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Chapter 1

Introduction

The fracture of material is a challenging topic. It has been studied and exploited
since the early man starts to use tools (Figure 1.1). But still 2.5 million years
later, some fundamental aspects are unclear. In 2010, the standardization agency
ASTM withdraw its standard E338-03 Standard Test Method of Sharp-Notch
Tension Testing of High-Strength Sheet Materials as it contradicted the current
understanding of fracture mechanics. The standard described a test method for
sharp notch testing and a measure for sharp notch strength. The standard did
not provide a method to measure the absolute fracture toughness that is one of
the essential properties in crack propagation. This is an example of the constant
development and increasing knowledge in this research field.

Figure 1.2 shows a schematic fracture surface in two cases, “real” and simulated.
The surfaces and energy landscapes are in most cases self affine, for example
fracture surfaces in paper [2]. This means that there are finer and finer details
that in many cases cannot be observed during the experiment.

In the case of paper, there exists a flock scale and fiber thickness. The flock
scale is the same size as fiber length, lf = 1 mm and the fiber thickness is the
order of lt = 10 µm [4]. The point is that there are bonds between clusters and
bonds inside the clusters. Usually bonds between clusters are much weaker than
between elements. For example in metals fracture tends to propagate along grain
boundaries and lattice planes even if the boundaries are not directly orientated
along the expected fracture path indicated by global geometry [5]. It is unclear
when the propagating fracture surface follows grain boundaries and when it goes
through the grains.

In Chapter 2 the fracture geometry is somewhat surprising. A strip of paper is
peeled in half along the major plane of the paper sheet. As an example it is
possible to peel an A4 sheet to two sheets of A4s. The fracture geometry in this
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Fig. 1.1: First known use of fracture properties of materials: stone tools from
2.5 Million years ago. The figure is from Reference [1].
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Fig. 1.2: Schematic illustration depicts the difference of real (left) and observed
fracture surfaces (right). Direct observation of detailed fractured surfaces is
often impossible and averages or indirect observations like acoustic emission
have to be used. Surface on the right represents a digitized version (e.g. by
digital camera) of the surface on the left. Image is taken from Reference [3].

case is reduced to one dimension. The theoretical point of view is that there is a
line interface propagating in an elastic medium. Recent advances in functional
renormalization group theory allow the closer examination of this process.

In a different geometry, one can look at the strain concentrations in the surface
of a 2D paper sheet. Today, it is possible to analyze local aspects like strains.
The fracture problem can be divided into two subcategories: How the fracture
initiates and how it propagates. In a given structure, what are the precursors to
failures. From the engineering point of view: How long can you use the bridge
safely. Prediction of failure is discussed more detail in Chapter 3.

In Chapter 4, fracture propagation is presented with a complex geometry of two
interacting cracks. Now the material already has a large enough defect that ini-
tiates the crack growth. The question is, where is the crack going to turn, if
anywhere. The topic is interesting and challenging at the same time. The frac-
ture mechanics was born at the beginning of the 20th century as Griffith and
Irwing studied the growth criteria of elliptic cracks. In linear elastic fracture
mechanics, the starting point is the linear elasticity (Hooke’s law) and equilib-
rium equations from continuum mechanics. In the 1950s Williams solved these
equations in a plane geometry with a narrow elliptic crack. In his solution the
first term is the only non-vanishing one near the crack tip. The prefactor of this
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term is called the stress intensity factor KI in the case of pure tensile loading.
The stress intensity factors KII and KIII correspond to in-plane and anti-plane
shear. These prefactors describe how much less force is needed to break the
sample with an existing crack than a sample without the crack.

Since a few years ago the technology has advanced enough for testing these
theories. It seems that for simple geometries the theories are correct. It is not
so clear in the case of more exotic geometries containing mixed mode loading
with tensile and shear stresses. It is experimentally shown in Chapter 4 for the
first time that curved cracks propagate along the path where the shear stress
intensity factor vanishes. To the authors knowledge there is no previous work
where the strain ahead the crack tip has been measured and compared to the
crack propagation direction in the case of curved crack paths.

The measurement system developed during this thesis is introduced in Chapter
5. The reason to develop the system was to obtain a way to easily combine
many different systems into one. The goal is to synchronize the data and control
the devices with ease. Just to mention, adding an existing acoustic emission
measurement device to the system took 30 minutes. Creating a control for water
heater hardware from scratch was less than a day. During the measurements,
the operator can concentrate on the samples and notes. The start and stop are
behind one button.
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Chapter 2

Peeling

This chapter relates to the papers I Creep of a fracture line in paper peeling
and II Line creep in paper peeling. The author has done the statistical analysis
of the experiments with constant load and disorder correlation analysis for both
simulations and experiments. Figures from 2.3 to 2.6 and the related text are
unpublished work. The goal of this unpublished analysis is to perform a com-
parison to functional renormalization group (FRG) theory and the renormalized
disorder correlator that produces a linear cusp at small correlation lengths. Also,
the moments of avalanche size distributions are calculated and compared to ones
obtained from FRG theory.

The original experiment set was done with a wide range of weights (driving
forces) ranging from 380 g to 533 g. The analysis for the whole experiment set
is discussed in References [6] and [7]. The correlation analysis in this chap-
ter concentrates in unpublished results with a subset of experiments that have
driving weight around 410 g. The reason for the subset is that with the extreme
weights, the events start to appear too sparse or they overlap too much. In both
cases the correlation analysis becomes too difficult.

An elastic line pinned in random potential [8] is observed in many physical
situations i.e. growth phenomena, domain walls, polymer chains, imbibition or
fluid invasion, liquid interface on a solid substrate [9] and fracture fronts. In
the last case one can construct a crack that is confined to a plane, for example
using an artificial solid-solid interface between two bulks [10]. Or again, one
could find a natural crack propagation plane, like in snow avalanches [11] or in
ordinary copy paper [7].

More or less in all the fracture cases above the problem reduces to the compe-
tition between the disorder and elasticity. In it its simplest form, one has three
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forces: i) A random pinning force that tries to keep the system in its local mini-
mum. ii) An elastic restoring force that tries to flatten the surface. iii) A driving
force that forces the system to change its state.

