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ABSTRACT
The literature related to the three-dimensional ﬁbre networks is
reviewed since 2000. Indeed, a review was presented in these symposia in 2001 [1]. Therefore, the updated articles are only considered here. The previous review concentrated on theory, whereas
the focus here is on modern 3D analysis and comparisons of these
with theory. Moreover, the focus is on paper structure. However,
the general context of 3D structure is considered in the introduction in order to illustrate the main ideas that may be applied to
paper. Then, the experimental methods are presented in order to
show the potential of such techniques. In a third part, improvements of the description of the 3D structure will be presented.
Namely, the quantitative description that completes the visualisation of the structures will be presented. The main 3D morphological properties will be presented and some examples will
illustrate the existing developed tools. The Representative Elementary Volume (REV) dedicated to the structure properties will
then be introduced. The theoretical models are brieﬂy presented
to prove the necessary development of both experimental tools
and dedicated theories. Theoretical studies will be exempliﬁed.
Indeed, both theoretical and experimental demarches will enrich
each other as will be shown. The inﬂuence of both deformation
and humidity modiﬁcations on the 3D structure will illustrate the
interest of the knowledge of the 3D structure, to tackle its inﬂuence on physical properties. The main perspectives and challenges
related to the structure description will end up this presentation.
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INTRODUCTION
Context of the review
The presentation is dedicated to the fabrication of paper. Hence, the discussion will be oriented towards this particular application, having in mind other
materials. The context of this contribution is that two very interesting papers
have already been published in this conference. The ﬁrst one appeared in 1962
[2] completed by numerous articles published in the sixties. The more recent
consists in a review, by Sampson, and was published in 2001 [1]. Furthermore, his book [3] published is a scientiﬁc basis to study the ﬁbrous structure
of paper and practise in numerical simulation. It represents a complementary
approach to the earlier book of Dodson [4]. Many references are provided in
these publications. The aim here is not to review these reviews, instead it is to
present the progress since 2000. Furthermore, it is not within the scope of this
paper to review the literature relating the structure to end-use physical
properties, even though it is obviously the main objective of the structure
description. Moreover, there exist different books that present mathematical
analyses of microstructure and the macroscopic properties [5,6]. The aim
here is a three-dimensional description of the microstructure of paper, so
we focus only on this, considering both complementary theoretical and
experimental points of view. We will underline the experimental aspects, as
the theoretical aspects are well described elsewhere as mentioned before.
Finally, we also would like to emphasise the complementary role of both the
theoretical aspects and experimental developments.
3D structure of materials
Classical structural characterisations are often carried out on 2D data sets.
This is however not sufﬁcient to describe properly for example the ﬁbrous or
porous network connectivity. Therefore, since few decades, efforts have been
made to visualise and analyse in 3D the inner material. It was applied for
example to study the bone structure [7,8] or relative permeability of porous
materials [9]. Even though the paper is not included in the studied materials,
El Raoush [10] published the following interesting table, including both the
experimental technique and the structural parameters showing the potential
of 3D measurements.
Increasing demands exist nowadays concerning the faithful visualisation of
the 3D structure of paper, and these carry forward to the accurate quantiﬁcation of structural parameters. The developments are also nowadays possible
due to the new numerical calculation abilities and accurate technologies
applied in measurement equipment. Namely, laboratory equipments allowing
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Table 1.

Applications of imaging techniques to porous media systems [10].

Reference

System

Resolution Porous media

Measured
properties

Petrovic and
et al. (1982)

X-ray scanner

*

Soil, glass
beads

Soil bulk density

Crestana and
et al. (1985)

X-ray computed
tomography

*

Sandy and ﬁne
sandy loam

Water content
variations

Crestana and
et al. (1986)

X-ray mini scanner

*

Fine sandy
loam

Water content and
soil bulk/density

Harold and
et al. (1987)

X-ray computed
tomography

*

Bera
sandstone

Volume fractions

Hunt and et al.
(1988)

X-ray computed
tomography

*

Natural soil

Fractures, mud
invasion, and
lithololgic
characterization

Warner and
et al. (1989)

X-ray computed
tomography

*

Natural soil

Air ﬁlled porosity
and pore size
distribution

Cassel and
et al. (1990)

X-ray computed
tomography

*

Natural soil

Variation in
water content

Spanne and
et al. (1994)

Synchrotron
computed
tomography

10 mm

Fontainebleau
sandstone

Topology and
connectivity

Montemagno
and Gray,
(1995)

Photoluminescence
volumetric imaging

1 mm

Random soil
samples

Porosity, volume
fractions and
speciﬁc surface
area

Auzerais and
et al. (1996)

X-ray computed
tomography

7.5 mm

Fontainebleau
sandstone

Porosity, volume
fractions,
permeability and
connectivity

Synchrotron
tomography

7.5 mm

Fontainebleau
sandstone

Porosity, speciﬁc
surface area and
pore size
distribution

X-ray computed
tomography

5 mm

Bera sandstone,
glass bead

Porosity,
tortuosity,
connectivity and
speciﬁc surface area

Coker and
Torquato
(1996)
Lindquist and
Lee (1996)
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Table 1.

Continued

Reference

System

Resolution Porous media

Measured
properties

Baldwin and
et al. (1996)

Magnetic Resonance
Imaging

*

Uniform glass
beads

Pore size
distribution,
coordination, and
speciﬁc surface
area

Pauli and
et al. (1997)

Magnetic Resonance
Imaging

*

Glass ﬁlter
system

Pore size
distribution

Klobes and
et al. (1997)

X ray computed
400 mm
tomography with
mercury porosimetry
Positron emission
*
tomography

Rock samples

Porosity

Sandy
sediment soil

Visualization of
ﬂuid transport
through the sample
Porosity and water
content

Kahalili and
et al. (1998)
Coles and et al.
(1998)

Synchrotron
tomography

30 mm

Sandstone

Hsieh and
et al. (1998)

Gamma-ray
computed
tomography

*

Dolomite
Porosity and
volume
fractions

Clausuitzer
and Hopmans
(1999)

X ray computed
tomography

*

Glass beads

Volume fractions

Lindquist and
Venkatarangan
(1999)

Synchrotron
tomography

6 mm

Fontainebleau
sandstone

Geometrical
analysis

Khalili and
et al. (1998)

