allows changing the
mixed-mode ratio between modes I and II. Currently, no mixed-mode
standard exists for adhesive testing. Various mixed-mode test specimens
have been used for adhesives in the current literature and they include: an
asymmetric tapered DCB specimen [9], a fixed-ratio mixed mode (FRMM)
specimen [10], a mixed-mode flexure (MMF) specimen [10], an Arcan-type
specimen [11, 12] and a single leg bending (SLB) specimen [13]. The different
mixed-mode specimens in a loaded condition are visualised in Fig. 1 for
clarity.

Figure 1: Different mixed-mode specimens in a typical loading condition. The colour range
illustrates the estimative load intensity (von Mises).

In this work, a concept for defining the mixed-mode behaviour by using a
single-specimen design, mainly based on SLB geometry, is developed. The
test method is based on a simple three-point bending test setup, instead of
using complex testing apparatus. The developed concept is applied for
defining the mixed-mode fracture criterion for a structural, highly toughened
epoxy film adhesive (FM 300-2 by Cytec). In addition to the mixed-mode
testing, mode II (ENF) tests were performed for the selected adhesive. The
mode I (DCB) results for the joints (FM 300-2) have been published in our
previous work [14] and are the reference for the mode I results.

In addition, the mixed-mode deformation at the crack is studied in detail
using the digital image correlation (DIC) method. The deformation is studied
in terms of peel and shear strains. Strains are widely used for defining the
sustainability limits of adhesive in the design of intact joints. The adhesive
properties are typically defined under pure shear with a thick-adherend lap
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shear (TALS) specimen. The target of applying the DIC was to verify the
mixed-mode condition and provide an estimate for the maximum strains
near the crack. The post-processing of test results via the ERR basis are
performed with the virtual crack closure technique (VCCT), and a
comparison of the adhesive behaviour amidst the crack tip is performed on a
micro-meso length scale. The DIC results are compared with the numerical
results for defining the representativeness of the DIC and the post-processing
method.

2. Materials and methods

2.1. Materials and test specimens
ENF and SLB test specimens were prepared for the testing of this study.

The materials of the specimens were identical for all of the specimen series.
The specimen adherends were machined out from an aluminium alloy plate
(Alumec 89, Uddeholm). The nominal thickness of the aluminium plate was
15 mm and 15.7 mm for ENF and SLB specimens respectively. The Young’s
modulus of 71 GPa and Poisson’s ratio of 0.3 were used in all of the analyses
for the aluminium. The epoxy film adhesive FM 300-2 (Cytec) was used in all
of the specimens and the properties were estimated using the work carried
out by Ishai et al. [15], who studied the adhesive FM 300 (Cytec). The values
of 2.45 GPa and 0.38 were used for the Young’s modulus and the Poisson’s
ratio respectively. Jokinen et al. [14] defined that the fracture toughness
value of GIc = 1820 J/m2 for the adhesive FM 300-2 should be used when
determining the fracture criterion.

The dimensions of the test specimens are shown in Figs. 2–3. The average
widths of the SLB and ENF specimens were 20.10 mm and 16.94 mm
(measured) respectively. The average adhesive thickness of the ENF, SLBa
and SLBb specimens were 0.71 mm, 0.40 mm and 0.67 mm respectively. Both
specimens were fabricated using two adhesive plies, and the pre-existing
crack was applied between the adhesive plies, as shown in Figs. 2–3. The
adhesive thickness of the prepared SLBa specimens was determined to be
lower than the other specimens. The manufacturing process was identical for
all the specimens but the scatter in the processing devices and practical
preparations resulted in 27 % deviation in the actual value of adhesive
thickness (average SLBa thickness 0.4 mm and average SLB thickness 0.67
mm). The average pre-crack lengths of the ENF, SLBa and SLBb specimens
were 107.88 mm, 24.63 mm and 29.48 mm respectively. The geometry for
SLBa and SLBb specimens are the same, but the loading direction is opposite.
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The pre-treatment of the adhesive bonding was performed using Sol-Gel
handling [16], and finally, the adhesive was cured in an oven (120 °C) under
a vacuum bag. The bonding was performed by joining larger plates, which
were water-jet cut to the final specimen width after curing. Two identical test
series of SLB specimens were formed, which are referred to as SLBa and SLBb
later in this study.

Figure 2: ENF specimen testing and the dimensions applied in this study.

Figure 3: SLBa and SLBb specimen testing and the dimensions applied for the tests in this
study.