In the one dimensional case, the interface is identified as height, h, in a position
x. The elastic force generated by the elastic kernel J can be then written as

felastic(x) =

∫
dx′J(x, x′)(h(x)− h(x′)), (2.1)

The kernel J can be

Jshort = ∇2δ(x) (2.2)

Jlong =
1

(x− x′)2 , (2.3)

where Jshort corresponds to short range kernel and Jlong to long range kernel.
In Fourier space the former scales as q2 and the latter as q in a one dimensional
case [12]. In the next section experimental realization of the above equations
is introduced. Section 2.3 explains the normalization of the data and justifies
the comparison between simulations and experiments. The results obtained are
compared to theoretical predictions.

2.1 Experiments

The experimental device is introduced in [6, 7]. A 30 mm wide paper sheet is
peeled in half along its major plane between two rotating cylinders. This pro-
duces roughly a 30 mm wide fracture front which is driven through the sample.
The dynamics are intermittent as the driving force is constant.

The average height, h̄(t) and the acoustic emission (AE) is recorded during the
experiment. For h̄ an Omron laser distance sensor is used. The AE is recorded
using standard plate-like piezo sensors and analog preamplification and filter-
ing. The sample rate for both, AE and h̄ is 312.5 kHz, but due to noise the
data from the distance sensor is averaged over 300 scans, giving it a 1 ms time
resolution. The acoustic emission data is processed into ti, Ei pairs, where a
heuristic method is used to identify the event and its energy. The same method
is used in References [13, 14, 7, 6]. Figure 2.1 shows an example of the ti, Ei
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Fig. 2.1: The fracture process creates a set of discrete AE events, an energy time
series. Each circle represents an event with energy Ei and time ti.

timeseries for a single experiment. There is more that ten thousand events per
experiment.

A suitable driving mass is around 410 g. For higher masses (> 450 g) the
fracture front is constantly advancing (flowing) and for smaller masses (< 400
g) the front is stuck (pinned) for most of the time. Close to the mass 410 g there
exists a region where we observe rather symmetric height fluctuations with small
enough standard deviation. Fluctuations here mean the difference between the
actual front location and the location if the front would advance with a constant
speed. In Figure 2.3 the front location is normalized and fluctuations are seen
as excursions from the zero level. Let the excursion time be defined as the
time it takes the fracture front to pass the expected location of the front (or
zero level in Figure 2.3). With small or large driving weights the excursion
times become comparable to the experiment duration. This makes the analysis
based on autocorrelation difficult as it is expected that the signal is close to zero.
The difficulties even with good data can be seen in Figure 2.4 as the disorder
correlator (∼ autocorrelation of fracture front height) is oscillating around the
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zero level for large values of w.

2.2 Simulations

Experiments are compared to discrete dynamics simulations. The simulations
are not exactly creep itself but quasi-static. A line segment advances one step,
if a random force threshold is exceeded. A more detailed description for the
simulations is available in Reference [6]. Technical details can also be found in
[15].

Figure 2.2 shows the comparison between event energy distributions for con-
stant force experiments (labeled creep) and simulations. The experiment labeled
as “tensile” is a similar experiment but with constant speed [14]. In the tensile
experiment the average speed is imposed and the force is measured. Compare
this to creep experiment where constant force is applied and speed (location) is
measured. The distributions for waiting times τ = ti+1− ti and velocity are also
similar for all three cases [6].

The event energy distributions shown in figure 2.2 have the form P (E) ∼ Eβ .
The exponent β is found to be βc = −1.7 for the creep experiments [7] and βt =
−1.8 for the tensile experiments [14]. In the simulations the energy exponent
is slightly lower βs = −1.6. In all cases, the exponents are within the error
limits of β = −1.7 ± 0.1. The energy exponents are comparable to the burst
size exponent found in the similar plexiglass peeling experiment [10].

2.3 Correlation analysis

The goal in this and following sections is to normalize the data in a way that
it is possible to compare experiments with different average velocities. The
disorder correlator and its third cumulant are calculated in order to compare
correlation analysis to measurables obtained from avalanche size distributions.
The same measurables can also be calculated from the FRG theory. Similar
analysis can also be found in [9], where a silicon or cesium disc is submerged in
liquid isobutanol or hydrogen respectively. The substrate-liquid interface forms
a contact line that behaves similarly to the fracture front presented here.
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Fig. 2.2: Probability distribution of event energies. The tensile experiment refers
to similar experiment but with constant velocity. The figure is reproduced from
Figure 6 in Reference [6].

The average interface height, or fracture front location h̄(t) = 〈h(x, t)〉x is a one
dimensional time series. Before the heights are compared to other experiments
and simulation the height is normalized. First, h′, is defined as

h′(t) = h̄(t)− vavet− 〈h̄(t)− vavet〉t, (2.4)

where vave is the average propagation velocity for each experiment. Second, the
time is scaled to distance with average velocity: w = tvave. The outcome is
the normalized height, hn(w), as a function of distance, w with zero mean and
trend. Figure 2.3 depicts an example of the normalized height data. A typical
experiment is depicted with black. The three simulation cases represent the
short, long and periodic-long elastic kernels. In the normalized height, a burst
of events is seen as a fast increase in the front height. The event free silent time
is seen as the decrease in height.
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Fig. 2.3: Normalized height, hn(w) for a single experiment (black) and simula-
tions with short (red), long (green) and periodic-long (blue).

The experimental disorder correlator ∆(w) for normalized fracture front height
is defined as the autocorrelation

∆(w) = 〈hn(l)hn(l + w)〉l. (2.5)

The experiments match with a reasonably good accuracy to the simulations. Fig-
ure 2.4 depicts the normalized disorder correlator for experiments (solid black
line) as well as the simulations (red, green and blue). For experiments the corre-
lation length is about 1 mm. The other experiments labeled cesium and silicon
shown in Figure 2.4 are from [9] and scaled to match the experiment (black).
All solid lines have a cusp at w = 0. The dashed line is the experiment shifted
0.1 mm to the left. This shift illustrates that the slope after the beginning is
similar to the simulations, but the beginning is not. The rounding of the cusp
at w = 0 is most likely due to some correlated phenomena in the measurement
device e.g. inertia. Similarly, the negative bump at w = 2.5 mm is most likely
due to inertia in the device.
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Fig. 2.4: Disorder correlator for simulations and experiments. The peeling ex-
periment is in physical units and others are scaled to match. The data sets labeled
cesium and silicon are from [9].