Positron emission
tomography

*

Sandy sediment
soil

Visualization of
ﬂuid transport
through the sample

Solymar and
Fabricius
(1999)

Scanning electron
microscopy

1.6 mm

Silty and
clayey quartz

Porosity,
permeability, and
speciﬁc surface area

Wildenscheld
and et al.
(2002)

Various

Various

Glass Beads

Porosity,
volumetric water
content

* Resolution is of the order of mm or not provided by the author.
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3D visualisation of inner structure have dramatically increased in the past
ﬁve years. These complement the possibilities offered by the so-called large
instruments such as Swiss Light Source (SLS), European Synchrotron
Radiation Facility (ESRF) or Argonne Advanced Photon Source (APS).
Moreover, different devices may also be coupled offering new perspectives by
carrying out mechanical in situ test for example. Therefore, to complete the
qualitative analysis, active developments of algorithmic tools aimed at image
analysis, such as segmentation, recognition, or deformation estimation, have
been developed recently and are undergoing continued reﬁnement and development. However, we have often suffered from insufﬁcient dialogue between
scientists from different ﬁelds, or due to a fear of competition, which in fact
may lead to a healthy concurrence or competition. However, the main
improvements have, and will be based on the ability to establish well-posed
questions from both fundamental and experimental objectives. In this way,
the capabilities to extract, quantify and/or interpret the structural information directly impact on the ability to feed, validate or even build relevant
models. In the paper industrial context, the variation of the raw materials, the
variability of disorder appearance at different scales of observation, the inaccuracies or the uncertainties in either measurements or even theories, constitute our every day scientiﬁc life. We have to deal with these aspects. The latest
technological improvements allow obtaining many measures of different
properties dedicated to almost any studied physical problem taken into consideration into regions representing meaningful objects. Hence, for example,
the deﬁnition and evaluation of the Representative Elementary Volume
(REV) is a prerequisite to develop understanding in paper science. Naturally,
this volume does depend on the physical properties of interest. This will lead
to the necessary framework of the next development steps. Furthermore, the
characteristic length and time have to be explicitly considered for any physical
analysis. It will help develop the crucial dialogue between scientists. An
example is the increasing interest concerning the bridge between ﬁbres and
higher levels of organisation, such as either microstructure or at the formation scales. However, the solution of this inter-level processes, relies on
information on both the structure and the functional aspects.
Furthermore, the arbitrary distinction between the bulk and the surface
properties may be discussed. The objects or structure close to the surface may
be imaged directly by confocal microscopy for example. If the depth information is investigated, other methods such as microtomy or microtomography
are necessary.
Quantiﬁcation of parameters is the current aim of research, associated
sometimes with an estimation of the inﬂuence of process parameters. To
exemplify this, we may indicate the shape, position, and deformation of the
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Session 5: Structure and Analysis

