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1

Introduction

When a material is subjected to a long-term exposure of stress below the yield
strength it deforms. The deformation is called creep. It is related to the structure of
a material, its temperature and, specifically for paper as a material, environmental
conditions such as humidity. The creep can lead to the catastrophic failure of a
material and it is a source of concern to engineers designing structures operating
under considerable stresses and high temperatures.

The science of the creep in engineering is based on empirical laws of creep deformation [1, 2, 3, 4, 5, 6]. How phenomenological laws emerge from a collective behaviour
of constitutive elements, is a question that is in the domain of statistical physics. A
system driven by stress is not in equilibrium. In statistical physics, tools for nonequilibrium systems evolved from phase transitions of equilibrium systems, and there
are two fundamental concepts: scaling and critical fluctuations [7, 8, 9]. The scaling
means that under a transformation essential properties of statistical distributions
describing the system remain unchanged. Critical fluctuations are a consequence of
a lack of a length scale other than the system size and the atomic scale. Fluctuations
emerge as scalefree features of the probability distributions describing the system.

Statistical physics approach has been used in various ways in order to understand
the phenomenology of material failure under stress, for example, fractal scaling of
fracture surfaces [10, 11, 12, 13, 14] and critical fluctuations in tectonic seismicity
leading to Gutenberg-Richter and Omori’s laws [15, 16]. The essential ingredient in
understanding the material failure is the role of flaws and the disorder present in
the structure. This was first highlighted by Leonardo Da Vinci when he studied the
strength of metal wires [17, 18]: which led to a concept that one must describe the
structural flaws instead of the ideal structure in order to understand the size effect
of the material strength [19, 20].

In this thesis we use paper as a test material, a quasi two-dimensional system with
intrinsic structural disorder [21, 22, 23]. We use statistical physics tools to develop
the understanding - how phenomenological laws emerge - for creep phenomena and
catastrophic failure of material. Creep, creep recovery and damage evolution are
studied in this thesis by performing experiments on ordinary paper sheets.

The study of creep, creep recovery and damage, presented in this thesis, is an
approach to understand this non-equilibrium phenomena of the deformation. As
an example, Andrade’s phenomenological creep law states that the deformation rate
decays in time as a power law originates from 1910 and its theoretical roots are under
a debate [24, 25]. Creep is classically considered as a viscous flow of a material. The
picture of a smooth plastic flow process has changed through studies of crystalline
materials, based on experimental and theoretical advancements [26, 27, 28, 29].

The creep and recovery experiment is performed by using the Digital Image Correlation (DIC) method, from which we obtain a spatio-temporal evolution of the
strain. The damage evolution under stress is studied by using acoustic emission, the
crackling noise, in conjunction with the strain. Acoustic emission (AE) is an intermittent noise generated by sudden release of the stress [30, 31] and the intermittent
nature of AE is understood via many statistical models of fracture [32, 33]. In this
work, general statistical properties of AE are studied in detail by using experimental setups with different loading modes and loading geometries and experiments are
compared with numerical experiments on different models.

The main contribution of the thesis is that the Andrade’s creep on paper related to
a jamming or absorbing state phase transition. The strain evolution is studied in
the framework of elastic interface depinning. The analysis is based on a method of
analyzing spatiotemporal strain fields during the creep experiment, using the digital
image correlation method. Moreover, it is shown that the creep recovery, although
it has functional form analogous to that in Andrade’s creep, does not fit the same
2

interfacial picture. This result is verified by studying the fluctuation scaling law of
spatial strains. However, the origin of the fluctuation scaling remains unexplained.

We contribute to the understanding of the catastrophic failure of material. There
are discrepancies in the literature concerning the nature of the damage accumulation [34] and this issue is studied by using numerical and experimental methods.
Specifically, we concentrate on the differences between the event and the energy
rates during the damage accumulation. Moreover, non-stationary aspects of damage accumulation during paper fracture are compared with results of stationary
experiments. Analogies to seismicity are discussed. The results are contrasted to
numerical experiments.

The outline of this thesis is as follows. In Chapters 3, 4 and 5 we present background information and a qualitative description of the phenomena under study. In
Chapter 5 we present the experimental methods. In Chapter 6 we discuss the main
observations and their implications. In Chapter 7 we present our conclusions.

3
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2

Creep deformation

Fundamental work on creep has been done by E. Andrade 1910 [24], where he
observed that after some time, an extension of a lead or metal wire becomes proportional to the time, and viscous in character. Andrade studied how the rate of
the viscous flow varies with the load. The measurement setup is shown in Fig. 2.1.
He found the empirical relation
1

l = l0 (1 + βt 3 )ekt ,

(2.1)

where l is the length of the wire. The parameter l0 characterizes the instantaneous
elongation of the sample. The phenomenological creep law was divided to the βflow, characterized by a parameter β, and the viscous flow due to an exponential
term ekt . The β-flow is more commonly observed in the “high temperature” case
[24]. This established the phenomenological division of creep deformation under a
constant stress where, the β-flow, or the initial power law decrease of strain rate,
is called primary creep. This is followed by a quasistationary regime, secondary
creep, where the change in the creep deformation rate is approximately constant,
and transitions eventually to a tertiary, final creep which leads to catastrophic failure
of the material. The β-flow, the power-law primary creep, was later to be known by
its inventor: Andrade’s law, which is in terms of the creep deformation
ǫ(t) = ǫ0 + βtp ,

(2.2)

where ǫ = l/L is the strain, ǫ0 is initial strain, β is the free parameter and p is an
exponent and its particular value 1/3 is coined as Andrade’s creep.

Andrade’s law has been found for various materials, from metals with a crystalline
structure to polymeric materials [4], from composites [35] to rocks [36], polycrystalline ice [37] and ordinary paper sheets [38]. The most extensive study was done
by Crussard on various crystalline materials with different metallurgical treatments

Figure 2.1: The measurement setup by Andrade for measuring the creep of lead and
metal wires. A hyperbolic weight in a liquid is used to vary either constant stress or
constant load applied to the sample. Removing liquid slowly in the beginning of the
experiment also guaranteed smooth and steady application of the load during the
initial stages of the experiment and allowed to use a large stress, which is necessary
for Andrade’s creep. By permission of the Royal Society, from Ref. [24], p. 2, Fig
1.

[39]. Experiments show that the transient creep regime shows a power law dependence according to Eq. (2.2), but the exponent p is not universal, ranging from 0,
corresponding a logarithmic creep, up to values close to 1 [25]. A historical viewpoint is presented by Crussard in Ref. [40] and Fig. 2.2 shows experimental data by
Cottrell [41]. An open question is, whether the variations in the exponent are due
to physical reasons or experimental uncertainties, and a review of the current state
of matters is presented in Ref. [25].

For metals, theoretical approaches are proposed which explain Andrade’s exponent
1/3 via interacting dislocations. Mott’s statistical theory relies on assumptions based
on collective dislocation activity, which leads to description for the work hardening
5

Figure 2.2: Upper panel: creep of zinc crystals under constant shear stress. Solid
lines are from a fit γ = γ0 + βt1/3 + χt, where γ is the shear at time t and γ0 , χ and
β are free parameters. Lower panel: Test of the β-flow on specimen 1, where χ was
found to be zero. By Permission of the Nature Publishing Group, From Ref. [41].