2.4 3rd cumulant

In addition to the disorder correlator ∆ it is interesting to examine the third
cumulant Q,

Q(w) := 1/6

∫ w

0

dw′S3(w
′) (2.6)

S3(w) := 〈(hn(l)− hn(l + w))3〉l. (2.7)

The result is plotted in Figure 2.5. First, the slope, k, obtained from the exper-
iments is close to one half which is in good agreement with theory and simula-
tions. Literature gives values from 0.48 to 0.53 [16, 9]. Second, the short range
elastic kernel differs from the long range one. The long range kernel without
periodic boundaries matches especially good to cesium experiment.
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Fig. 2.5: Experiments are compared to simulations using the ratio between first
and third cumulants, see Equation (2.6). The simulation with short range kernel
differs from all of the others. The experiments labeled cesium and silicon are
from [9].

The avalanche size distribution is depicted in Figure 2.6. An avalanche is de-
fined as a group of events between times when front height hn passes zero level.
The avalanche size s is the integral of hn(w) at the corresponding interval. Fig-
ure 2.7 illustrates how the avalanche sizes are calculated.

In Figure 2.6 the distribution is normed such that the integral of first moment
equals one and second moment equals two. This gives an alternative way to
calculate the slope A in Figure 2.5 [9]. Using

A = 〈S3〉〈S〉/(3〈S2〉2) (2.8)

we get Aexp = 0.49, ASR = 0.49, ALRl = 0.51 and ALRc = 0.52. The estimated
error for calculation is ∆A = 0.05. Within this accuracy the values agree with
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Fig. 2.6: Avalanche size distribution for simulations and experiments. The ex-
periments also better match the long rather than short range kernel, although the
difference is not that significant. The figure is courtesy of Xavier Illa.

the slope A in Figure 2.5 except for the short range kernel that has a clearly
higher value.

2.5 Discussion

In this chapter it is shown that experimental and numerical realizations of a line
interface in random potential have the same characteristics. In publications I
and II it is shown that the simulation model has the same energy, waiting time
and velocity distributions.

The unpublished material shown here is supporting the observations found in
publications I and II. Here, events are observed through the disorder correlator
and its cumulants as well as avalanches. The calculated values for A coincide
with the literature values that are calculated using FRG theory.
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Fig. 2.7: Schematic figure that illustrates how avalanche sizes si are calculated.
A single avalanche the blue area under the curve with a label e.g. S1. The green
line represents the data from experiments or simulations. The black line in the
middle is the hn = 0 line.
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Chapter 3

Fluctuations and predictability

This Chapter relates to publications III Fluctuations and scaling in creep defor-
mation, IV Spatial fluctuations in transient creep deformation and V Statistical
properties of low cycle fatigue in paper. First the localization of damage in
paper is introduced and it is used to predict the failure. In the latter part of
this chapter, prediction is done using the Monkman-Grant relation [17]. Finally
the results are compared to viscoelastic fiber bundle simulations. This Chapter
also contains unpublished work that is related to predictability. Figures from
3.5 to 3.10 and the related text have only been presented in conferences. The
Monkman-Grant relation in paper creep is introduced in Publication IV.

Time dependent deformation is a difficult topic. The word “creep” itself could
also mean Chapter 2 type line propagation in elastic medium as in creep and
depinning [8]. However, in this thesis the word “creep” is reserved to the studies
of Andrade creep. The name comes from experiment that was done in 1910 by
E. Andrade [18]. He took a simple lead wire and loaded it with constant stress.
He observed a complex nonlinear response in elongation.

A typical creep experiment can be divided into three parts; primary, secondary
and tertiary creep. These regions are identified from their strain rate behavior.
In primary creep strain rate behaves as ε̇ ∝ t−θ where θ = 2/3 while here in
secondary creep θ = 1. One can also talk about logarithmic secondary creep
as strain ε is logarithmic. In the tertiary creep, strain rate increases and sample
fails [19].

In paper creep experiments the Andrade exponent of θ = 0.7 and the second
Andrade exponent θ′ = 0.55 is found [20]. The latter describes the decay of
fluctuations, the standard deviation of strain rate. The second Anrade exponent
is explained in detail in Publication III. Advances in computer speed and digi-
tal imaging have made it possible to obtain the local strains via Digital Image
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Fig. 3.1: Strain rate of a typical creep experiment (blue dots) illustrates the
primary and secondary creep regimes.

Correlation [21]. Figure 3.2 depicts an example of paper sample, where activity
sites are visible as high strain regions (red). Similar behavior is found in crystal
plasticity underlying the Andrade creep with a jamming or yielding transition
[22, 23].

3.1 Localization

In Publication V, the fluctuations are studied not only at the beginning, but
throughout the experiment. In this case, the loading protocol is cyclic fatigue
with considerably long loading and relaxation times. The number of cycles are
measured in tens unlike in more common fatigue testing with thousands or more.

During the experiment the strain concentrates to a few (hot) spots. One of these
spots develops into a microcrack that eventually breaks the sample. Despite all
the attempts, there seems to be no clear indication during primary creep, which
of the spots will develop into a microcrack. Figure 3.3 depicts the primary strain
rate εyy just before failure. The sample fails at the point where strain rate is
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Fig. 3.2: Large magnification of a paper sample with strain as contour plot over-
lay. The sample has been loaded for 100 seconds. Figure width is roughly 10
mm.

highest (red) in both cases. The increase in fluctuations, strain rate and acoustic
emission event rate are tightly connected, but how they are connected is unclear.

3.2 Predictability from the primary creep

In a brittle fracture process the sample-to-sample variation comes from the vari-
ation of modulus of elasticity and the tensile strength. These properties are often
uncorrelated within the same material. The tensile strength is determined by the
development of the critical crack [25] that cannot be predicted [26, 27]. On the
other hand, there exists some empirical laws suggesting that the lifetime is in
some sense predictable.

In this section it is hypothesized that the areas of high strain are due to exist-
ing weak spots, areas of low elastic modulus, low fracture toughness or similar
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Fig. 3.3: Strain rate εyy is shown as contour plot just before failure in cyclic
creep experiments. Nbreak is the sample lifetime in cycles. Figure is Figure 15
in Reference [24].

material property. These weak areas set the state of the sample at the beginning
of the experiment by breaking and determine the behavior of the rest of the ex-
periment. The sample can be thought to have brittle elements that break at the
beginning of the experiment creating strain and stress concentrations or even
microcracks. These strain concentrations can be measured and make it possible
to predict what happens next to the sample.