2.2. Experimental testing
The ENF testing was performed using a universal testing machine (Dartec,

100 kN) with the three-point bending setup. The displacement in the
specimen middle point was measured using an auxiliary displacement
transducer (WA-T 20 mm, HBM). The SLB tests were performed with a

Pre-crack
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universal testing machine (5967, Instron, 30 kN). The tests of SLBa and SLBb
were carried out with the three-point bending jig with the support and
loading cylinders having a diameter of 10 mm. For the SLBb test, the support
jig was modified for maintaining the horizontal orientation of the specimen.
The difference between the tests are shown in Fig. 3. The crosshead
displacement rate was 2 mm/min and the test programme for the SLBa and
SLBb tests consisted of a constant loading and unloading steps corresponding
to 4 mm and 3 mm midpoint deflection respectively. The load and the
crosshead displacement data were collected with the integrated software
(BlueHill 3, Instron). The strain at the bottom surface of the SLB specimen
(below the loading cylinder) was measured using a foil strain gauge (5 mm
gage length by Kyowa [Japan]) connected to Labview SignalExpress software
(National Instruments). The SLBa test arrangement is presented in Fig. 4.

Figure 4: The SLBa testing set-up including the three point bend pins and a specimen with a
strain gauge. The specimen is also provided with a speckle pattern for DIC.

2.3. DIC and the determination of adhesive deformations
In a typical DIC technique, the studied surface is divided into small facets

(i.e. subsets) whose movements are then tracked from image to image. A
subset needs to have enough unique features to be distinguished from other
subsets, which is normally accomplished by applying some random speckle
pattern on the surface. The precision and spatial resolution of the DIC
analysis largely depend on the used subset and step sizes. The position of the
centre point of each subset can be determined, and the density of the
computed points is controlled by the step size. Finally, a full displacement
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field can be determined, from which further strain fields can be calculated.
[17]

In heterogeneous structures, such as the ones consisting of materials with
very different mechanical properties, high spatial resolution is often needed
in order to be able to measure the deformation gradients accurately. In many
cases, by decreasing the subset size, the spatial resolution can be increased
but, simultaneously, the precision of the quantity of interest (e.g. the
displacement or strain) will decrease and vice versa. The maximum spatial
gradient that the DIC system can resolve depends on, amongst other things,
the image scale offered by the test set-up (or the final pixel-to-mm ratio), the
speckle size of the used pattern, and the subset and step sizes when carrying
out the analysis. [18, 19]

Here, the three-dimensional DIC technique was used to determine the
full-field displacements and strains during the SLB tests. The system
consisted of two 5 Mpix cameras (Imager E-Lite, LaVision), with the
objectives having the focal length of 50 mm, and synchronized LED flashes,
controlled with Davis 8.4 software (LaVision). The recording rate was 2 Hz.
The scale factor with the used test configurations ranged between 22–25
pix/mm. The correlation analysis was performed using subset and step sizes
of 25 pix and 7 pix respectively. The subset in the performed analysis
corresponded approximately a 1 mm x 1 mm square in the test coordination,
resulting in the applied DIC setup not directly offering a spatial resolution
that was high enough for the detailed quantitative analysis of the
deformations measured in the thin adhesive layer (t<0.7 mm) of the
specimens.

However to overcome this, the shear and opening deformations of the
bond line were determined with the following approach. It is assumed that
the adherend behaviour is purely elastic during the given loading (Section
2.2), where the normals of the neutral axis of the specimen remain normals
in the deformed state. First, the displacement vectors at the adherends of the
loaded specimen are determined along the length of the sample (in the x-
direction) at three different distances (here 1, 2 and 10 mm) from the midline
of the adhesive layer. The constant presents the ordinal of the exported DIC
displacement vectors where = 1 equals the location at the pre-crack. A line
is fitted using these three points by the least squares method for each x-
coordinate location ( ). The fitted lines and  are presented in Fig. 5,
where the points - are the points in the undeformed upper adherend at
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the location, and the points -  are then the same points in the
deformed state.

When the location of the adhesive mid-line is known in the x-y plane (the
origin at the pre-crack observed in the DIC images), the length of the vector

can be expressed as

= (2)

During the loading of the specimen, the compressive and shear strains in
the metal adherend, near the epoxy adhesive, remain small and it is assumed
that remains constant throughout the test. In the deformed state, the
location of the point is then given as:

(3)
where vector is parallel to line .

Figure 5: An illustration of a deformed specimen and the control/reference points used in
the DIC data analysis.
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A similar procedure is then performed for the lower adherend to determine
or the location of the contact point between the lower adherend and the

adhesive. Finally, the deformed adherend–adhesive contact points are
obtained throughout the region of interest along the x-axis for each .