Three-dimensional Structural Analysis
components of paper structures. The objective is here to deﬁne and quantify
adequate structural parameters that are supposed to fully deﬁne them and
eventually to establish their relationships. However, as claimed before, different scales exist in the paper structure, as well presented by Kortschot [11] in a
previous conference. Usually, we start from a given scale looking, through an
up scaling technique, to obtain a description at the ‘macroscopic’ scale. The
main difﬁculty is here often to consider multi-physical problems, which
couple the effects, eventually in a non linear way. In this context, the experimental data and/or models may lead to point out the missing elements,
whatever they are, ensuring the coherence of the explanation of the observed
physical phenomena. Of course, we have to bear in mind that the ﬁnal aims
are to increase the efﬁciency of the paper industry.
Models or experiments?
Models may be, in a way, considered as a predictive science. They may also be
used to establish the best way to plan experiments and trials. Moreover,
models help not only in obtaining a description but may also have an interest
in providing solutions to the studied problem. One may expect that they
improve the resolution of a problem by introducing either explicit or implicit
current knowledge to the reasoning. They may help also to modify or explain
some ‘industrial internal recipes’ or explain their limitations, such as their
domain of validity. Many models exist such as ones based on physical knowledge, grey- or black-box models. Any approaches that may be useful, have to
be introduced, even at different stages such as control or diagnosis. In our
context, we are often more attracted to the knowledge based approach, but
we have to be open to others. Furthermore, numerical approaches may be
used either to compare different theories or to illustrate them. It appears
frequently nowadays that we are carrying out ‘numerical’ studies to estimate
the inﬂuence of a given parameter. This may help to test the sensitivity of the
model to a parameter and its robustness. Numerical simulations contribute
also to key research issues as they may be used either in direct or inverse
problems. In order to rephrase this idea, we may use a model to elaborate a
given structure ab initio and then evaluate the physical properties from the
obtained structure (this is not in the scope of this paper, but will be illustrated
in this conference) or use macroscopic physical properties to estimate the
structural parameters. Inverse problems are often used in an implicit way. A
classical example may be given: from the porosity and the speciﬁc surface, the
permeability may be estimated, using for example the Kozeny-Carman relation. Or, from the knowledge of the ﬂow through the ﬁbrous structure, we
may estimate structural properties. As an illustration, we may cite the works
14th Fundamental Research Symposium, Oxford, September 2009
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of Jaganathan and et al. [12,13] or that presented in this conference by Koivu
and et al. [14]. The introduction of topology may be important also when
considering, for example, the permeability, as illustrated in [9]. Both are of
major interest for paper scientists. Simulation relies on a proposed model of
different mechanisms to be studied and its ﬁrst goal is to realistically reproduce the observed (or assumed) behaviours. Such mathematical descriptions
aim to improve our understanding not necessary to be used in an explanation
context. In this way, they also may be considered as a ﬁrst, or complementary,
step of experiences on real data. Furthermore, they may be useful to assess to
results of virtual experiences that are not possible for technical reason. For
example, if we analyse the inﬂuence of ﬁbre morphology on structure of
paper, it is almost impossible in a practical context to decouple each of the
physical parameters that are well known to play a role, such as ﬁbre length,
coarseness, width or diameter. Using a model, each parameter may be
modiﬁed independently and its inﬂuence studied.
A lot of progress is required in order to estimate the ﬁnal end use properties of a paper sheet from the introduction of ﬁbres either in the reﬁner or at
the head box. As it is well known the drying conditions, for example, play a
major role in the mechanical properties. And this is true for any unit operations of paper manufacture. The studied system and/or material are quite
complex and the observable variables are often sparse or even not directly
measurable. In this way, simulations either of the ﬁbrous structure or of its
physical properties may be introduced to predict or control the process.
Furthermore, Torquato [6,15] stated that the topology has to be introduced if
an optimisation method is introduced, in order to ‘distribute a given amount
of material in a design domain such that an objective function is extremized’.
Levitz [16] introduced two strategies to tackle the 3D modeling:
– ‘Simulate or mimic the physical and chemical processes, and to compare the
result with the available experimental geometrical information’. It is often a
case by case analysis but it provides a good understanding of the physical
phenomena considered.
– ‘Perform a 3D reconstruction of the material from limited but relatively
accurate structural information’.
The measure of the 3D structure of paper will be useful and complementary
in both strategies. Consequently, models may be used to ﬁnd the most sensitive parameters and to compare the outputs to the observations. Also, from
an industrial point of view, the hope is to be able to stabilise the industrial
process that is to say to revert to normal conditions by establishing model
parameter deviations from normal behaviours. In other words, the aim is
to study the inﬂuence of the modiﬁcation of either the mean value of a
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parameter or considering its standard deviation. The tendency was also to
generate model of the network, either from a model or based on microtomography information. For example, we may refer to [17] and the interesting
references included. They need to introduce pore-pore correlations and
so-called pore-throat correlations in order to avoid obtaining what they call a
‘poor representation’. They claim that in the past, ‘microstructure has been
limited to oversimpliﬁed representations of the structure’. Furthermore, if the
percolation concept has to be introduced, ‘there is an urgent need to generate
stochastic network based structures representative of their complexity’. Basic
mechanisms and their interaction have been studied since a long time. However, the road is still long as they involve a huge number of variables inﬂuencing the 3D structure at different levels of organisation. The necessary, but
limited at long term, accumulation of individual (in the sense of unique) ﬁeld
of concern will necessary have a poor impact. Non linearities, couplings, for
example, have to be introduced. To illustrate this idea, the mechanical properties have been studied for decades, as has the inﬂuence of humidity on
structure. However, one aim remains a full study of mechanical behaviour
including humidity variations. It is of course a simple illustration, but a
necessary one. The classical and necessary method consists in ﬁrst the
description of the studied physics at each necessary scales and further, by
modelling the interactions of the physical chosen variables to obtain a so
called ‘macroscopic’ model. Then, and only then, a better understanding of
the studied processes may emerged. That is to say we have to ﬁnd a scientiﬁc
path from the microscopic description to the corresponding global macroscopic properties at a higher level of organisation. As cited before, Kortschot
[11] introduced in this Conference, in 1997, the hierarchical concept applied
to paper. He also presented the physical variables which inﬂuence the ﬁbrous
network, namely, the ﬁber strength, the speciﬁc bond strength, the light
absorption coefﬁcient, the ﬁber length the ﬁber coarseness, the relative bond
area and the ﬁber width. In this way, we will see that the ﬁber width is a
fundamental property if the microstructure is considered. As it has been
understood since the beginning of paper physics, the individual models of the
constructive elements may differ from the one of the assemblies of such
elementary elements. Furthermore, the physical description of a given physical phenomena may have to be different. To illustrate brieﬂy this, the local
description of the ﬂow at the micro-scale may be tackled using the NavierStokes equation, but at the macroscopic scale the structure of the law is
different, namely the well-known Darcy law.
Torquato [6,18,19] stated that ‘Empirical relations are more useful for correlating data rather than predicting them. Since effective properties are sensitive
to the details of the microstructure, a broader approach is to calculate the
14th Fundamental Research Symposium, Oxford, September 2009
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properties from the microstructure of the disordered materials; one can then
relate changes in the microstructure quantitatively to changes in the macroscopic parameters. This has important implications for the design of materials
with tailored properties’.
Consequently, the development of models as such, is necessary but not
enough. It has to be confronted to experiments. Moreover, the explanation of
simple properties, and their inherent assumptions about structures and their
evolution, associated to data, may lead to better prediction or decision capabilities. However, the scientists have also to check that their knowledge is
either introduced in such approach or compatible with it.
Finally, in order to obtain the reached ‘breakthrough’ that are required,
efforts have to continue on theoretical aspects, model developments, numerical simulations and experimental set-ups, data collecting and quantiﬁcation.
Figure 1 illustrates the main interests of the scientiﬁc community involved in
this long term research.
In such a context, the aim of this paper is to present some experimental
tools that are nowadays able to describe the 3D microstructure of papers at a
chosen scale and then to check that the quantiﬁed descriptors of this structure may be related to the proposed models found in the literature dedicated
to the structure of ﬁbrous materials. The coated papers are not on the scope
of this presentation. The reader may refer to ([20], [21]), for example.

Figure 1. Schematic description of the interrelations between the 3D structure of
paper, the model development and the process inﬂuences.
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The description of the experimental equipments, the current (and future)
structural properties is here underlined. In particular, we will mention essentially the microtome approach and the X-Ray microtomography, as they represent the best illustrations, in the context of this presentation. For example,
the number of communications dedicated to X-ray microtomography (3d
data set visualisation and quantiﬁcation, numerical estimation of physical
properties on 3D data set . . .) is still increasing as shown in Figure 2 (the data
were obtained from a research on ISI Web of Knowledge).
To conclude this introduction, we cite Knackstedt and et al., [22] who
developed a very interesting concept while dealing with tomographic data: a
virtual material laboratory. He summarised clearly the new scientiﬁc trend:
‘Tomographic imaging can now be routinely performed over three orders of
magnitude in length scale with corresponding high data quality. This capability,
coupled with the development of advanced computational algorithms for image
interpretation, three-dimensional visualization, and structural characterization
and computation of physical properties on image data, allows for a new laboratory approach to the study of real complex media’. It is obvious that paper is a
perfect example of such a concept.
3D EXPERIMENTAL TECHNIQUES
The main techniques used experimentally to visualise the 3D structure of
paper are brieﬂy presented. Namely, confocal microscopy, the microtome
coupled with an imaging system, optical tomography and ﬁnally X-ray
micro-tomography will be considered. We will detail the last one, as it will be

Figure 2.