In this thesis predictability means the ability to predict what is the lifetime of
the sample. The goal is to predict this at the earliest possible time. In previous
sections, Andrade creep was found to have some general features. These fea-
tures can be used to estimate the lifetime of the sample. The samples related to
this section are standard 80 g/m2 copy paper sheets with dimensions of 100 x 50
mm. The load is usually constant 75 N applied within 5 seconds.

Lifetime is predictable from the beginning of the experiment. The primary to
secondary creep transition versus time is shown in Figure 3.1. The figure shows
a typical strain rate as a function of time with blue dots. The two lines indicate
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Fig. 3.4: The transition from primary to secondary creep region correlates with
lifetime. See Figure 3.1 for illustration of the transition.

the slopes that are expected for primary and secondary creep.

The time of transition ttrans from primary creep to secondary creep can be de-
fined in many ways. Here, the strain rate vs time data is fitted with theoretical
Andrade creep ε̇fit = at−2/3. The values of t start from the beginning of the
experiment and end with ttrans. The transition time ttrans is the largest time for
one which the error between the fit and data is less than 10 %. In other words,
increase the fit region until the error is larger than 10 %. This method is com-
parable to the usual methods how the yield point is calculated from stress-strain
data. However, the existing correlation is not strong.

The method explained above uses information only from the beginning of the
experiment and can predict the order of magnitude for the sample lifetime. Fig-
ure 3.4 shows that after ten seconds all the lifetimes can be estimated. For
example, if the transient time ttrans is less than 2 seconds, the experiment will
last tens of seconds. If the transient is larger than 4 seconds, the experiment will
last hundreds of seconds.
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Fluctuations, defined as standard deviation of strain rate, also correlate with
lifetime. Figure 3.5 shows the ratio of standard deviation per strain rate versus
lifetime. Here, the ratio is calculated at a fixed time of tr = 128 s from the begin-
ning. The result leads to rather expected conclusion. If the standard deviation of
strain rate is large, the sample has a small lifetime. This means that there exists
either one or more areas with high strain rate. It is reasonable to assume that the
area of high strain rate leads to microcracking and failure of the sample.

Fig. 3.5: Fluctuations at the beginning correlate with lifetime

3.3 Monkman-Grant relation

Creep fracture often includes both phenomena: strain hardening and softening.
In constant loading, the strain rate first decreases (hardening) after which the
strain rate increases. This produces a minimum strain rate.

The Monkman-Grant (MG) relation is an empirical result between minimum
strain rate and lifetime in a creep experiment. It was discovered by Monkman
and Grant in the 1950s when studying the creep of metal alloys [17]. Nowa-
days MG relation is a standard concept tool when studying metal alloys under
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constant loading. The original relation states that ratio between minimum strain
rate ε̇min and lifetime tc to a power γ is a constant,

ε̇min = Ct−γc . (3.1)

Figure 3.6 depicts the original MG relation with the value of γ = 1.2 for paper
experiments.

Fig. 3.6: Monkman-Grant relation applies for a wide range of experiments. Each
dot is an individual experiment.

In engineering literature the above equation is usually given in the form

tcε̇
m
min = C ′. (3.2)

The exponent γ is usually close to one, for metals it is found to be γ = 1.05 . . . 1.25
(m = 1/γ = 0.8 . . . 0.95). The value of C ′ for metals is typically C ′ = 3 . . . 20
[17].
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There exists also a modified Monkman-Grant relation:

tcε̇
n
min

εc
= C ′′, (3.3)

where εc is the strain at failure and n is close to unity. More recently [28], a
relation between time of minimum strain rate tm and lifetime has been used as

tm = C ′tβc . (3.4)

β is typically above one giving slightly convex i.e. slope increases with lifetime
tc.

Fig. 3.7: A modified Monkman-Grant relation gives the value of 0.83 for the
ratio of tm/tc. The dataset is the same as in Figure 3.6.
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In Figure 3.7, Monkman-Grant relation is presented as fraction of lifetime: Time
of minimum strain rate tm versus lifetime tc. This yields the relation

tm = 0.83 tc. (3.5)

Notice that for small lifetimes tc there is slightly convex behavior that can be
interpreted as β > 1 c.f. equations (3.4) and (3.5) with Figure 3.8. However, the
5 second loading ramp is a large portion of the small lifetimes. Adding a part of
loading time to the lifetime removes the upward curvature and lets to set β = 1.

Changing the loading protocol has no effect on the Monkman-Grant relation.
Figure 3.8 depicts the Monkman-Grant relation for creep with preloading as
well as different loads. Preloading before fatigue testing can even reduce the
amount of damage accumulated during the actual experiment if the preload is
close to ultimate tensile strength [29].

The lack of sensivity to both relaxation and load indicates that the memory effect
is very small. In other words, there are either completely irrecoverable changes
in material, or very slow delayed elastic recovery (large viscosity in relaxation).

3.4 Discussion and models

In this section the creep behavior of paper is explained by constructing a model
that tries to capture the essential features of the experiment. The model does
not need to be that difficult. In its simplest form only two processes can be
assumed. A stable process with decreasing strain rate combined with unstable
process with accelerating strain rate produces qualitatively the same behavior
[30] what is seen is a standard creep curve in Figure 3.1.

The following model explains the MG ratio and localization of strain observed
in the experiments. Acoustic emission at the end indicates that the accelerating
process is brittle failure [24]. Brittle failure can be explained by standard fiber
bundle model, most recently used in [31]. In a simplest fiber bundle model,
perfectly brittle elements (spring) in parallel are under increasing load. Fibers
break if they are elongated beyond their breaking threshold, εt. The load is
shared equally with unbroken elements, i.e. global load sharing [32]. The above
models brittle solids. One can capture ductile behavior by extending a simple
fiberbundle model with time dependent behavior. Adding a dashpot allows the
modeling of constant loading [33]. Even further, adding spatial structure makes
it possible to model local strains.
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Fig. 3.8: A Monkman-Grant relation does not change if there is a preloading
with a relaxation period. In the experiments, there is a 20 second loading period
followed by 20 (or 320) second relaxation period with no loading before the
creep experiment. This seems to have no significant effect on the Monkman-
Grant relation. The figure is courtesy of Markus Ovaska.