During loading, the adherends rotate to angles , and ,  Thus, for a
thin adhesive layer its mid-line rotation can be defined with:

= 1, + 2, 2. (4)

Taking the rigid body rotations into account, as described in detail by
Hogberg et al. [20], we can determine the shear ( ) and opening ( )
deformations of the adhesive bond line in a (x,y) coordinate system with the
known rotation:

= cos + ( + ) sin  , (5)

= ( + ) cos sin (6)

where = , =  and = .

Finally, the engineering shear strain ( ) and opening ( ) strains over
the whole adhesive bond line and from each DIC image are calculated as
follows:

= (7)

and
= (8)

2.4. FE analysis and VCCT
FE models representing SLBa, SLBb and ENF specimens were created

using Abaqus/Standard 2017 (Dassault Systemes). The adhesive layers were
included in addition to the aluminium adherends of the specimens. Adhesive
and adherend parts were joined using the tie constraint. This allowed the
usage of dissimilar meshes between the adhesive and the adherend. The
applied FE models were modelled using 3D solid elements. The elements
were C3D8R and C3D8I for the adherend and adhesive parts respectively.
The typical element dimension in the adherend and adhesive parts were 2.5
mm and 0.35 mm respectively. Typical element size was constant throughout
the adhesive and adherend and no mesh grading was applied. ENF and SLBa
element meshes are shown in Fig. 6. The SLBb mesh was practically similar
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than SLBa excluding difference in adhesive element thickness. The VCCT was
used for analysing the ERR in all of the tested specimens. The VCCT was
originally developed by Kanninen and Rybicki [21] and is based on Irwin’s
crack closure integral. The VCCT has been used in the analysis of various
bonded joints [22, 23, 24]. The VCCT evaluates the momentary ERR using the
reaction force at the crack tip and the separation of displacements next to the
crack tip. The ERR for mode II can be extracted from the equation:

=  , (9)
where is the (nodal) reaction force, is the separation, and and

are the width and the element length respectively. The VCCT evaluates other
fracture modes in a similar way. The interface required by the VCCT was
modelled at the midline of the adhesive part, which also equals the ’cohesive’
debond surface (which is between two adhesive film plies in reality).

Boundary conditions of ENF and SLBa are presented in Figure 6. All three
models had boundary conditions in two locations. These locations presented
supporting boundary conditions at the specimen bottom (Figs. 2 and 3). The
boundary conditions were defined using partition lines for the whole width
of the model. The boundary condition (the precrack side) allowed  the
translation in the longitudinal direction of the specimen while others were
restricted. Another supporting boundary condition had all translations
restricted. The loading was attached to the nodal line at the longitudinal
middle of the specimen to the opposite side the boundary conditions. The
loading presenting the experimental average force was divided into nodal
points using the concentrated force in the FE analysis.

Figure 6: ENF and SLBa specimen models with the applied FE mesh and boundary
conditions.



11

3. Results

3.1. Fracture test results
The post-test fracture surfaces for the SLBa and SLBb specimens are

shown in Fig. 7. The fracture type in all the specimens was cohesive. The
force-displacement curves of the ENF, SLBa and SLBb experiments are shown
in Figs. 8, 9 and 10. The curves show a common trend. The curves first reach
a peak value, which is followed by a force drop caused by the crack onset and
propagation. The force growth continues soon after the drop. The unloading
curve of one specimen in the SLBa testing and for all of the ENF specimens
was not recorded.

Figure 7: Fracture surface fractography of SLBa (left) and SLBb (right) specimens after
testing.

Figure 8: ENF force-displacement curves, based on the experimental tests (the dotted line)
and FE analysis (the solid line).
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Figure 9: The SLBa force-displacement curves from the experimental tests.

Figure 10: SLBb force-displacement curves from the experimental tests.

A strain gauge was located in the middle point in the tension side of the
SLBa and SLBb specimens. The SLBa and SLBb related force-strain curves are
shown in Figs. 11 and 12. The specimen 2 strain gauge was observed to have
broken and the strain could not be read (SLBa testing). All the curves remain
essentially linear up to the peak load.
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Figure 11: SLBa experimental force-strain curves (the dotted line) and FE analysis maxima
(the solid line).

Figure 12: SLBb experimental force-strain curves (the dotted line) and FE analysis force-
strain curves (the solid line).

The average experimental peak load before the drop applied in the FE
analysis are presented in Table 1. These force values were used in the ERR
analysis per each test. The response of the FE analysis model was compared
to the experimental force-displacement curves of the ENF testing and the
force-strain curves of the SLBa and SLBb experiments. These VCCT results
are shown in Figs. 8, 11 and 12. The comparison between the FE and
experimental curves shows a good correlation in terms of the specimen
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stiffness. The FE provides slightly stiffer behaviour than the experimental
curves due to the negligible non-linearities during the experiments.