Number of Publications (Title or Topic) dedicated to X-Ray
Microtomography vs. year (1998–2008).
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the basis of the presentation. The interested reader may refer to [24], for
example, for complementary description of experimental tools and to [25] in
the case of the 3D description of paper. As claimed by Dobrich [23], ‘properties of a material are determined largely by its microstructure. Although a great
deal of information can be achieved from 2D techniques, (such as optical or
Scanning Electron microscopy), there are a number of micro-structural features
that can be ascertained adequately only via a truly 3D characterisation procedure’. As an illustration, the connectivity of the ﬁbrous network may be
introduced.
Confocal microscopy
This instrument gives information on a plane inside the sample by optically
sectioning it. A laser beam is focused on the analysed sample. The reﬂected
light is then detected. A three dimensional data set can be obtained by varying the focal plane. The ﬁrst results obtained for paper with this technique
were reported in [26]. Unfortunately, such a device does not allow scanning
the depth of paper as the intensity signal decreases rapidly when a deeper
plane in the paper is investigated.
Microtome coupled with an imaging system
This method consists in sectioning in a given direction the samples and in
imaging each successive section. The visualisation is carried out imaging each
section with either an optical microscope or with a scanning electron microscope. This technique was used to study paper sample structure in the thickness direction for example in the PhD of Aronsson [27] or by Niskanen and
Rajatora [28]. When gathering different sections, this method allows a 3D
analysis of the paper structure. It has to be noted the recent advances in data
acquisition, in particular the ease and speed of serial sectioning studies. To
obtain an automatic tool, Wiltsche [25] during his PhD developed successfully an automatic system that consists in a light-optical microscope coupled
with a microtome. The pixel size can be down to 0.16 μm which allows the
detailed investigation of a coating layer for example. His description of
destructive and non destructive methods is particularly didactic. The interested reader should refer to his presentation. This technique presents the
advantage to be a laboratory equipment. The ﬁeld of view is huge in comparison to other techniques. However, in such techniques, the preparation of
the sample is crucial. Indeed, to be cut off, the samples must be embedded in
a matrix which may modify the structure. The sectioning also requires the
concatenation of the series of slices which is time consuming and requires
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speciﬁc skills as mentioned in the works by Aronsson [27,29] and Witlsche
[25,30]. However, this equipment constitutes an interesting experimental tool
to obtain a detailed microstructure of a paper.
Optical tomography
Optical coherence tomography can also be applied to characterise the 3D
paper structure as presented for example by Alarousu [31]. This technique
uses low-coherence interferometry to produce a two-dimensional image of
optical scattering from paper structure. By varying the different parameters
of the interferometer, a succession of slices in the thickness can be recorded
every 1–2 μm. It has been successfully used to visualise the outer layers of
paper. However a detailed analysis of paper structure using such a technique
seems not to be possible nowadays as the quality of the image seems not
to be sufﬁcient. This technique was also associated [32] with X-Ray Microtomography, presented hereafter.
X-ray Microtomography (XRM)
X-ray Microtomography allows one to get a 3D visualisation of the inner
structure of the samples at a given scale (in the micrometer range). This
method presents the advantages to be non-invasive and ‘non destructive’, that
is to say few experiments on the same sample may be carried out. Here we
brieﬂy recall the principle of XRM. The analysed sample is set on a rotation
plate. The sample is irradiated by an X-Ray beam. The transmitted beam is
recorded for several angular projections. A ﬁlterbackprojection algorithm is
then applied on the obtained 2D images to reconstruct the whole volume.
Most of the results obtained on paper samples were acquired on the beamline
ID19 at ESRF. More details on microtomography can be found in [33,34].
XRM may be performed either with a laboratory or a synchrotron source.
First samples of paper were imaged on a Laboratory Tomograph in USA [35]
and are currently performed at Jyväskylä University. First paper samples
were visualised at ESRF in phase contrast mode by Samuelsen [36–38] and in
absorption mode by Reverdy-Bruas [39,40]. The pixel sizes were 0.35 μm and
6 μm, respectively. As 6 microns was obviously not enough to obtain a
detailed description of the structure the following tests were then carried out
choosing a pixel size of 2 microns. Such a high pixel size gives an overview of
the possibilities of this technique. It is obvious that the choice of the pixel size
does depend both on the constituent’s characteristic sizes, the experimental
setup available and the aim of the description in term of Representative
Elementary Volume. This aspect will be discussed in a next paragraph.
14th Fundamental Research Symposium, Oxford, September 2009
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The images presented in Figure 3 exempliﬁed the importance of the pixel
size. The ﬁrst was imaged with a pixel size of 1.9 μm by Reverdy in her PhD
[40] and the second is imaged with a pixel size of 0.7 μm by Rolland du
Roscoat [41].
Visual comparison of these two slices reveals differences in terms of a
detailed description. We can easily distinguish the ﬁbres on the right image
whereas this is not the case in the left one. This is coherent with the conclusion made by Holmstad [42] in his comparison of high and low resolution.
According to the typical sizes of paper constituents, a pixel size smaller than
1 micron is required. Indeed, the characteristic sizes of the constituents of
paper are 30 microns for ﬁbre diameter and 1 micron for ﬁller. Due to the
necessary equilibrium between the visual ﬁeld of view and the necessary
accuracy, the 0.7 pixel size is often used nowadays which leads to an imaged
volume of (1.4 mm × 1.4 mm × paper_thickness). It should be noticed at this
point that in the case of paper samples, synchrotron sources are required to
produce images of high quality in term of signal to noise ratio and shape
deﬁnition. The comparison made by Axelsson [43] illustrates this aspect on a
board sample as seen in Figure 4.
We may note that in the context of paper making, Thibault [44,45] used
also the absorption technique at ESRF for the visualisation of felts, involving
a pixel size of 5 microns. He also visualised the 3D structure considering its