Figure 3.9 shows the Monkman-Grant ratio of single viscoelastic fiberbundle
similar to experiments, Figure 3.7. The Monkman-Grant ratios are close to one
half and don’t depend much on which kind of distribution for failure thresholds
are used. With the standard fiberbundle model the MG ratio is rMG = 0.5 [31].
To get closer to experimental value of rMG = 0.83 the model is changed to have
multiple independent fiberbundles in series. As the number of bundles in series
N increases the MG ratio changes from 0.5 towards 1. Figure 3.10 depicts the
Monkman-Grant ratio for different number of fiber bundles in series. The MG
ratio of rMG = 0.83 corresponding to experiments is obtained with N = 20
bundles. In the experiments, the typical microstructure scale, “the flock size” is
the order of 1 to 2 mm. In a 100 mm long sample there exists tens of individual
fracture initiation sites, not hundreds nor one.
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Fig. 3.9: The Monkman-Grant ratio is depicted for three different breaking
threshold distributions with global load sharing (GLS). In all cases the MG ratio
is close to tm/tc = 0.5. The figure is courtesy of Lasse Laurson.
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Fig. 3.10: Evolution of Monkman-Grant relation as a function of the number of
fiberbundles in series N . The figure is courtesy of Lasse Laurson.
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Chapter 4

Fracture from cracks

This chapter overviews an unpublished manuscript about crack propagation.
The main geometry is a double notched sample seen in Figure 4.1, where cracks
propagate towards each other slightly off axis. The geometry allows the in-
spection of local symmetry arguments in mixed mode loading. The goal is to
show that the shear stress intensity factor, KII vanishes along the crack trajec-
tory. This approximation is valid for small deviations from straight path [34].
The two crack geometry forces large deviations and finally in some point the
local symmetry approximation fails. At least, when the samples go out of plane
and start to buckle. Also, the two crack case is a dynamical process where the
interacting cracks form a sort of feedback loop that determines the crack path.

Recent advances in photoelasticity allow the examination of stress fields [35].
From this study, an experimental verification betweenKII and crack direction is
obtained. However, the interpretation of photoelastic results is still difficult. The
approach used here is based on strains obtained from digital image correlation,
but the idea is the same: At any given time, what is the crack propagation path
and how far is it valid?

There has been a few papers, where the validity of linear elastic fracture me-
chanics (LEFM) and local symmetry arguments is questioned [5, 36]. On the
other hand, in some other papers the theory works perfectly [37, 38]. The catch
is that standard LEFM fails and higher order terms are needed.

In mixed mode loading the crack path becomes curved. There is a somewhat
famous experiment by Nooru-Mohammed [39] showing curved trajectories. The
path of the trajectories are aposteriori simulated [37, 40] using finite elements.
However, the strains during the crack propagation are not recorded, only the
final crack path. In this chapter, the goal is to create a curved crack path by two
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Fig. 4.1: Schematic illustration shows the sample geometry. Initial notches are
depicted with red and their initial distances are labeled as L for horizontal and
d for vertical. The horizontal distances between cracks and plastic zones are
noted with symbols Lcrack and Lpz respectively. The tension is applied with a
constant velocity of v = 0.02 mm/s. β is the angle between the applied tension
and initial notches. α is the complement of β. θ refers to the angle of the
propagating plastic zone respect to horizontal axis.

interacting cracks and compare the experimental strains to static finite element
simulations as well as elasticity theories.

4.1 Material and methods

The experiments are done with polycarbonate sheets. Polycarbonate as a test
material is easy to use. It has a convenient property of a clearly visible yield
zone or fracture process zone (FPZ) [41]. Outside this zone material can be
approximated as purely elastic with good accuracy.
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The dimensions of the sheet are w x h x t = 100 x 120 x 0.1 mm. A snap-
shot of a typical experiment is depicted in Figure 4.1. The plastic zones have
grown and are interacting with each other. In this case d = 40 and L = 20 mm.
The sample is notched from two sides symmetrically with two tunable param-
eters: horizontal L and vertical d notch distances illustrated in Figure 4.1. The
vertical distance is fixed to d = 40 mm and the horizontal distance is varied
L = 10, 20, 40, 60, 80 mm. The transparent sample is painted with inert water-
based paint. This is to help the digital image correlation algorithm. The images
are recorded by a standard digital grayscale camera Dalsa HM1024.

The sample is attached to a standard tensile testing machine, Instron Electropuls
1000. The orientation of the sample is such that the primary stress and strain
are perpendicular to the notches depicted in Figure 4.1. The effective testing
area is 100 x 100 mm due to 10 mm material reserved for clamping. The testing
machine imposes a constant displacement speed of v = 0.02 mm/s to the upper
crosshead. The machine stores the force-displacement data with a frequency of
f = 500 Hz.

The analysis of the experimental data relies on two methods. First, the plas-
tic zone tip location is obtained via conventional edge detection. Second, the
displacement field is obtained using digital image correlation algorithm. The
algorithm is explained in detail in [21] and is used also in [20].

The polar displacements ur, uθ are calculated by projecting the Cartesian dis-
placements to a polar base. The tangential (hoop) strain εθθ is a numerical
derivative of tangential displacement uθ respect to θ. Cartesian displacements
are obtained from the above mentioned digital image correlation algorithm.

Here, the strain components are measured in a time window of ∆t = 2 s. The
word strain is used instead of strain rate because the strain near the crack tip
during the 2 seconds contains most of the strain that the material is going to
experience.

4.2 Local symmetry theory

There exists multiple ways to determine the crack growth direction [42]. A
comparison between crack propagation criteria is given for example in Refer-
ence [43], where four methods are considered: i) maximum tangential stress,
ii) maximum tangential strain (MTSN), iii) maximum tangential principle stress
and iv) strain energy density criterion. The derivation of the methods and the
initial assumptions are different but the results are the same when the cracks are
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propagating in the same direction as the initial crack (β = θ = 90 deg in Figure
4.1).

From the theoretical data of [43] one can conclude that when an angle of a
crack β is more than 75 degrees (or α ≤ 15 deg), all methods give the same
result for crack propagation angle within 2 degrees. That is, all methods give
same results if the propagation direction is close to horizontal in a geometry
described in Figure 4.1. Also, Cottrell and Rice [34] conclude in their paper that
maximum tangential stress (or similar) criteria essentially mean that the stress
intensity factor KII vanishes at the propagation direction. This is called the
local symmetry argument. Note that the local symmetry argument holds again
for small angles α < 15 deg.

Here, the hypothesis is that given a random initial crack geometry (or a het-
erogeneous material) the crack propagation direction obeys the local symmetry
argument. As the stress of a homogeneous material is difficult to measure, an
approximation is made that the maximum tangential strain criterion estimates
the same propagation angle as the maximum tangential stress.