6

and the recovery. The strain of the system is proportional to the dislocation movement. It assumes that the activation energy Uβ of the Andrade creep phase is 1/3
of the activation energy in the linear creep regime. Cottrell’s microscopic model assumes that dislocations can overcome obstacles and move, due to a load shedding or
a thermal activation. A time scale associated with movement due to load shedding
is shorter than a time scale induced by thermal activation. This creates collective
dislocation movements, where strain bursts are created due to the mechanical load
shedding. Avalanches are initiated by a thermal activation event. A common aspect
to both models is linear hardening, that is on a point of a stress-strain curve of a
material, where the creep strain is ǫ, the hardening ∆σ due to the strain is linearly
proportional to the strain,
∆σ ∼ ǫ.
It is argued that Andrade’s particular value of the exponent, 1/3, is attributed to
the cases where the linear work hardening assumption is valid. [42, 43, 25]

Cottrell computed the total number of mechanical triggerings of dislocation cascades
Nm . He divided the system to “cages” and defined a “reproductive factor k” , i.e. the
average number of “obstacles” in a cage that are mechanically triggerable by a load
sched. The average number of mechanically triggerable events due to a thermally
activated event is a sum
∞
X

k
,
1−k
i=0
where i indicates a generation of the cascade. When k = 1 the expression is diverNm =

ki − 1 =

gent, that is a single thermally activated event is able to trigger an infinite number
of dislocation movements. At point k = 0 all activity is thermally activated, and
the system is in the linear creep regime. This divergence is reminiscent of critical phenomena, where Andrade’s creep is the transient when systems moves away
continuously from the critical state towards the linear creep regime. Related to the
arguments by Cottrell and Mott, the evidence of the intermittent nature of the creep
strain has emerged, and collective phenomena of dislocations have recently caught
the attention in the statistical physics community [44, 27, 29, 45, 46].
7

Andrade’s transient is observed in 2D discrete dislocation dynamics models (DDD)
[44]. The DDD model is a cross section of a single crystal with straight parallel edge
dislocations gliding along a single slip direction parallel to their Burgers vectors
~b = ±b~ux . Point-like edge dislocations move under the influence of an external
stress σ, and interact via a long-range anisotropic interaction
σs (r) = Dbx

x2 − y 2
,
(x2 + y 2 )2

(2.3)

where D = µ/2π(1 − ν), with µ the shear modulus and ν the Poisson ratio of the
material. Coordinates (x, y) refer to a plane, which is perpendicular to a dislocation
line. A critical value σc of the shear stress means that the average dislocation
velocity hvi decreases as a power law, as a function of time
hvi(t) ∼ hǫt i(t) ∼ t−θ ,

(2.4)

which is the time-derivative ( dǫ(t)
≡ ǫt ) of Eq. (2.2). The exponent θ = 1 − p = 2/3
dt
is found from the DDD model. The features of the phase transition in the DDD
model are similar to the jamming phase transition seen in granular media and glasses
[47, 48, 49]. That is, in the DDD model transition to the linear creep is controlled by
jamming: dislocations form metastable configurations, and the dynamics advances
through absorbing states. Contrary to Cotrell’s microscopical model, in DDD a
thermal activation has no role in the Andrade’s creep behaviour. An important
ingredient in the model, not present in the analytical arguments by Mott and Cotrell,
is the explicit long-range and anisotropic nature of the interactions. [50, 51, 52]

A study by Daehn uses cellular automata on a 2-dimensional lattice [53]. In the
model “plastic slips” are accumulated in each site, which are thermally driven events
based on an expression for the activation energy. The stress relaxation is introduced
by balancing it to with nearest neighbours. The stress redistribution rule creates
cascading strain avalanches, in similar vein as sandpile models show an intermittent
activity [54]. The model has a strain versus time transient between two steady state
(linear creep) regimes, and the transient may be described by Eq. (2.2). The CA
8

does not rely on a concept of a dislocation, and thus the approach may be applicable
to describing creep of non-crystalline materials.

The arguments based on thermal activation, Cotrell’s microscopic theory, Daehn’s
cellular automata and numerical experiments on DDD are all able to produce Andrade’s creep. The latter three are based on microscopical arguments, with different
physical assumptions on the origins of creep. In Daehn’s cellular automata and in
Cottrell’s theory, strain bursts are due to the design of the model: the cascades
emerge from driving the system by a thermal activation. The interactions between
dislocations are short-ranged, or at least the models do not imply a long-range interaction. In DDD simulations avalanches are directly due to the collective dislocation
activity. Jammed states emerge due to slip plane geometry restrictions, and an
anisotropic and long-range interaction. Strain bursts occur, when the system enters
from the metastable state to another.

The surface profiles of plastically deformed crystals have been observed to develop
self-affine roughness with non-trivial roughness exponent H = 0.8, suggesting fluctuations in the deformation [55]. A continuum model has been proposed by Zaiser
and Moretti, and for parallel edge dislocations an expression is derived, which describes the motion of an elastic manifold through a disordered medium inducing a
fluctuating pinning force to the manifold according to an equation

σext + σint (~r) +

DG
[γxx + γyy ] + δτ (~r, σ) = 0,
ρ

(2.5)

where D is a constant near unity, G is the shear modulus, γ is the shear strain, δτ
is a quasi-static random pinning field and σext and σint are an external and an internal stress respectively. Zaiser and Moretti show that, despite the differences from
conventional models of elastic manifolds, the model shows depinning-like behaviour.
[26]
9

Figure 2.3: Creep compliances ǫ(t)/σ of paper. Experiments show the logarithmic
creep spanning several decades in time on the primary creep region. By permission
of TAPPI, from Ref. [38].

The logarithmic creep deformation
ǫ(t) = K log(t) + D

(2.6)

has been found to be valid for the primary creep [37, 39, 38]. Logarithmic creep can
be explained by the exhaustion theory in which regions with low activation energies yield, leaving the regions of higher energy to activate later. However, thermal
activation arguments are also extended to comply with a power law primary creep
according to Eq. (2.2), or with an indistinguishable exponent [56, 57, 58, 36]. In
Fig. 2.3 a creep compliance from paper samples is shown, where a logarithmic creep
region over several decades is seen [38].

In paper, experiments reveal all phenomenological phases of creep [2, 59]. The
secondary creep stage in polymers and paper does not show a constant creep rate
regime, but rather the creep rate decreases until the tertiary regime. According to
10

the usual definition, the secondary creep is not attributed to the constant strain
rate, but it is commonly defined that the primary creep is recoverable, while the
secondary one is not [2, 38]. A creep curve is shown in the Fig. 2.4, which shows
typical creep behaviour of paper. Early guesses about the mechanism of creep
made by Brezinski [38] and Van den Akker [60] suggested that the events inside
the fibre would be mainly responsible for the creep phenomenon. This idea was
contradicted later, and it is believed that interfibre events are the driving force in
the creep phenomenon [61]. The engineering literature on paper does not suggest an
intermittent strain evolution, nor “collectivity” in the physical description of creep,
as it is for crystalline materials via the dislocation picture. Phenomenological laws
on creep in paper are established, but a quantitative connection between microscopic
origins and phenomenology is lacking.