Figure 3. Inﬂuence of pixel size: The left slice (1.9 mm × 1.9 mm) represents an
image at a pixel size of 1.9 μm. The right one (1.4 mm × 1.4 mm) represents another
image at a pixel size of 0.7 μm. The scale is the same for both samples.
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Figure 4. Images from four X-ray microtomography data set of a layered cardboard
with a 200 × 200 pixel detail of each image (a) HASYLAB BW2 (1 pixel = 1.44 μm),
(b) PSI Tomcat (1 pixel = 0.7 μm) (c) ESRF ID 19 (1 pixel = 0.7 μm) and (d)
SKYSCAN 1172 (1 pixel = 0.78 μm) [43].
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deformed structure. More recently, some forming fabrics have also been
analysed using XRM in absorption at a pixel size of 5 microns [46].
We would like to mention the numerous works carried out nowadays on
microtomographic data set of paper. Indeed, few PhD Thesis were recently
dedicated to the analysis of the data obtained from microtomography. We
may cite for example Holmstad (Norway), Defrennes (US), Turpeinen, Koivu
(Finland), Aronsson, Axelsson (Sweden), Rolland du Roscoat, Decain,
Viguié, Peralba (France). This not exhaustive list proves the interesting
aspects of this technique which bridges the academic research to industrial
investigations.

FROM VISUALISATION TO QUANTIFICATION
3D visualisation
First, Figure 5 exempliﬁes 3D visualisations of paper structures. It does
concern four so-called ‘reference papers’, brieﬂy presented hereafter:
– paper ‘hard’: Isotropic hand-sheet made of 100% of hardwood ﬁbers,
(thickness : 109 μm; basis weight: 67 g.m−2)
– paper ‘blot’: Industrial blotting paper, made of a mix of softwood and
hardwood ﬁbers, (thickness : 473 μm; basis weight: 246 g.m−2)

Figure 5. 3D visualisations of the reference papers (700 μm × 700 μm × 35 μm) [47].
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– paper ‘deco’: Industrial decorative paper constituted of a mix of softwood and hardwood ﬁbers, and ﬁlled with 35% to 40% of TiO2, (thickness :
97 μm; basis weight: 85 g.m−2)
– paper ‘copy’: it is an industrial printing paper. It contains different
ﬁbers (softwood, hardwood, recycled ﬁbres) and ﬁllers (around 20% of
precipitated CaCO3) (thickness: 111 μm; basis weight: 80 g.m−2).
A brief qualitative description of the samples is ﬁrst summarized. For the
hardwood handsheet, no preferential anisotropy appears in the plane. If we
are interested in porosity characterisation, then we can observe the large
scale of porosity between the blotting paper and the decorative paper.
Dealing with ﬁbres, we can observe on the ‘copy’ paper, the long softwood
ﬁbres. Their structures seem to be quasi-isotropic in the plane direction due
to the presence of ﬁllers. From a visual point of view, all the samples seem
to have an isotropic transverse structure (anisotropy in the thickness
direction).
Methods of phase classiﬁcation
The XRM data are obtained in grey levels which can be linked to the chemical composition of the samples. This is adapted for a visual and qualitative
analysis. However, to quantify the structures, to compare them with theoretical models or to use them as input of numerical estimation, the separation
of the different phases is required. To achieve an accurate segmentation,
classical steps of any image processing chain are followed: ﬁltering and segmentation. Two main approaches of segmentation are routinely used in the
case of paper samples once the data are ﬁltered. Both methods are implemented in 3D. The ﬁrst one consists of adaptative thresholding techniques
which allow the separation of the solid phase from the porous one. It was
commonly used ([43], [48], [49]). This presents the advantage of being easy
and quick, but it has the drawback of not being usable to isolate the ﬁllers.
The second one consists of using growing region techniques [33]. It presents
the drawback of being more computationally intensive, but provides the
advantage of isolating ﬁllers. Furthermore it does not require user intervention, which was the aim, as previously claimed in [50]. Indeed in their case,
they develop methods involving the intervention of the user in order to
segment the image.
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Example of application of the segmentation process: ﬁller extraction
The ﬁllers are generally more absorbent to X-Ray than ﬁbres and can be
observed at a pixel size of 0.7 μm. In order to obtain quantitative measurements, they have to be separated from the pores and the ﬁbres. In this scope,
the developed segmentation algorithm is applied twice. The ﬁrst path allows
the separation of the pores from the solid phase. Applied a second time, this
segmentation process allows isolating the ﬁllers from the other components
[41], as illustrated in Figure 6.

Figure 6. Different steps of the segmentation process: a) is the original slice
(302 μm × 302 μm), b) corresponds to the ﬁrst step (separation of pore phase),
c) illustrate the separation of ﬁllers. The last step d) is the superposition of the
two previous steps.
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The following images illustrate the ability to obtain a 3D visualisation and
localisation of the ﬁllers.

Figure 7. 3D views (1.4 mm × 1.4 mm × 150 μm) of a softwood handsheet
containing about 5% of PCC: a) the three phases are presented (pores, ﬁbres and
ﬁllers) and b) represents the spatial localisation of the ﬁllers.