In the case of simple two crack geometries, theKII component can be calculated
analytically. Usually, the value is calculated as if the crack would propagate
horizontally, like in Figure 4.2. It is found that KII is positive when the ratio
d/L is small and negative when d/L is large [45, 44]. In other words, the shear
component causes first repulsion and then attraction as the crack propagates. An
interesting notion is that KII = 0 in two cases. Either both cracks lie exactly
on the same (horizontal) propagation axis or when the ratio horizontal/vertical
crack separation has the value d/L ≈ 2.

The above has two implications, head-to-head geometry is unstable and cracks
seem to avoid each other [46]. In the interval d/L ∈]0, 2.0] there exists a repul-
sive region which turns to attractive region above d/L = 2.0. In the experiments
(e.g. Figure 4.4). We see the same behavior. As d per L ratio decreases below
2, the repulsion turns to attraction.

Figure 4.3 depicts the vertical strain rate εyy for repulsive geometry (left), turn-
ing point (middle) and an attractive geometry (right). Figure 4.3 is just for
schematic purposes, underlining the connection between local symmetry, repul-
sion/attraction and mode II stress intensity factorKII . In the repulsive geometry
(left) the ratio is d/L = 1 and the KII gets positive values indicating repulsion.
The black line represents the symmetry axis of the yy-strain εyy. In the middle
figure the ratio is d/L = 2 and the symmetry axis is horizontal. In this case the
value of KII = 0 and the crack is propagating horizontally. In the figure on the
right the ratio is d/L = 5 and the two cracks are attracting each other. In this
case the black symmetry line points downwards and the KII is negative.
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Fig. 4.2: Analytical calculations indicate that when the ratio d/L is small, cracks
repel each other. The figure is reproduced from Reference [44].

Experimentally, observing repulsion and attraction is seen in some material but
not others. Fender et al. [47] report that interaction starts just after the cracks
pass each other (Lcrack = 0 in Figure 4.1) indicating that KII is always positive,
in other words there is no repulsion, just attraction. They also report an universal
shape for the crack paths in the attractive region for a wide range of materials
consisting metals, plastics and gels.
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Fig. 4.3: εyy is shown as contour plot for the geometry described in Figure
4.1. The data is obtained from finite element simulation of a thin polycarbonate
sheet. From left to right ratios d/L = 1 (repulsive), d/L = 2 (turning point) and
d/L = 5 (attractive) are marked to Figure 4.2 with blue dots. The black lines are
guide to the eyes and show the symmetry axis of the εyy.

4.3 Characteristic features

Figure 4.4 shows the typical paths of two plastic zones. Typically there are
two clear regimes: attraction and repulsion. Figure 4.5 shows the characteristic
times of selected features as a function of initial notch separation distance. The
main feature is the turning time tturn when repulsion turns to attraction

tturn = arg max (y1(t)− y2(t)), (4.1)

where y1 and y2 are y-coordinates of the upper and lower cracks respectively.

The most interesting result in Figure 4.5 is “the time” when MTSN changes
direction. This is the time when local symmetry tells the crack to change di-
rection. This also coincides with the time when the strain yy-component is at
maximum. By definition, εyy and εθθ (hoop strain) are equal when θ = 0. Note
that in every case a clear maximum time can be found.

At the beginning of the experiment, the sample is at first elongated elastically.
After a while the plastic zone starts to grow. In some cases with large horizontal
initial distance L the plastic zone grows straight at first. This indicates that there
is no interaction. This is not seen in all experiments. The crack starts to grow,
soon after the plastic zone has grown to the flame shaped form seen in Figure
4.1. The crack grows inside the plastic zone until the sample starts to deform
out of plane.

Common for all experiments is also the out of plane deformation soon after the
crack tips have passed each other. The experiment is stopped at this point as the
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Fig. 4.4: A raw image (background) is overlayed with the plastic zone paths
for both cracks (dots). The overlays show some displacement fields at chosen
points (black dots). The overlay on the right shows a zoom to the upper plastic
zone path.

digital image correlation does not measure strains of the material but the out of
plane deformation. Usually at the same time as out of plane deformation starts a
second plastic zone has been formed. The actual crack path and the path of the
plastic zone tip are not the same. At the end of the experiment the crack tip hits
the edge of the plastic zone and a new plastic zone starts to grow similarly as in
the beginning of the experiment.
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Fig. 4.5: Experiments with d = 40 mm have certain characteristic features that
correlate with each other. The time of turning is taken from the plastic zone
tip movement data, (blue dots) c.f. black dots in Figure 4.4. Strains yy εyy (red
triangles) are from DIC as well as the turning points of MTSN (green circles).

4.4 Experimental propagation angle

The local symmetry argument essentially claims that the plastic zone will propa-
gate to the direction where Mode II component vanishes. This can be measured
in two ways: i) Find the location of maximum tangential strain or ii) find the
symmetry axis in tangential displacement. The former method is theoretically
more solid as the translational components vanish due to differentiation. The
latter method however has less noise because it requires no differentiation, but
suffers from two free parameters, ux,t and uy,t. These parameters define the
translational movement of the plastic zone tip due to the elastic elongation of
the polycarbonate sheet. In other words a constant velocity is applied to the top
edge of the sheet and the bottom edge does not move. The plastic zones thus
have a constant speed upwards.

Figure 4.6 depicts the tangential strain during repulsion and attraction. The
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plastic zone tip as the origin is marked with a black dot. Now, as it is mentioned
in previous sections, the maximum tangential strain estimates the direction of
the crack growth. In this case we claim that the plastic zone growth direction
can be estimated as well. The Figure 4.6 shows clearly that this is the case.
On the left, the maximum tangential strain εθθ points upwards, away from the
other crack and the plastic zone paths repel each other at time t = 50 s. Later
(t = 125 s on the right) the maximum tangential strain εθθ points downwards
and the plastic zones attract each other. We can also see that the MTSN can be
obtained far from the crack tip. The fluctuations or strain concentrations seen
in the top right corner of the RHS Figure 4.6 might be due to some defects in
the material or markers applied to the surface. It may also be possible that there
are some residual strains from the beginning of the experiment. The maximum
tangential strain was pointing this direction when the cracks were repelling each
other.
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Fig. 4.6: Tangential strain, εθθ is plotted as contour plot during repulsion (left)
and attraction (right) from the experiment where d = 40 mm and L = 40 mm.
The image is zoomed at one of the crack tips. The other crack is out from the
image area, lower right respect to the image. The plastic zone tip is x = 0 mm
and y = 1 mm (black dot).