A typical experimental setup of a creep study, e.g. by Andrade, measures the global
strain of the sample as a function of time. In this thesis, we take an alternative
approach to looking at the problem: the spatial structure of strain during the creep.
Schematically our experimental approach is shown in Fig. 2.5.

The main motivation of the experimental approach in this work is to develop accurate measurement of the spatiatemporal strain field during creep experiment and
study its implications on creep, and the models described. The strain field is illustrated schematically in Fig. 2.5, and the computation of the strain from the
displacements is shown in the Chapter 6. Spatial strain rates are observable in
the DDD model, and we achieve further understanding about the idea of jamming
transition applied to non-crystalline materials. The spatiotemporal evolution of the
strain during primary creep and its implications is studied in Publication I.

11

Figure 2.4: Typical time vs. strain curve from tensile creep experiment. The curve
shows the total strain of the sample, and the dots indicate acoustic emission events
during the experiment, with the energy scale indicated on the right. Inset: zoom to
the acoustic emission signal, where we observe two consecutive events with energies
Ei and Ei+1 and a waiting time τi . This figure shows a typical creep behaviour of
paper, with the three phases (primary, secondary, tertiary). It also indicates the
relative absence of the crackling noise, that is the small number of acoustic emission
events (AE) during the primary (no events) and secondary creep of the sample.

12

Figure 2.5: A time-series of displacement fields is derived from consecutive images
taken from a sample under stress at time interval ∆t. From the displacement fields
one can measure spatial strains ǫi,j and spatial strain rates ǫi,j
t . The equation for the
i,j
standard deviation ∆ǫ is shown. Superposed on the upper right image is a typical
deformation grid for a time difference ∆t of 10 seconds. The color scale indicates
the degree of local creep deformation (blue: small, red: large). In the background:
the experimental setup. The visible speckle pattern is printed and designed to have
a structure and contrast appropriate for the DIC method. (Publication I)

13
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3

Creep recovery

The creep response exhibits a recovery phenomenon after the removal of a stress.
Despite the fact that a simple power law form for the recovered strain rate has
been found for polymers in extremely long term creep-recovery studies [62] and for
the polycrystalline ice [37] amongst others, the recoverability of the materials is
not properly described by any microscopic model. For example, models for crystal
plasticity applicable to the primary creep have difficulties in describing the recovery
phenomena [26].

Semi-empirical viscoelastic models treat creep and creep recovery via constitutive
elements. The most simple models describing viscoelastic materials are the Maxwell
model and the Kelvin model. The Maxwell model consist of a spring and a dashpot
connected in series. The spring describes an ideal elastic material while the dashpot
describes an ideal viscous material [3].

The method for measuring spatial strains during creep is extended to accurate study
of the recovery of the paper sample. The method allows us to put typical viscoelasticity models under a test (on paper). Fig. 3.1 shows a creep-recovery curve from
experiments. The recovery can be divided in the initial recovery and the delayed
recovery. The former occurs immediately after removing the load, while the latter
is characterized by an extremely slow response.

Via an empirical energy landscape fitting model, we can estimate the form of the
activation energy expression during the recovery. If we write the recovered strain
rate equal to the strain times by a typical relaxation rate
∂t ǫ = −Eǫ/τ,
where E is the elastic modulus and τ is the relaxation time, it would imply an exponential decay. To capture the extremely slow response, we can study the expression
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Figure 3.1: A typical example of the deformation curve in a creep-recovery experiment. The total strain is computed as the total displacement of the image area
to the strain direction using a displacement field obtained from DIC. Error bars
indicate a 0.1 subpixel limit. Pixel size is 4 µm. In the creep regime the sample
deforms according to Andrade’s law with an exponent ǫ(t) ∼ t0.1 . (Publication II)

of a typical barrier U (ǫ), which governs the relaxation at a given time.

Finally, the spatial recovery behaviour can be compared to the spatial strain fields
obtained from the primary creep, and we get the behaviour of the spatiotemporal
strain evolution in two fundamentally different experimental scenarios: if one considers the creep strain evolution as a jamming transition, one must assume that the
stress is near the critical value.

The results of the creep recovery study are reported in Publication II.
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4

Damage evolution and acoustic emission

Acoustic emission (AE) is an experimental method of studying the damage evolution. AE is caused by the sudden release of elastic energy due to microcracking on
various scales and it is an evidence of the intermittency during the deformation of
the material. In this chapter, we extend our discussion from creep deformation, and
discuss general properties of AE during fracture of materials.

AE studies have been done on a wide variety of materials in science and in engineering [63]. In engineering AE is applied as a non-destructive testing method in
addition to characterizing failure from various materials [64, 65, 66].

In the paper research acoustic emission was initially studied by Corte and Kallmess
[67] in the audible frequency domain, and later more extensively by Yamauchi et
al. [68, 69, 70] with a succesful source localization, Gradin et al. for characterizing
material properties, e.g. fracture toughness [71]. Rosti et al. and Salminen et al.
studied the scale-free statistics of AE [72, 73]. The observations on paper were not
novel in materials research in general: the first observation of the scale-free statistics
of AE originates from 1962 by Mogi [74] (see Fig. 4.1), and the critical dynamics in
fracture was first suggested by Petri et al. [75].

The acoustic emission data consist of a set of events. An example of an acoustic
emission event is shown in the inset of Fig. 2.4. The event is characterized by its
energy Ei and arrival time ti . The probability distribution function of the event
energies and the silent time τi = ti+1 − ti integrated over a fracture experiment
exhibit almost without exception power-law statistics which are characterized by
power-law exponents α and β [75, 30, 76, 77, 34, 78], respectively, according to
equations
P (E) ∼ E −β

(4.1)

Figure 4.1: The acoustic emission measurement device by Mogi. The device was
used to record the first observation of“Gutenberg-Richter”law according to Eq. (4.4)
from a microcracking experiment. The “shock events” were obtained by bending rock
samples. From Ref. [74].

and
P (τ ) ∼ τ −α

(4.2)

with a large scatter in exponents, β = 1.2 . . . 1.8 and α = 1.0 . . . 1.5.