Conclusion on image processing
The separation step was brieﬂy summarised here as several presentations and
articles already mentioned the problem and their solutions in the case of
paper. It must be noticed that this is the crucial point for the quantiﬁcation
which obviously depends on the segmentation accuracy.
Structural and topological parameters
Levitz [16] has mainly contributed to the geometrical and topological study
of materials. He presented different levels of analysis:
First level: a few numbers which characterize the global properties of the
porous media (porosity),
Second level: parameters such as the speciﬁc area,
Third level: The topological analysis which is related to the long range
connectivity (or percolation) of the considered network.
Preliminary deﬁnitions
For each slice, a parallel beam of lines, which forms an angle θ with the
abscissa, is considered to compute the following quantities:
• Lθ is the mean intercept number per unit of length, in the direction θ,
between the beam and one interface.
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• gθ is the mean length on the whole space in the porous phase in the direction θ.
Let <L> and <g> be the average of these magnitudes evaluated for different
angular positions.
Four variables are deﬁned [16], namely, the porosity and the speciﬁc surface, then the integral of mean curvature and ﬁnally the integral of Gaussian
curvature. As a surface may be described by two principal radii of curvature,
R1 and R2 (R2 > R1), then the mean curvature is equal to (1/2).(1/R1 + 1/R2)
and the Gaussian curvature is (1/R1 − 1/R2). These quantities are essential, for
example, when considering the estimation of the mechanical properties.
However, as the mechanical properties are not at issue here, the curvatures
will not be considered further. The chord distribution is also an interesting
tool (see the references included in [16]). A chord consists in a segment
belonging either to the pore network or the solid phase, and having its two
extremities on the interface. The two ﬁrst Minkowski invariants, namely
the porosity and the speciﬁc surface (ε and Sv) may be deﬁned tracing
random chords: (ε = <gp> / (<gp> + <gs>) and (Sv = (4.ε / <gp>), where <gp>
and <gm> represent the mean chord in the pore and the solid phase,
respectively. This is consistent with the deﬁnitions chosen here to evaluate
such quantities.
The Saltikov relation speciﬁes the relation between the speciﬁc surface area
and the mean intercept number in all the directions of the space <L> by
Sv = 2 × <L>. The Tomkieff relation relates the dependency of the speciﬁc
surface area, the porosity and the mean length in the pore phase <g>:
<g> = 4. ε / Sv
Structural parameters
First level: porosity
The porosity ε is deﬁned as the ratio of the volume of voids to the studied
volume. Therefore it can be simply evaluated on digital data as the ratio of
the number of voxels belonging to the pore phase to the total number of
voxels.
It is obvious to understand that the porosity cannot be sufﬁcient to characterize the physical properties of a porous media. Considering Figure 8, we
plot the mixture of a highly conducting media (grey) relative to the white one.
Both media have the same porosity, and the same microstructure but not the
same macroscopic property.
Table 2 presents the evaluation of the porosities for the four ‘reference
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Figure 8. Schematic view of two media having the same mixture constituted of two
phases: the highly conductive phase (grey) is connected only in the second structure.
These structures do not have the same physical macroscopic properties.

Table 2. Porosities of the four reference samples evaluated by standard tools (εmeas)
and microtomographic data (εtot) [47].

εmeas
εtot

Hard

blot

deco

Copy

0.60
0.57

0.66
0.71

0.43
0.49

0.59
0.60

papers’ presented earlier, using either the standard method or the calculation
from the tomographic data.
From the preceding data, we may consider that the porosity is correctly
evaluated from 3D images.
Second level: speciﬁc surface area and hydraulic radius
The speciﬁc surface area (Sv) is deﬁned as the ratio between the wet surface
and the total volume. This is traditionally evaluated on binarized data using
stereology measurements [51]. Stereological tools are used to obtain information on 3D morphological properties of the studied material from 2D
measurements.
We may introduce the idea to study the inﬂuence of the surface irregularity by the ratio (BS-BS’)/BS where BS and BS’ are the surface area before
and after a smoothing procedure [7]. This comparison was checked for
paper [41] proving the robustness of the method based on stereology.
Unfortunately, the methods based on the direct measurement of the surface
to evaluate the speciﬁc surface are very sensitive to the chosen discretisation
method.
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Third level: connectivity
In order to study the connectivity, two approaches are often used:
– Identifying the objects and then ﬁnding the contacts.
– Skeletonising the considered phase and deducing the objects from the
skeleton analysis. Recall that the skeletonisation simpliﬁes the pore (or
ﬁbre) space to networks in the form of nodes connected to paths.
We may note that the techniques may be used either for the pore or the
ﬁbrous structure characterisation. Some preliminary works have been published [27,36,43] for few years as for example by the active teams of Ramarao,
Ramaswamy and their colleagues, (see also for example [35,52]). This work is
based on the second approach. Identiﬁcation of ﬁbres and/or ﬁnding the
skeleton of ﬁbres, is currently a challenge in any ﬁbrous material as presented
in [53] for example. Some techniques have been tested without the expected
success during PhD theses [27,43], in the sense that the developed tools seem
not to be useable automatically to all samples of a same series. However these
authors proposed ideas involving the ﬁrst approach to analyze constituents’
connectivity. Indeed, the most advanced results were achieved by Aronsson
[27] and then by Axelsson [43] who managed to identify ﬁbers in a wood ﬁber
composite. This technique involves manual seed ﬁber followed by automatic
local measurement of ﬁber orientation. The developed tools work on ﬁbers
that present lumen. The obtained results are exempliﬁed in Figure 9.
Identiﬁcation of pores is still an open problem. The 3D visualization of
paper shows that there are two classes of voids: isolated volumes (‘closed’
pores) and interconnected void space (‘open’ pores). Characterizing the ﬁrst
one is trivial, since the pores represent discrete objects. However characterizing the second one is more challenging. Namely the opened porosity
can be divided into two categories: the pores and the throat. Axelsson proposed an interesting approach to tackle this problem based on morphological
tools and distance transform applied to the pore phases, as illustrated
hereafter.
Despite these encouraging results on wood ﬁber composites, the topological approach requires development before it can be successfully applied to
the analysis of paper applications and is consequently kept for the perspectives. Hence, a major step has to be reached in order to obtain a necessary
automatic method and this is consequently a major aspect of the perspectives. This is all the more challenging as the paper structure is highly variable.
In the following paragraphs, we will present only the structural analysis.
Therefore, paper structure is mainly characterised by its porosity, ε, its speciﬁc surface area, Sv, its mean hydraulic radius, eventually its ﬁller content,
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Figure 9. Volume rendering of the ﬁbers in a wood composite material. The color
corresponds to the estimated ﬁbre orientations [43] (700 μm × 700 μm × 180 μm).

FC, and the size distribution of one of its phase. In the following paragraphs,
we will present only the structural analysis.
Some 2D structural parameters
Covariance of the data sets
The structural correlation seeks to correlate the state of two distinct points
separated by a distance v. It quantiﬁes how the memory of an initial state is
progressively lost when a point is moved away, as for example in a two-point
correlation function.
The visualisation of the paper structure in the 3D views, suggests a strong
orthotropic structure of the paper. The geometrical characterisation can be
done using morphological tools ([52], [54]). In the case of a random set, the
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Figure 10. Volume renderings of the Individual pore based representation for a part
of a cardboard sample [43] (280 μm × 280 μm × 560 μm).

covariance function is the probability for two points (s and s + v) to be in the
set S where v represents a displacement vector.