Table 1: The average experimental peak load applied in the FE analysis per test series.

SLBa SLBb ENF

Peak load before the drop [N] 11,045
± 419

4,696
±
134

9,362
±
739

3.2. Mixed-mode specimens DIC analysis
Figs. 13a and 13b show the full-field strain maps of the vertical strains

( ) (opening or compressive) and Figs. 14a and 14b show the shear strains
( ) for typical SLBa and SLBb specimens right before the initiation of the
crack propagation. In the SLBa test, a small compressive strain is generated
at the tip of the upper adherend specimen due to the slightly different
curvatures of the adherends around the pre-crack area (when the specimen
was loaded). The upper adherend’s free end thus acts as a local constraint
during bending, also causing slight opening-type (mode I) deformation in the
crack-tip locus in addition to dominant mode II loading in the SLBa. In the
SLBb tests, the strain distributions are more symmetrical, as seen in Figs. 13b
and 14b.

a)

Figure 13: The strain ( ) on (a) an SLBa specimen at 57 s (10.4 kN) and (b) an SLBb
specimen at 35 s (4.2 kN).

b)
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a)

Figure 14: The strain ( ) on (a) an SLBa specimen at 57 s (10.4 kN) and (b) an SLBb
specimen at 35 s (4.2 kN).

The shear and opening deformations of the selected median specimens,
calculated by Eqs. 5 and 6, are presented at the time of the crack propagation
onset along the adhesive layer in Fig. 15. Although, in the SLBa-type test,
there is a significant amount of opening deformation, the shear deformation
is the dominating deformation mode throughout the bond line. In the SLBb-
type test, it is seen that, near the crack tip (< 5 mm), the opening deformation
exceeds the shear deformation. It is also seen that, in this test type, the
opening of the adhesive bond changes into a small compressive deformation
at an approximately 11 mm distance from the crack tip.

Figure 15: Experimental shear and opening deformations in the adhesive layer in the SLBa
and SLBb specimens.

b)
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The resolved shear and opening strains determined with Eqs. 8 are shown
in Figs. 16 and 17. The figures also include the strains provided by the FE
analysis, which are needed for an accurate ERR determination. The
comparison of the DIC- and FE-based shear strains of the adhesive shows
good correlation. However, the comparison of the opening strain indicates
significant difference between the two methods. The DIC provided greater
values when compared to the FE analysis. The fracture surface revealed that
the release film used to prepare the pre-crack (thickness: 20 µm) had
wrinkled during the specimen manufacturing. An optical profilometer image
of an SLBa specimen (Fig. 18) shows the waviness of the pre-crack area to
have a peak-to-peak amplitude of approximately 100 µm. The small scale
sliding of the adherends free ends during bending with the observed wavy
surface topography causes some local constraint for the system. This, at least
partly, can explain the difference between the experiments and the
simulation because in FE the pre-crack surfaces are assumed to be smooth
and sliding relative to each other without any surface asperities hindering
the process.

Figure 16: Shear strain in the adhesive layer in the SLBa and SLBb specimens at crack
onset.
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Figure 17: Opening strain in the adhesive in the SLBa and SLBb specimens at crack onset.

Figure 18: Surface topography measured by using a profilometer close to the pre-crack tip
of an SLBa specimen.

3.3. Mixed-mode fracture criterion
The VCCT analyses were performed for all the three specimen types. The

VCCT evaluated the ERR distributions at the 3D crack tip, and these results
are shown in Fig. 19. Fig. 19 presents the mode I and mode II values for the
SLBa and SLBb specimens. Pure mode II is presented for the ENF specimen.
The mode II distributions have the highest values at the outer edges of the
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specimens in contrast to the fracture mode I. Specimen ERR distributions
should be presented with one value when determining the criterion. The
middle point (line) value of the distribution was chosen to be representative.
This selection basically follows the plane strain assumption, which is
typically used in two-dimensional FE analyses. The middle nodal point values
are collected into Table 2, which also presents the mode I DCB result [14].

Figure 19: Energy release rate distributions for ENF, SLBa and SLBb specimens and test
types.

Table 2: A summary of the fracture test–given ERR values at crack onset.