The density of the event energy increases when the catastrophic failure is approached. The signature of the acoustic emission is non-stationary. This timeto-failure acceleration of the energy rate has been suggested to diverge in creep
test:
Et (tc − t) ∼ (tc − t)−Γ ,

(4.3)

where Et is an energy rate respect to time, tc is the time to failure and Γ is the
exponent which characterizes the acceleration, with a value 1.3...1.5 [79, 80, 81]. In
contrast to the divergence, strain-controlled experiments on paper show an exponential increase in the event energy and show no divergence in the event rate [76].
Statistical fracture models either do not indicate any (energy) divergence at all, or
in the case of “democratic fibre bundles”, imply a power-law with a fixed exponent
and an increasing cut-off [34, 32]. A plausible question is, how exponents β and α,
and the divergence signature Γ - if it exists - depend on the way how the stress is
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applied [82, 83, 84, 85]. The form of the probability distribution functions may be
related to the non-stationarity of the AE signal and the same applies to the time
to failure acceleration. Publication III discusses the aspects of non-stationarity in
acoustic emission during fracture, in particular the test for critical divergences, on
the basis of a large dataset of paper fracture experiments. It contrasts the result
to the numerical experiments of random fuse model with a residual conductivity,
where one finds an acceleration of the event rates during a numerical experiments,
but no divergence.

In contrast to non-stationarity of loading modes, in the peel-in-nip geometry (see
Chapter 5, Fig. 5.2) the fracture process is stable and has a translational invariance
in time [86, 87]. In this geometry the fracture front - 1D-dimensional crack propagation - is shown to propagate with intermittent jumps by a direct observation, using
a high speed camera and a transparent plexiglass sample [86]. The dynamics of the
fracture front may be understood via the theoretical picture of the depinning of an
elastic manifold in random media [88]. Depinning has experimental realizations for
example as domain walls of Ising systems and vortices in superfluids [89, 90, 91],
and observations are predicted by theoretical calculations based on the functional
renormalization-group approach [92, 93, 94]. The peel-in-nip is thus a useful approach to study the damage evolution by using the acoustic emission method: there
are diverse experimental setups and theoretical approaches to compare with.

Publications IV and V study the peeling geometry in both the stationary strain
rate and in creep mode of loading. Statistical properties of AE from peel-in-nip, in
particular the correlations, are contrasted with the non-stationary data sets obtained
from tensile loading geometries. The creep depinning hypothesis in 1D fracture front
propagation is tested in Publication IV.

Seismicity is characterized by empirical Gutenberg-Richter law for the size distribution of earthquakes. The law states that the probability distribution for the
18

magnitude M is
P (M ) ∼ M −β ,

(4.4)

where β ≈ 1.5. Temporal characteristics are described by Omori’s law rt ∼ (tr −t)−Π ,
which states that the average density of earthquakes rt increases as a power-law with
an exponent Π, when we approach up to a main-shock, which occurred at a time tr .
[15, 16]

There is an analogy between empirical relations for fracture, stationary driven
crack fronts and for seismicity, but the connection is not understood quantitatively
nor qualitatively. Moreover, a quantitative theoretical explanation for exponents
α, β, Γ, b, Π is lacking, and the statistical signatures imply complex correlations in
the acoustic emission signal [84].

Publication VI discusses the analogy between seismicity and paper peeling. The
methodology developed for seismicity is applied to AE from paper peeling and vice
versa. Correlations in the AE from the creep in peeling are studied. The results are
compared to the numerical model of the elastic interface depinning.
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5

Experimental methods

In the experiments, a sheet of paper in tensile and peeling geometries was tested.
Tests were made under humidity and temperature controlled conditions. Constant
strain rate was applied using MTS/400M tensile testing machine for both experimental geometries. In the creep loading mode a constant load was applied on the
sample.

In Publications I-III samples were tested under tensile stress using creep, creeprecovery and strain controlled modes of loading. An example of an experimental
setup in tensile geometry and creep experiment is shown in the Fig. 5.1. The
experimental setup for the tensile creep was constructed. It consisted of a sturdy
frame, clamps, a jig to attach the sample to the clamps, and a pneumatic mechanism
to apply or remove the load to the sample. A camera was attached to the frame,
and a laser distance sensor followed the movement of the lower clamp. Experiments
performed in publications III-VI were carried in the peel-in-the nip geometry. A
paper sample under peeling is shown in the Fig. 5.2. The peel-in-nip device consisted
of two rotating rolls, a wire to rotate both rolls with either a constant strain rate
or a constant force. The angle of the peeling paper was followed by taking pictures
during the experiment. Two acoustic emission sensors were attached to the system.

The data in the experimental setup consisted of the AE signal, the sample elongation, force and digital images. The measurement environment consisted of a
standard PC hardware and networked measurement software, which coordinated
the experiment and collected the data from different sources. The synchronization
of different data sources was handled by using an internal counter of 1.2 MHz PCIMIO data acquisition card that was used as a universal time for the environment.
An order of 10 µs temporal accuracy between the data sources was achieved. The
messaging between different parts of the measurement system were distributed us-

Figure 5.1: The setup for creep and creep recovery experiments. A load is attached
to the lower clamp and its movement is controlled by using pneumatic cylinders.
During the recovery phase the pneumatic cylinders let the sample recover freely
without any load. (Publication II)

Figure 5.2: Schematic presentation of the peel-in-nip device. A paper sample is
attached between two rolls. By rotating the rolls the sample peels. (Publication IV)
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ing UDP/IP protocol and thus we were able to control the networked measurement
hardware in a synchronous manner.

The experimental setup consisted of two special techniques, the acoustic emission
analysis and the digital image correlation. The acoustic emission analysis developed
by Salminen [73] was combined with the digital image correlation (DIC) measurement setup.

The images for the DIC were taken during the experiment with PCO’s 1 mega pixel
grayscale digital camera, SensiCam 370KL0562. The camera has a very low thermal
noise ratio due to the cooled CCD and 12 bit grayscale resolution. The exposure
time in most measurements was adjusted to be 200 ms, which filtered out external
oscillations in lightning conditions.

Several lightning conditions and speckle patterns were tested in order to obtain the
best achievable sharpness to images. Two different approaches for imaging was used:
a sample scale and a fibre scale. In sample scale images, the speckle pattern shown
in diagram 2.5 was used due to its sharp contrast and translational invariance. In
fibre scale imaging, the natural disordered pattern of paper fibres was sufficient to
create enough contrast for the DIC-method.

5.1

Digital Image Correlation

In this subchapter we discuss the digital image correlation (DIC) method and its
applicability to study paper creep under deformation.

In the DIC method, the task is to find corresponding points, the deformation function, between two images. The deformation function is the mapping from a point r
in the original image to a new point r′ = g(r) in the deformed image. Using contin22

uous approximations for the image and the deformation function, DIC allows one
to study deformations smaller than the image discretization scale, the pixel scale
[95, 96].

DIC was first used in the experimental mechanics to measure the deformation field
by Sutton [97, 98] and Chu [99]. The method is later utilized for example for
measuring crack tip opening angles, displacements and subcritical crack growth
[100, 101, 102]. It is also used for estimating the stress intensity factors for 2D and
3D cracks [103, 104]. DIC was applied by Korteoja for measuring the effect of the
formation for local strains in paper samples [105].

The image registration algorithm used in this thesis is performed according to the
following steps [106, 107]:

• The test image and the deformed image are converted to continuous versions
by spline interpolation.
• The algorithm finds a solution to the deformation function between two images.
• The quality of the solution is evaluated by criteria of similarity between the
deformed image and a solution g applied to the test image. If the quality of
the solution approaches the criteria, it is accepted.