Similar to the tangential strain is the polar displacement ratio uθ/ur. This ratio
has a few convenient characteristics. The lines when the nominator or the de-
nominator are zero are clearly visible. The basic idea stays the same, the plastic
zone propagates to the direction of local symmetry. The ratio uθ/ur is plotted
as contour plot in Figure 4.7 at times t = 90 s (left) and t = 155 s (right). The
red dot is representing the current location of the plastic zone tip as well as the
origin of the polar coordinates. On the left hand side, a path where the ratio R is
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Fig. 4.7: uθ/ur from an experiment with d = 40 mm and L = 40 mm at time
t = 90 s (left) and t = 150 s (right). The blue dots denote the plastic zone path.
The Current location is marked with a red dot. The black lines are guides to the
eye about where ur = 0. The green area between the lines is the local symmetry
area where the crack is expected to propagate. The second crack is marked with
a red bar.

zero (green) emerges and goes straight, or slightly turns downwards, eventually
turning upwards towards the crack number two. The second crack is marked
with a red bar. The black lines represent the lines where denominator, ur, goes
to zero. These lines also suggest that the propagation direction is slightly down-
wards. The right hand side figure represents the same experiment as on the left
but at a later time, t = 155 s. Here one can see that the path is now pointing
upwards even in the vicinity of the plastic zone tip. This is seen as attraction in
the plastic zone path. The ur = 0 lines (black) also behave similarly.
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Chapter 5

Devices and methods

This chapter describes the measurement devices and methods that are used to
do the experiments in the latest papers. In the first section the digital image
correlation analysis method is explained. The following sections describe the
measurement system. The core is the expandable controller that was designed
to put all devices behind the same start button. The goal is that during the
measurement the experiment operator can concentrate on the samples, not the
devices. The last three chapters introduce the tensile testing machine, camera
and acoustic emission system. All of them can be coupled together via the
controller.

5.1 Digital image correlation

The most labor intensive technique used in this thesis is Digital Image Corre-
lation [48]. In its simplest form the goal is to find the transformation mapping
between two digital images [49, 21, 50]. During the last ten years it has evolved
from marginal to a main stream measurement technique. There exist turnkey so-
lutions that can be integrated seamlessly to standard mechanical testing devices.

Roughly speaking, there exists two main categories how the analysis can be
done. The main difference is how much analysis the DIC is performing during
the correlation process. Cross correlation techniques rely on brute force while
functional minimization methods are more sophisticated. The former are easy
to implement and contain a small amount of tunable parameters. The draw-
backs are the higher computational cost and a large number of outlayer points
in results.
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The easiest way to implement cross correlation is to use convolution in Fourier
space. For example, with Python’s scipy package the essential line is:

argmax(correlate2d(image1, image2_roi)), (5.1)

which returns the location (in image1) for region of interest taken from image2
(image2_roi). The rest is just file handling.

The functional methods reduce first the image dimensions by mapping the in-
put images and result to smaller continuous functional bases. After reduction,
standard minimization techniques can be used. The gains are faster algorithms
and smooth results. The drawback is a larger amount of tunable parameters that
require some prior knowledge of the problem at hand. A good example for this
kind of problems is determining stress intensity factors [37]. The solution space
is reduced to linear elastic displacement functions (low order terms in Williams
series) and the result is directly the stress intensity factors.

The image correlation algorithm used mostly in this thesis is explained in detail
in Reference [21]. It belongs to the functional minimization methods and uses
b-splines as a basis for images and results. It requires two parameters, the spline
degree and the size of the region of interest. These parameters determine the
smoothness of the result.

5.2 Controller

The device relations are described in Figure 5.1. The purple arrows represent
high speed data transfer. This is the raw unprocessed data that is streamed to
storage. In this setup, all the data is stored and post processed. Only the acoustic
emission recording has a time limitation of 1 to 2 minutes with full data collec-
tion rate that can be extended by online noise filtering. All the other devices can
record hours or days of data with full speed.

The operating principle is simple. Instructions (green arrows) that are both hu-
man and machine readable are passed to each measurement computer. These
computers convert the instructions to the (proprietary) formats that are under-
stood by the corresponding measurement device. Some devices like humidity
controller and heat bath require constant instructions. The purpose for these two
devices is to manipulate environment either by changing air humidity (humid-
ity controller) for humidity sensitive materials or water temperature (heat bath)
in the case of water submerged samples. The standard operation procedure re-
quires to give the setpoint value as voltage. Other devices, are mostly operated
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in free run or trigger mode (black lines). Devices in free run mode typically
require a set of instructions like “take 10 000 pictures with parameters X,Y,Z”.
After the command the device does not need any other inputs.

The data produced by the devices is transferred with high speed (purple lines)
to the local measurement computer and stored. The data is then shared to a
common location.

The measurement computers have an option to send reduced human readable
information back to viewer computer (yellow arrows), that can be the same as
the controller (or even your cell phone). This helps evaluating whether the ex-
periment will be successful or not.

The above pattern is called Model-view-control [51], where the model is a set
of measurement computers. The advantage is the independence of complex
programs that makes the system expandable. The drawback is the requirement
for the extra communication interface.

If the measurement device has a reasonable interface, adding a new device takes
usually less than an hour. The AE system was installed in 45 minutes and the
water heat bath in 30 minutes. Adding and removing devices can be done online
and requires no changes to algorithms. This makes it possible to develop the
system simultaneously with the measurements.

5.3 Tensile testing machine

The most important device is the Instron E1000 tensile testing machine. It can
apply 1000 N of force and is capable of cyclic waveforms up to 100 Hz. The
main program that operates tensile testing machine is written with Labview,
shown in Figure 5.2. This pattern is called factory method. For each given key-
word, the program decides which protocol it returns. For this protocol init and
run methods are run. This utilizes inheritance in Object Oriented Programming.
All protocols inherit the methods from the General Protocol -object, namely init
and run.

Figure 5.3 shows the tensile testing machine compressing wood. In the typical
setup there is the imaging device (d) that is either a normal or an infrared camera,
grips (a,b) that in this figure are compression plates and a load cell (c) that
measures the applied load.
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Fig. 5.1: Measurement devices are connected to a central computer via a mea-
surement computer containing the viewer and the controller.