DCB SLBa SLBb ENF

[J/m2] 1820 200 1285 0
[J/m2] 0 4250 850 6230

Based on the defined ERR values (Table 2), curve fitting for the power law
criterion was determined. The least square method fitting was performed
using Isight software (Dassault Systemes). Fittings were performed for
unequal and , and also with equal values ( = ). The results of the fitting
survey are shown in Fig. 20. In addition, the experimental results and the
typically used linear criterion is shown (Fig. 20). Based on the results, the
power law defined by SLBa and SLBb specimens undoubtedly improves the
accuracy of the interaction between pure modes I and II for mixed loadings.
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The linear power law is shown to be non-conservative and the difference
between these fits is almost 20 percent.

Figure 20: The developed fracture criterions for linear fit and power law (unequal and
and equal ( = )).

4. Discussion

The usage of one common specimen design in a single loading condition
only provides a single-mode ratio value. More ratios can be achieved when
dimensions are modified per specimen design. In this work, two different
mixed-mode ratios are achieved using a single specimen design without
changing any dimensions of the specimen. The applied specimen geometry is
simple from the manufacturing point of view. The specimen is loaded under
three-point bending, which does not require the use of a complex testing jig
(e.g. as in MMB testing). Basically, the specimen geometry and the induced
loading are relatively similar to the ENF specimen testing.

The established testing method in the composite laminate mixed-mode
delamination testing is the MMB [8]. The MMB includes a complex loading jig
where the ratio between modes can be varied – this being an advantage. The
fracture processes of structural joints are typically much more ductile than a
composite interlaminar fracture. This results in having thicker adherends
with which to avoid adherend plastic deformation. Elastic adherend
deformation is typically required for standard material properties to be
evaluated. The increase in the specimen size, in turn, requires higher loading,
which should be taken into account when designing the loading jig. For that
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reason, the adhesive mixed-mode testing should aim for test with simpler
specimens and testing fixture [25].

The target of the testing was also to define the fracture criterion for FM
300-2. Tenchev and Falzon [26] stated that power law exponents are
typically between 1 and 2. Donough et al. [27] applied FM 300-2K in
experiments and an analysis of a single lap joint and skin-doubler joints. They
used a quadratic power law criterion in their analysis. Kim et al. [28] used an
exponent value of 1 when analysing scarf joints under in-plane loading and
impact. In the current literature, both Donough et al. [25] and Kim et al. [26]
presumed the order of the criterion, i.e. did not find the value of exponent
based on experimental data. Based on literature, power law exponents are
mainly assumed to have value of 1 or 2. The exponent values determined in
this study were less than 1. This means that the typical assumptions used in
the literature do not provide conservative results under mixed-mode
conditions for the current adhesive. The usage of the exponent value of 2
makes the situation even less conservative.

The maximum shear strains determined by DIC were roughly 0.15 and
0.05 in the SLBa and SLBb specimens respectively. The material data sheet of
FM 300-2K [29] provides 0.093 and 0.544 for knee and ultimate strains (knee
of the curve stands for significant change in slope of stress-strain curve).
Duong and Wang provided the values 0.083 and 0.3 for elastic and maximum
shear strains [30]. Here, the maximum measured strains in the SLBa
specimens are close to the linear and knee strains found from literature.
However, there is a difference when compared to the ultimate shear strains.
It can be assumed that, very near the existing crack tip, the strains are higher,
but this cannot be detected by the utilised DIC method due to restricted
spatial resolution. Generally, the stress-strain behaviour of adhesive shear
properties is studied using the TALS specimen. The shear deformation in
these specimens are distributed more smoothly than in the SLB specimens in
this study. Of course, this also minimises the mode I fracturing at the crack
tip, which was not the target of the SLBa testing.

5. Conclusion

In this work, an alternative concept for defining the adhesive mixed-mode
criterion is developed. The approach relies on a simple mixed-mode
specimen design (SLBa, SLBb) that is loaded under the three-point bending
condition. The specimen usage provides two different mode ratios. For a
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complete criterion, DCB and ENF tests are typically performed alongside each
other – as they are in this work. The fracture criterion for the epoxy film
adhesive FM 300-2 was defined with this approach. The power law criterion
exponents’ values were determined to be 0.58 and 0.85 for modes I and II
respectively and 0.71 when having equal exponents for both modes. The new
criterion provides lower values under mode-mixity conditions compared to
the typically used criterion with linear exponents.

Here, DIC was applied for the mixed-mode testing in order to understand
the precise mixed-mode loading of the adhesive. Because the DIC was not
able to directly determine strain distributions at the adhesive bond line
(thickness 0.4–0.67 mm), the DIC output was post-processed using adherend
reference points for determining (shear) strains in the adhesive. The
enhanced DIC analysis revealed the opening strains in the SLBb specimen and
in the SLBa specimen. The comparison of strain components amidst the crack
tip showed that the opening strains (defined by FE and DIC) differ
significantly while the shear strains had good correlation.
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