The deformation function is presented as B-splines defined in an evenly spaced
lattice, where each piece is determined in a zone of interest, that is, the crate. The
B-spline approximation of the deformation function leads to locally minimized elastic
energy, and it can represent global affine deformations correctly. The algorithm for
the deformation computation is described in [108] and the program is released under
GNU Public License. The code derived from the Kybic’s thesis has been published
as The Google Code project stdic in Ref. [109].
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An example of the vector field of absolute displacements based on the DIC is shown
Fig. 5.3. The displacement is taken from the primary creep regime of a sample
whose total time to failure was tc =1549 s.

One of the approaches to monitor the error of the displacement field was achieved
by using different crates: the difference of deformations was computed using two
different crates and it was order of 0.003 pixels.

The DIC algorithm accuracy was tested with several approaches. It was compared
to a commercially available algorithm, which showed consistent results. The algorithm was tested against a method developed by Korteoja for paper [110]. It
was also tested against artificial deformations where the displacement was known
exactly. Numerical results from a displacement field were checked with several different methods of computation whenever possible: e.g. comparing the global strain
to local strain rates (Publication II). From these tests we concluded that order of
0.1 pixel accuracy was achieved for the absolute displacement measurement. The
out-of-plane deformations put a limit to the accuracy, since the paper thickness is
the order of 0.1 pixels.

5.2

Acoustic Emission

The strain from an experiment together with acoustic emission (AE) events is presented in the main figure of the Fig. 2.4. In the inset there is a signal from single
acoustic emission timeseries, with the events shown.

The AE measurement system consists of a piezoelectric transducer, a rectifying
amplifier and continuous data-acquisition. The time-resolution of the measurements
is 10 µs and the data-acquisition is free of deadtime. During the experiment bi-polar
acoustic amplitudes by a piezocrystal sensor is acquired, as a function of time. The
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transducer is attached directly to paper and no coupling agent is used. The data
acquisition channel has 12-bit resolution and a sampling rate of 312 000/s. The
transmission time from event origin to sensors is in the order of 5 µs. Acoustic
channels are first amplified and then saved to a hard disk.

The acoustic time-series was post-processed after the measurement by detection of
continuous and coherent events, and the calculation of an event energy Ei is done as
the integral of squared amplitudes within the event: Ei =

R

A2 (t′ )dt′ . The form of

the event is due to the measurement device and the physical response of the sample.
The envelope forms of are shown in the Fig. 10 of Publication VI, which illustrates
a fast raise time and a decaying tail of a typical acoustic emission event.

The event arrival time ti was taken from the instant when the amplitude raises above
the threshold level. The dynamic range of the measurement device was 54 dB. The
ensuing discrete set of events is characterized by set of pairs: {(t1 , E1 ), (t2 , E2 ), . . .}.
Fig. 2.4 shows a typical acoustic emission from a creep test.
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Figure 5.3: Vector field of absolute displacements at t = 10 s in the creep experiment on paper. Vector lengths are scaled so as to just avoid an overlap and thus
show the relative differences of displacement vectors.
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6.1

Results

Temporal strain rate evolution

In this chapter we investigate the spatial variations in the creep deformation during the primary creep regime. We concentrate on the fluctuation scaling and the
interpretation of the strain in the framework of the elastic interface depinning.

The main motivation of the experimental approach in this work is to develop accurate measurement of spatial displacement during creep experiment and study its
implications on creep, and the models described. An evenly spaced grid on an image
is defined, which consists of a discrete set of points (i, j) with constant spacing ∆d.
j refers to the strain direction. From the DIC one obtains displacements on each
point ∆y i,j in a time interval dt. A spatial strain rate ǫi,j
t in a grid point (i, j) is
computed using
′

ǫi,j
t =

∆y i,j − ∆y i,j
Ldt

(6.1)

where L = (j − j ′ )∆d is the length in which the strain is measured. The distribution
P (ǫi,j
t ) ensues, which describes the strain rate evolution during the creep experiment.
Examples of the distributions are shown in Fig. 6.1 and the computation is illustrated schematically in the Fig. 2.5.

The samples are found to exhibit a primary creep regime characterized by a power
law decay of the average creep strain rate,
−0.7±0.1
hǫi,j
.
t i ∼ t

(6.2)

The spatial variations are found to be characterized by a power law time dependence
of the standard deviation of the local strain rates,
∆ǫt ∼ t−γ ,

(6.3)
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Figure 6.1: The scaled probability distribution functions of strain rates from an
experiment, where the time to failure is 1038 s. The width of the distributions
increases when time passes. The skewness decreases in this particular sample, but
the feature is not observed in all experiments. L = 14 mm.

where the fluctuation exponent γ = 0.55 ± 0.1 is found. he standard deviation is
defined as
v
u
u 1 X i,j
2
∆ǫt (t) = t
(ǫt (t) − hǫi,j
t (t)i) .

N

(6.4)

i,j

The magnitude of the fluctuations of the strain rate decay slower with time than the
average creep rate, implying that fluctuations become more important in relative
terms with time. This experimental finding is presented in Fig. 6.2 and studied
in more detail in Publication I. The fluctuation scaling result was independent of
the length L used. In the sample scale images during creep, the fluctuation scaling
was observed using L = 14...60 mm. The DIC knot spacing of the splines, that is
’crate’, being a lower bound and the sample size upper. The DIC analysis on the
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magnified images showed the relative strength of the fluctuations increase during
creep, when L=0.3 mm. The higher order cumulants were also computed from the
distribution P (ǫi,j
t ), but the statistics is insufficient to conclude anything beyond the
second order.

When defining and measuring the fluctuations of the strain-field we only study the
y component of the strain, defining the relative strain as:
ǫ=

∆y
.
y

(6.5)

This is a simplification since due to the Poisson’s effect transverse strains are observed. This is seen in Fig. 5.3 where we show the vector field of absolute displacements taken from the primary creep regime of a sample whose total time to failure
was tc = 1549 s. The computation of strain rate fluctuations ∆ǫt ∼ t−0.55 was also
reproduced by using an approximately constant global displacement between images
from which the local strain rates ǫi,j
t were computed - as opposed to constant image
frequency as in Fig. 6.2. This did not change the result of the scaling of strain rate
fluctuations. The result was also reproduced by directly studying the relation between the strain rate fluctuations and the strain rate, in order to rule out the effect
of a sample-to-sample variation, when averaging the strain rate and the fluctuations
over experiments. The result
ǫt /∆ǫt ∼ t0.2
was obtained.