The covariance has the following properties [54]:

and

Where Vv represents the volume fraction which is in our case the porosity. It
means that the covariance function presents an asymptotic value. This value
can be reached for a given s = lc that is to say before (s → ∞). If it is the case, it
means that the points of the structure with a distance larger than lc are not
correlated. Moreover considering different directions, the covariances give an
indication of the paper structure anisotropy. In the case of stationary random
set, the covariance only depends on v and is referred as C(v). In order to
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Figure 11.

Microstructure of the sample ‘Hard’ and its covariance diagrams in the
in-plane direction. In-plane slices are (700 μm × 700 μm).

Figure 12. Microstructure of the sample ‘Hard’ and its covariance diagrams in the
thickness direction. Out of plane dimensions are (700 μm × 35 μm).

illustrate the importance of this parameter, examples are presented. For sake
of simplicity, only the ‘Hard’ sample will be presented.
The two above ﬁgures show the covariograms obtained in the case of a
paper in the in-plane direction and in the thickness direction in the bulk,
respectively. The covariograms are found equal to the porosity of the considered slice for s = 0 as mentioned earlier. The convergence of the covariance
has to be studied. In the in-plane direction, they reach an asymptotic value
equal to the square of porosity, for a ﬁnite range, which ﬁts to the deﬁnitions. However, it has to be noted that the porosity, in this illustration, was
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calculated in sake of simplicity on a 2D slice instead of the whole structure,
as it should have been done.
They reach this asymptote for the same value (called covariance range) in
both in-plane directions which conﬁrm the isotropic in-plane structure, in
comparison to the thickness direction. The covariance diagrams in the thickness direction are quite different: they do not reach an asymptotic value at the
observation scale. The covariance range characterises the heterogeneity
length in the studied direction.
Table 3 summarises the obtained covariance lengths for the samples
described before. The anisotropy rates lcx / lcz conﬁrm the strongly orthotropic
structure that can be observed on the 3D views of the samples. The heterogeneity length in the in-plane direction is typically about 30 microns and in
the thickness direction is about 5 microns. This kind of behaviour is similar to
the one ﬁnd in the literature [35].
Geometrical anisotropy
The determination of the geometrical anisotropy characterisation in the inplane direction in the case of paper samples acquired by synchrotron X-ray
microtomography is also interesting.
The geometrical anisotropy is here characterised on images by evaluating
either the intercept numbers or the pores lengths for different angular positions and ﬁnding their minimum and maximum values. Anisotropy can be
characterised by an ellipse and in particular by its ellipticity ([55], [56]).
Namely a circle is characteristic of an isotropic structure whereas a higher
ellipticity reﬂects a higher anisotropy. Let a, be the major axis of the ellipse
and b, the minor one. The obtained value can correspond either to the intercept number or to the chord length. The rate a/b represents the ellipticity,
which is used for anisotropy characterisation.
The samples analysed in this aim are ﬁve different oriented papers called
15, 16, 18, 19, and 20 which have been previously described by Silvy [56]. The
Table 3. Covariance range of the four reference samples. lcx represents the in-plane
covariance range, lcz the thickness one and lcx / lcz characterises the microstructural
anisotropy rate.
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Sample

Hard

Blot

Deco

Copy

lcx (μm)
lcz (μm)
lcx / lcz

33
2.5
12.4

26
3.5
7.4

31
5.5
5.6

20
4.5
4.4
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Figure 13.

In-plane slices of three oriented papers (490 μm × 490 μm).

different ﬁbre orientations were obtained on an industrial machine. Three of
them are presented in Figure 13. They are made of bleached softwood ﬁbres
beaten to 25 °SR.
On these pictures, we can observe the isotropic structure of the sample 20
where no preferential orientation appears. The samples 16 and 19 present
anisotropic structure in term of ﬁbre orientation. These papers have been
previously characterised using other experimental tools, as for example in
[57]. Table 4 presents the ellipticities evaluated on microtomographic data
and the ones presented in different studies ([56], [57], [58]) for the ﬁve samples.
This table indicates that the covariance lengths in the main in-plane directions can also be used as an indicator of the geometrical anisotropy. It should
be noticed that the two means used to characterise the geometrical anisotropy
do depend on the considered methods. Nevertheless it should be noticed that
the classiﬁcation obtained on tomographic data is the same as that obtained
with the other techniques. Bloch [57] demonstrated that each anisotropic
measurement technique gives its own magnitude but preserves the relative
order between the samples. Consequently, we may consider that the evaluation of geometrical anisotropy on microtomographic data can be carried
out [33]. Holmstad and his co-author carried out a similar work based on the
Table 4. Comparison of the geometrical anisotropy obtained on tomographic data
and with classical tools for the ﬁve oriented samples.
Sample

18

19

20

16

15

lcx/lcy
a/b tomo
a/b literature

1.5
1.23
2.6

1.64
1.13
1.7

1.1
1.09
1.4

1.3
1.16
1.7

2.9
1.21
2.2
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previous theoretical works of Silvy ([59], [60], [55,61,58]) but they found
higher values than the experimental values obtained with classical tools. They
suggested that it may due to the small volume imaged which could be the case
as their imaged volumes (500 μm × 200 μm × paper thickness) are generally
smaller than the estimated in-plane REV.
Some 3D structural parameters
Porosity proﬁles
The porosity proﬁles in the thickness direction of these four reference samples are presented in Figure 14.
For a better comparison between the samples, the thickness is reported as a
function of (z/h) where z and h represent its coordinate and its thickness,
respectively. These porosity proﬁles are similar to the ones presented on ﬁbreboard materials using a confocal microscope [26]: a decrease in porosity at the
top surface, a plateau and ﬁnally an increase in porosity. The plateau corresponds to the bulk whereas the two strong porosity gradients correspond to
the outer layers. Such porosity proﬁle is due to the paper making process. We

Figure 14. Porosity proﬁles in the thickness direction of the four reference samples:
‘hard’, ‘blot’, ‘deco’ and ‘copy’. To directly compare the proﬁles, the thickness is
reported in its dimensionless form. The dotted arrows and the continuous feature
represent the outer layers and the bulk, respectively.
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found that the thickness of these outer layers is equal to about 50% of the
total thickness. It is clear that these outer layers play a crucial role in the enduse properties such as printability, for example. Moreover, this variation of
porosity in the thickness direction has some inﬂuence on the mechanical
behaviour as proved for other materials such as composite [62]. Moreover,
Dodson [63] introduced in this conference, the pore in the bulk and the
surface pores in layered random ﬁbre network. However, the distributions of
these two classes of void height were indistinguishable in his results. Nevertheless, this is well known is the context of the papermaking and cannot be
ignored neither in the theoretical nor in the modelling developments.
Table 5 represents the obtained results concerning porosity on the whole
sample εtotal and on the bulk εbulk (1000 μm × 1000 μm × bulk thickness μm)
evaluated on microtomographies for the four samples and with classical tools
εmeasured
Table 5. Porosity of the four reference samples evaluated by classical tools (εmeas) and
microtomographic data either for the whole sample (εtot) or only in the bulk (εbulk) [47].