Fig. 5.2: A Labview code block illustrates how the measurement protocols are
loaded into the cluster (pink box on the left). Users trigger notifiers to launch
protocols by init and run commands.
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5.4 Camera

The digital camera is the fastest 1 megapixel camera that requires no external
hardware. Dalsa HM1024 takes 117 frames per second at full resolution of
1024 x 768 pixels. The amount of data fills the bandwidth of a gigabit Ethernet
cable that is used to connect the camera. Camera software was developed in the
bachelor’s thesis of Jani Saarenpää [52].

The future developement can include image based triggering. Field-programmable
gate array chips and calculations with graphical processing units are coming to
market with a user friendly programming interface. This makes it possible to
use high speed image correlation in a feedback loop. Currently, there exists a
demoversion in our lab that calculates the local strains of the sample with one
second delay. This data can also be used to control the tensile testing machine.

5.5 Acoustic emission

During a fracture process elastic energy is released. Part of that energy goes to
mechanical vibration that can can be observed as acoustic emission. Recently
this was used in compression fracture [53]. The standard way is to measure
the signal with piezocrystal sensor. The technique is based on piezoelectricity
that converts the mechanical changes of the material into a voltage difference.
The simplest piezoelectric device is two conductive parallel surfaces. Changing
the distance between the surfaces changes the capacitance and thus the voltage
between the surfaces. In crystals, the surfaces are polarized crystal planes and
very close to each other.

Recently, new methods have been developed. VTT has developed new acoustic
emission measurement microelectromechanical sensor (MEMS) devices based
on changes in capacitance between the silicon disc and a surface. The difference
is that MEMS devices resonate only with one specific frequency. An example
of single acoustic emission event from paper creep experiment measured with
piezo crystal sensor is seen in Figures 5.4. The acoustic emission system and
differences between traditional and MEMS AE sensor are explained in more
detail in Ari-Pekka Honkanen’s bachelor thesis [54].

An acoustic emission feedback loop was developed in order to control the ten-
sile testing machine with AE-signal. The Instron E1000 has the ability to take
external signal as control signal. 1 second delay in feedback was implemented
by Eetu Pursiainen in his bachelor’s thesis [55] and this is being improved by
Tero Mäkinen during his bachelor’s project.
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Fig. 5.3: The tensile testing machine is starting to compress wood between com-
pression plates (a) and (b). The force is measured load sensor (c). The digital
camera (d) records the compression process.
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Fig. 5.4: A typical AE event (blue) is split into high (red), middle (green) and
low (black) frequency parts.

The idea of the feedback is to convert intermittent dynamics to a smooth control
signal for the tensile testing machine. The experiments can be then done e.g.
with constant acoustic emission rate. This allows to study the correlation and
the clustering of events. Preliminary results show that the energy distribution
does not change, but there is change in waiting time distributions.

The simplest way to do this is to decrease the force or displacement ramp
(pulling speed) if there is acoustic activity. In similar fashion the ramp is in-
creased in the case of no acoustic emission. This method allows roughly 1
second feedback delays. A more sophisticated feedback method is to reverse
the computer - testing machine interaction by creating event listeners. In the
above method, the computer was the master, telling to the testing machine when
to increase or decrease the ramps. The other way is to make the testing machine
the master that requires more control points from the slave computer. The slave
constantly creates control points that are read by the master when it wants to
read them. This reduces the feedback delay to 100 ms or so.
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Chapter 6

Conclusions

The topic of this thesis is fracture propagation and prediction. Chapters 2 and
4 relate to fracture propagation and in Chapter 3 it is described how the strains,
both global and local, can be used to predict the failure. The last chapter intro-
duces the measurement system that was developed during this thesis.

6.1 Driven manifolds in a random potential

In Chapter 2 it is described how a 1d fracture line in paper behaves. It is found
that there exists a depinning transition. The elastic kernel can be shown to be
long range kind which is something one would expect. Using a short range ker-
nel however produces a similar disorder correlator function as with long range
kernels after normalization. Together with the third cumulant, there is a differ-
ence. This indicates that the avalanche shapes are different. And the experi-
ments coincide more with the long range simulations.

The future research regarding the peeling experiment could include more de-
tailed measurement of clustering of events. The fracture front is macroscopic,
30 mm wide. Even if the elasticity is non-local, do the events belong to the
same avalanche, or is there multiple avalanches that are just happening at the
same time. Also, a small portion of the events might be completely uncorrelated
background noise. For instance, the large inter event waiting times might be
compromised by even small amount of random events.
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6.2 Fluctuations and prediction

A series of experiments to obtain 2d strain data was made to measure creep
properties. Standard tensile creep experiments revealed a crucial role of fluctu-
ations in paper fracture. The secondary Andrade creep highlights the increasing
role of fluctuations; the standard deviation of strain rate decays slower than the
average strain rate. This means that the strain is concentrating to few spots.
These strain concentrations can be used to predict the failure of the sample at
the beginning of the experiment. The length of the primary creep and the mag-
nitude of the fluctuations correlate with the lifetime. Also, the Monkman-Grant
relation applies to paper creep, even if the load or loading protocol is changed.

The primary and secondary creep are observed in a wide range of materials as is
the Monkman-Grant relation. Future research topics could include for instance
changing the disordered material to e.g. nanofibre-reinforce plastics and check-
ing the universality of the predictability; Does the transition from primary creep
to secondary creep correlate with lifetime? Does a large strain concentration at
the beginning mean a short lifetime?

6.3 Fracture

In the crack growth experiment in Chapter 4, it is shown for the first time in the
case of curved cracks that the local symmetry path is the path that the crack es-
sentially follows. The path can be extracted from displacements or from strains.
In the experiments at hand, the focus was to obtain a method that allows the
examination the validity of KII = 0 path. Already in the elastic region of poly-
carbonate sheets, the described methods work currently only by showing the
direction where the crack will propagate next. It is an open question how far
from the crack tip the prediction is valid.

In the case of viscous and heterogeneous materials like paper, the disorder plays
even more significant role. Preliminary results show that in the case of one
crack there might be multiple paths were KII = 0 due to heterogeneity. The
question is if the crack path can even be predicted. Paper deformation has a
viscous component that acts as a memory. This could be seen as residual strains
which affect the measured strain fields, especially in the case when the cracks
are turning.

In the of plastics a photoelasticity measurement allows the examination of stress
[35]. Together with digital image correlation or particle image velocimetry, both
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stress and strain could be measured simultaneously. This allows the (dis)validation
of energy based crack propagation criteria.
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