The structure of paper exhibits disorder in many scales [111]. In this work we
have studied the fluctuations of the strain field during the creep experiment which
corresponds to a floc scale and a fibre scale. The floc scale corresponds to the density
fluctuations of paper sheet at scales order of 1 cm. The fibre scale emerges from
0.1 mm thick fibres and fibre-fibre bonds. We note that we observed the fluctuation
scaling holds from fibre to sheet scale. This suggests that the data needs a model
which goes below our observation scale.
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Figure 6.2: Average creep rate and the standard deviation of the local creep rates.
Data for a typical set of experiments, that exhibit Andrade’s law. The sample
average lifetime is 800-1600 seconds. 16 experiments are used to derive the data.
The straining volume is L = 50 mm. (Publication I)

In Publication I, the creep strain fluctuations are analyzed with the aid of the DDD
model. It is shown that the DDD model exhibits a fluctuation scaling law
∆ǫit ∼ t−0.5 ,

(6.6)

where ∆ǫit is the standard deviation of the local strain rates that are defined by
ǫit

∼

N
X

bj v j ,

(6.7)

~
rj ∈ box i

where bj = ±1 is the magnitude of the Burgers vector and N is the number of boxes.

We give an overview of a model for the creep strain fluctuations by Laurson et
al. [112], which is motivated by Cottrell’s “strain cages”. The model assumes an
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intermittent strain activity. Volume elements are divided to “active” and “inactive”
during a period ∆t. The active boxes are associated with a time dependent strain
rate ǫat , while inactive boxes have strain rate zero. The probability distribution
P (ǫi,j
t ) of the local strain rates can be written as
i,j
a;i,j
P (ǫi,j
) + (1 − p(t))δ(ǫi,j
t ) = p(t)δ(ǫt − ǫt
t ),

(6.8)

where p(t) stands for probability that the box is active. A power law time dependence for both the local strain rate, and probability p(t) is assumed:
′

ǫat (t) ∼ tα −Θ ,
′

p(t) ∼ t−α ,
where p(t) and ǫat (t) are chosen so that Andrade’s law is fulfilled, that is the average
a;i,j
strain rate hǫi,j
, that is
t i is the number of active boxes N p times strain rate ǫt

∼ t−Θ .
ǫt = N pǫa;i,j
t
The standard deviation can now be computed, and it leads to
Θ−α/2
∆ǫi,j
.
t ∼ t

Requiring that the fluctuation scaling exponent γ = Θ − α/2 ≈ 1/2 agrees with the
numerical results, we obtain a self-consistency relation for the number of the active
boxes and the strain rate
p(t) ∼ ǫat (t) ∼ t−1/3 .

(6.9)

The numerical simulations on the DDD model may be consistent with Eq. (6.9)
[112], but experimentally the distributions were intractable with the setup used in
this thesis. In both cases, technical difficulties occur. Due to the fact that the strain
is a continuous variable, one must perform a thresholding of the strain distribution.
The subdivision to boxes, and the definition of the time-scale ∆t, in order to choose
correct spatial and temporal scales, make the comparison difficult. However, these
arguments may provide a way to understand the origins of the fluctuation scaling.
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6.2

Interfacial description of the creep deformation

In the interfacial description, the strain is interpreted as the height of the interface
h(x, y; t) in depinning models. In the model (Eq. (2.5)) by Zaiser and Moretti the
height-height correlation function scales as
q

h(h(x + L, yc ) − h(x, yc ))2 ix ∼ LH ,

where H = 0.7 [26]. This approach suggests to test the elastic interface depinning
idea further in the spatiotemporal scale.

The elastic interface depinning can be described as a contact process (CP). The
contact process exhibits an absorbing state phase transition and belongs to the
universality class of directed percolation [113]. The CP is usually defined so that each
site of the d-dimensional hypercubic lattice is either vacant or occupied by a particle.
Particles are created at vacant sites at a rate λ ∼ n/2d, where n is the number of
occupied nearest-neighbours, and are annihilated at unit rate, independent of the
surrounding configuration. The order parameter is the particle density ρ and the
state, ρ = 0, is absorbing. As λ is increased above λc , there is a continuous phase
transition from the vacuum to an active state. One derives an interfacial model
by considering the height of the site hi (t) to be the total amount of time that the
site is occupied (or the number of times it has been active). Dickman and Muñoz
conjecture the scaling hypothesis in Eq. (6.10) for the probability density p(h; t) of
the height at any lattice site at time t [113]. The mean height is hh(t)i, and it is
expected that
p(h; t) =

1
f (h/hh(t)i),
hh(t)i

(6.10)

where f is a scaling function. For the mean height
hh(t)i ∼ t1−θ ,

(6.11)

which implies that the variance of the height ∆h2 scales as
∆h2 ∼ t2−2θ .
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(6.12)

This kind of scaling is expected in models of rough interfaces with the simplest case
of spatial and temporal scaling exponents.

Fluctuations in the creep deformation of paper and in DDD are tested against the
scaling hypothesis in Eqs. (6.10) and (6.12) in Publication I. In the experiments
on paper we measure local relative strains ǫ(x, y; t) at positions (x, y), where local
deformations are computed as displacements between the initial loaded state and at
a time t from the initial loaded state. The picture from the initial loaded state is
taken 1 second after the load is applied. The scaling hypothesis in the Eq. (6.10)
can be applied by interpreting the local deformations ǫ(x, y; t) ≡ h(x, y; t) as the
local heights of an interface and thus the probability density p(ǫ; t) is expected to
scale as the one for the local heights in Eq. (6.10).

Eq. (6.11) corresponds to Andrade’s law in the creep experiment and Eq. (6.12)
states that, if the scaling hypothesis holds, the variance ∆p(ǫ; t)2 of the local deformation distribution scales as:
′

∆p(ǫ; t)2 ∼ tβ ,

(6.13)

′

where β = 2/3 = 2 − 2θ if the corresponding Andrade’s exponent in the Eq. (6.11)
is taken as θ = 2/3.

In Fig. 6.3 we depict the scaling functions f (ǫ/hǫi; t) = hǫip(ǫ; t) during the primary
creep in experiments on paper. The deformation data ǫ(t) is averaged over 16
samples. A similar result for the scaling is obtained from the DDD simulations
(Publication I). During the primary creep the variance of fluctuations increase as
∆p(ǫ; t)2 ∼ t0.75±0.1 (experiment) and close to t2/3 (simulation). This is shown to
support scaling hypothesis in Publication I. One can also extend the experimental
data beyond the range in time appropriate for primary creep, with at least rough
agreement with the expected behaviour for the secondary creep phase.

Next we analyze the spatial correlation functions of the creep strain field. The
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correlation function is defined as a width
w(L, t) =

q

h(ǫ(x + L, yc ) − ǫ(x, yc ))2 ix ,

(6.14)

where the roughness of the strain ǫ is averaged over the x coordinate at constant
position yc .

If the elastic interface depinning picture holds, then the scaling behaviour of the
width w(L, t) is governed by the scaling relation [114]
w(L, t) = t1−Θ f (

L
t1/z

),

(6.15)

where f is scaling function, z is the dynamical exponent and Θ corresponds to
Andrade’s exponent 2/3.

In the Fig. 6.4 there are squared height-height correlation functions from three
different correlation distances L from two typical experiments. We note that for L =
5mm we see approximately Andrade’s scaling exponent. The data becomes more
inaccurate, when L increases and we are unable to conclude about the form of the
scaling function based on the height-height correlations, and further measurements
are required for this purpose. However individual and averaged scaling behaviour
of the w(L, t) is in agreement with previous results, and provides an independent
support for the hypothesis.
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Figure 6.3: Scaling functions of strain fields f (ǫ/hǫi; t) from experiments on paper
using L = 14 mm. Different lines indicate the time at which f is computed, chosen
to be at the beginning, in the middle and at the end of primary creep. The average
distribution over 16 different samples is computed by taking all the local displacements at a given time and then computing the scaling function from the distribution
p(ǫ; t). The scaling functions collapse and are consistent with the scaling hypothesis
of an absorbing state phase transition (Eq. 6.10). The distributions have a similar
asymmetric form and a large-strain tail which is decaying in an exponential fashion.
(Publication I)
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Figure 6.4: Height-heigth correlation functions from experiments. Squared heightheight correlation function w(L, t)2 (Eq. 6.15) is consistent with Andrade’s law:
solid lines are least squares fit to the data. The data shows two typical experiments,
where tc = 1377s and tc = 1087s. The data sets are shifted apart, so the
amplitudes are not comparable. When the scale L increases the statistics of the
data is insufficient in order to conclude the form of the scaling function f (L, t) in
equation 6.15.
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6.3

Creep recovery

The creep recovery and the role of spatial variations in the recovered strain (rate)
field during creep recovery are studied in detail in the Publication II.

For the creep recovery, the standard deviation ∆ǫt of the spatial strain rates and
the spatial average hǫt i obey the same scaling in time
∆ǫt ∼ hǫt i ∼ t−1.1 .
The result is depicted in the Fig. 6.5.

Figure 6.5: Averaged recovery rate ǫt and the standard deviation of spatial recovery
rates as a function of recovery time. The data is averaged over 32 experiments. The
standard deviation shows that the relative width of the recovery rate distribution
does not change during the recovery process. (Publication II)

When compared to the primary creep on paper, the relative strength of fluctuations
was shown to increase during Andrade’s and logarithmic creep. The recovery process does not behave similarly, as the ratio of fluctuations to the mean recovery rate
37

Figure 6.6: Normalized recovery rate distributions averaged over 32 experiments.
Comparison of three different recovery times is shown and the distribution is nor, where m is the average deformation rate and s is the
malized according to ǫ′t = ǫt −m
s
standard deviation of the spatial deformations in the experiment. We see that the
average recovery rate and its variations follow the same scaling in time. (Publication
II)

is constant. We can test this further by looking at the strain rate probability distribution functions depicted in Fig. (6.6). The distributions are indistinguishable,
which is not the case in the creep process.

Thus, despite the fact that we observe a power law recovery, the results suggest
strongly that the recovery is not an ”inverse Andrade creep” nor an inverse logarithmic creep, as suggested by the jamming transition description of creep in the
preceding chapter. The recovery is not driven by critical stress, and the implication
is a supporting evidence for the absorbing state transition picture in the primary
creep.
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Another important consequence of the strain relaxation result is in the context of
activation energies: the typical barrier does not increase as a simple exponential
decay when the strain rate decreases. While the relative strength of the spatial
fluctuations does not increase during the recovery, the mean-field model may be
applicable. The fitting model is presented in Publication II, and its main implication
is that the largest part of the relaxation of the internal stresses is coming from the
elastic stress.

6.4

Damage evolution

In our publications III-VI, we analyze damage accumulation and AE statistics at
different loading modes and geometries on a paper sample. In this chapter we will
summarize the main results and their implications.

In publication III we present a statistical analysis of acoustic emission (AE) data
from tensile experiments on paper sheets, loading mode I, with samples broken under
strain control. AE energy release and AE event rates are considered, to test for the
presence of ”critical points” in fracture, that is the time-to-failure acceleration of the
event rate nt is found to diverge in the creep test:
nt (tc − t) ∼ (tc − t)−∆

(6.16)

where tc is time to failure, nt is the event rate with respect to time and ∆ characterizes the acceleration. In Publication III we show that a divergence is observed in
strain-controlled tensile experiments, using time as a control parameter and looking
at the event rate when approaching time at the maximum event rate. It is shown
that the characteristic behaviour of the event energy is different from the event rate,
and that the maximum of the event energy and the event rate correspond to a time
which is observed after the maximum of the stress in the stress-strain curve. The
behaviour of the event rate might be taken to imply criticality, when tc is chosen to
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be the time at the maximum of the event rate. The result of the event rate acceleration is different, when time to maximum stress is considered as “critical point”,
as it is commonly done. We find the value ∆ = 1.4 ± 0.1 the Eq. (6.16). Earlier
experimental studies have shown indications of an event energy divergence when
one imposes a constant pressure rate to a heterogenous material [79, 80, 81]. The
critical exponent Γ in Et ∼

³

´
p−pc −Γ
pc

was found to be γ = 1.4 in [79], Γ = 1.27 in

[80] and Γ = 1.0 in [81]. In the case of an imposed constant strain rate there was
not found to be any critical divergence of the energy release rate [82, 76]. We point
out that, in our experimental results, the most clear sign of the critical behaviour
was observed by studying the event rate instead of the energy release rate.

The apparent discrepancy between “criticality” and the exponential increase of the
event energy observed by Salminen et al. may be attributed to the brittle nature of
the machine direction testing in Ref. [76], in contrast to the cross-machine direction,
and ductile stress-strain response, tested in Publication III. Here the “direction”
refers to anisotropy in the mechanical properties, due to the manufacturing process
of the paper.

We compare the results with the residual random fuse model (RRFN), which is
analogous to the one proposed by Duxbury and Li [115]. The model is analogous
to the random fuse network [33], but it introduces a residual bonding, leading to
apparent plasticity and crack arrest. To get an event rate acceleration in gradual
failure by RRFN requires that breaking a fuse creates an “AE event”, but accumulating the damage does not. Thus, we find that a gradual failure does not explain
an event rate acceleration. Divergent signatures on event rates are not observed in
the numerical model.

In Publications IV-VI the dynamics of a ”peeling front” or an elastic line is studied
under creep (constant load) and constant velocity of the elastic line. The tensile case
is reported in Publication IV, and the creep results are published in Publication V
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and VI. In the peeling experiments one observes the intermittent dynamics of a
crack line as it moves through a sample, largely constrained on a plane. The crack
line observes randomness coming from the fibre network structure, a driving force
and a self-coupling of the interfacial profile. Under the forced constant velocity
of the line, the driving force is coupled to a line movement in a very complicated
manner, and experimental results presented in Publication IV do not correspond to
any theoretical description.

For a constant driving force f of the crack line in paper peeling, the hypothesis of
a depinning transition is tested. A non-equilibrium depinning transition implies a
phase diagram for the velocity of the line shown in the Fig. 6.7. The phase diagram
depicts the relation between the force and the average velocity of the crack line. The
crack line begins to move at a critical value fc of f such that for f > fc and v > 0
at the zero temperature. Just beyond the critical force, one sees a scaling relation
′

v ∼ (f − fc )β .
At larger forces f ≫ fc the effect of the disorder vanishes and one observes a viscous
flow.

At finite temperatures, one can show by scaling arguments, or by the functional
renormalization group [116] that the velocity of the crack line follows the creep
formula
vcreep ∼ exp (−Cf −µ /T ).

(6.17)

The creep formula sets a length scale through thermal activation ((−Cf −µ /T ) ≈ 1),
i.e. it has an Arrhenius form. The equation gives the relation to the driving force
f using the creep exponent, µ. The value of the exponent depends on the elastic
interactions and the dimensions of the moving object, and we expect
1 − α′ + 2ζ
.
µ = θ/ν =
α′ − ζ

(6.18)

The exponents θ, ν, and ζ denote the energy fluctuation, correlation length, and
equilibrium roughness exponents. For the long range elasticity, one would assume
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Figure 6.7: Force-velocity relation, exhibiting a creep-depinning phase transition.
At T = 0 there is discontinuation in the first derivative of the order parameter, i.e.
the velocity v, as a a function of the external force. At low forces f ≫ fc and in
positive temperatures T > 0 the system is in the creep region. From Ref. [93]

α′ = 1. In Publication V we reported results that show the relationship in line
with an Eq. (6.17) as is appropriate for non-local line elasticity with an equilibrium
roughness exponent of ζ = 1/3 [93]. In Publication VI it is shown that AE statistics
in the peeling experiment is comparable to that of the motion of an elastic line with
a long-range elastic force in a random potential.

In Publications III-VI statistical distributions of event energies Ei and inter-event
times τ = ti+1 − ti are analyzed. It appeared that the energy exponent β in the
Eq. (4.1) is insensitive to the loading mode in the tensile geometry, the value being
in the range β = 1.2...1.4, which is slightly smaller than models predict [32]. The
creep loading mode in the peeling geometry lead to the value β = 1.6 ± 0.1. This
is comparable to with the Oslo plexiglass experiment, where for the avalanche size,
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i.e. the area created by an intermittent event, the value of β = 1.6 ± 0.1 was found
[86]. The results were compared to simulations where the evolution of an elastic line
in a disordered media with the long-range elastic force was studied in Publication
VI. The model in the creep regime had an avalanche-like behaviour, but a smaller
exponent, β = 1.4 ± 0.1, than in the the experimental cases. For a constant strain
rate in the paper peeling the value β = 1.8 ± 0.2 was found.

These values can be contrasted to the recent analysis by Laurson et al. [117], where it
is shown that the avalanche size probability distribution is governed by a local and a
′
global scaling exponent, which are related with a scaling relation βlocal
= 2βglobal −1.
′
The Oslo experiment is shown to follow the result, and the value βlocal
= 1.5 is found.

The value 1.5 may seem consistent to the result in Publication V for the creep in
paper peeling, but it is difficult to argue that the AE energy probability distribution
would correspond the local exponent. The numerical models in Publication VI and
in Ref. [117] correspond the case of quasi-static external driving of the interface. The
quasistatic driving might not be true in the constant strain rate peeling (Publication
IV), which may partly explain observed difference in this particular case.

The form of the waiting time distribution P (τ ) implies that correlations are present
in the time series, that is the events are not modeled by a Poisson process. In
tensile geometries, for creep and constant strain rate loading modes the distribution
was closest to power law form (Eq. (4.2)). The analysis of the temporal behaviour
in these cases showed that the feature is present only in the time series, which is
accumulated over the whole non-stationary experiment. Observations for a quasistationary creep in peeling showed that the velocity and the form of the distribution
P (τ ) are dependent.

Temporal correlations in the acoustic emission signal are studied further in Publications III-VI. Eq. (6.16) is in essence identical to Omori’s law of aftershock rates. In
the stationary paper peeling experiment one observes Omori’s law with an exponent
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close to Π = 1.4 and it can be contrasted to tectonic seismicity. AE triggered by a
line creep in the paper peeling might produce a similar power law relaxation of the
foreshock and aftershock rates.
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7

Summary and discussion

In this thesis we have tested non-equilibrium statistical physics’ ideas against various
experimental realizations of damage evolution and fracture. We have utilized the
acoustic emission and the digital image correlation methods to extract the data
about the phenomena under study.

We have shown that primary creep in tensile geometry can be understood as an
absorbing state phase transition, by studying the strain rate which acts as an order
parameter, and via the interfacial description of the spatiotemporal evolution of the
strain. Moreover, we have discussed the fact that the relative strength of order
parameter fluctuations, the standard deviation of the strain rate, increases as a
function of time. The results are based on DIC-method. The intermittent nature
of a crack front in the paper peeling has been analyzed. Under a constant force,
a creep-depinning phase transition has been found by studying the force-velocity
relationship of an advancing front.

The elastic interface depinning interpretation of the strain during creep predicts, for
example, height-height correlation functions and, due to access to spatial strains,
we were able to test the interpretation. In a similar vein, a creep-depinning in
paper peeling predicts the form of the correlator and we are able to falsify the
creep-depinning framework [118].

By contrasting our experimental results to extensive numerical experiments on the
DDD model [50, 52], we have been able to emphasize the universality the elastic
interface depinning in a tensile creep. Numerical experiments have also been able
to describe the nature of the elasticity of the crack line.

Along with few successes of physics, we have discovered a phenomenology without

understanding. The intermittent spatio-temporal nature of a non-stationary acoustic emission signal from a tensile geometry and constant strain rate peeling serves
as an example. There are no testable models that would describe the distributions
P (E) and P (τ ) and the correlated dynamics of the crackling noise. However, the experiments on paper may complement experimentally intractable fields, e.g. tectonic
seismicity, by providing statistically significant data on experimentally analogous
systems.

The experimental setup presented in this thesis was limited to rather slow imaging
frequency (1 Hz). Time scales relevant to the acoustic emission event are at the
order of millisecond. Increasing the imaging frequency and synchronizing the image
data accurately with the acoustic emission might provide a way to observe localized
events in the deformation.

A prediction of the failure time in the creep experiment is a problem which has
practical importance. Related to the failure prediction, a feature on the creep curve
is the Monkman-Grant relation which states that the time at which a minimum
creep rate occurs in a sample is proportional to the final failure time [119]. This
might be related to the strain fluctuation scaling, since the relative strength of
the fluctuations eventually approach the actual strain rate, and it may signal the
transition to the tertiary creep. The evidence was not found in the analysis based
on the experimental results presented here.

Issue, which is omitted in this thesis, is the effect of the system size. An open
question is, if a large scale fracture can be considered physically identical as a smaller
scale one [120]. The importance of this question is raised when studying e.g. the
dynamics of Arctic sea ice [120]. For example, it is found that the sea ice deformation
is heterogenous and intermittent and accommodated by a multiscale and multifractal
fracturing process [121, 122, 123]. The analysis of the large scale fracturing process
in by using the fluctuation scaling approach or the interfacial framework might
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provide a way to understand the size effect of the deformation and the fracture.
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