εmeas
εtot
εbulk

hard

blot

deco

Copy

0.60
0.57
0.53

0.66
0.71
0.64

0.43
0.49
0.31

0.59
0.60
0.54

We may observe differences between the total porosity and its value
calculated for the bulk.
Surface speciﬁc proﬁle
We obtain similarly the proﬁles of the speciﬁc surface, presented in Figure 15.
The proﬁle of the speciﬁc surface is consistent with the evolution of both
the porosity and the hydraulic diameter.
Filler content
The ﬁller content (FC) is classically evaluated by destructive method [ISO
2144, 62]. This consists in weighing the sample before and after burning it at a
temperature of 800°C +/− 25°C. The ash rate is evaluated here as follows:
FC = mc /(mc + mf), which becomes: FC = Nc.dc /(Nc.dc + Nf .df) for numerical data where m, N and d represent respectively the mass, the number of
voxels and the density. The subscripts c and f represent the ﬁllers and the
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Figure 15. Proﬁle of speciﬁc surface Vs. Dimensionless Thickness (Up to down,
samples: Hard, Copy, Blot and Deco).

ﬁbres, respectively. Table 6 presents the characteristics of some classical
ﬁllers, the ﬁbre density being 1540 kg.m−3.
Figure 16 represents the visualisation of hand sheets containing ﬁllers.
The left images represent the grey levels of a slice extracted from a 3D volume
obtained using microtomography. The images on the right show the slice after
segmentation.
We may remark the ring artefact on the ﬁrst image. Few tools exist nowadays to eliminate such rings as for examples the one developed in [43].
Furthermore, the shape of the ﬁllers may be studied as for example the
method developed by Lin [64].
In order to validate quantitatively the amount of ﬁllers, some handsheets
were realised using Eucalyptus and various ﬁllers with different amounts of
them. Their ﬁller contents evaluated either considering the standard or the
microtomographic data (for both the bulk and the total structure). The
results [41] are presented in Table 7.
We may therefore conclude that the proposed method is validated. We may
also note that it is not efﬁcient for the clay due to its physical composition,
such that its X-ray attenuation is close to that of the cellulosic ﬁbers. However, the preceding results prove that these analyses of the microtomographic
images are consistent with the standard measurements. The next step is to
Table 6. Characteristics of the studied ﬁllers: density and speciﬁc surface area. These
values were found in mineral index data bases.
Filler

GCC or PCC

Ti02

talcum

clay

Density (kg.m−3)
Speciﬁc surface area Sv (m2.g−1)

2900
3–9

4000
9

2750
10–16

1700
15–30

628

Session 5: Structure and Analysis

Figure 16. Segmentation of the handsheets ﬁlled with different ﬁllers. The slices are
358 μm × 358 μm. The left slices correspond to the original data whereas the right
ones represent the corresponding segmented slice: a) Softwood handsheet in which
about 5% of GCC is added, b) Eucalyptus handsheet that contains 18.4% of Ti02, c)
Eucalyptus handsheet that contains 6% of PCC and d) Eucalyptus handsheet that
contains 9.1% of talcum.
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Table 7.

Filler content evaluation for series of handsheets.
Fillers

TiO2
TiO2
TiO2
TiO2
PCC
PCC
Clay
Clay
Talcum
Talcum
GCC
GCC

Standard rate Content Total Content Bulk
(%)
(%)
(%)
18.4
18.4
8.2
8.2
9.8
6.0
14.5
8.8
13.8
9.1
10.2
3.4

19.5
17.9
8.9
8.9
11.4
6.9
2.3
1.3
13.5
8.9
12.4
4.4

18.0
15.5
9.7
8.5
13.7
6.1
/
/
14.2
7.1
14
4.3

check the validity of these preliminary conclusions, that is to say answer the
following question: are the volumes big enough to validate the quantitative
measurements? This question is raised in the following paragraph.

REPRESENTATIVE ELEMENTARY VOLUME (REV)
Introduction
Most of the studies ([[50], [48], [25], [65], [35]) on paper structure characterisation by X-ray synchrotron radiation microtomography relate numerical
results concerning the structural properties or the physical characteristics.
They are based on the assumption of the existence of a Representative
Elementary Volume (REV).
However no characteristics length (lREV) was reported. This length should
satisfy the separation scale needed for homogenisation theory. We typically
should have:
lmicro <<lREV <<lmacro
Where lmicro and lmacro represent respectively the micro scale and macro scale.
The REV can be deﬁned as the smallest volume that represents the sample
for a given physical property and for a given error. This study on the
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representativity of samples imaged by synchrotron XRM has been successfully carried out on different materials such as sandstone [66], metallic alloy
[67] or composites [68]. As the volume imaged in the case of paper (1.4
mm × 1.4 mm × paper thickness) is much smaller than the typical size of a
paper sheet, the volume imaged has to be proved to be sufﬁciently large to
allow the quantiﬁcation of structural parameters such as porosity, speciﬁc
surface area or ﬁller content.
The numerical technique to evaluate structural parameters on segmented
data is presented here. As the previous works showed it, the structural values
obtained on data from microtomography have the same order of magnitude
as the one obtained with classical tools. Two sets of samples are reported.
The ﬁrst one is dedicated to the porosity and speciﬁc surface area studies
and the second one to the ﬁller content. Finally, the evaluation of the REV
is carried out. Different techniques (‘deterministic’ and ‘statistical’
approaches) to evaluate may be applied for the structural analysis (porosity,
speciﬁc surface area and ﬁller content). They will be described and
compared.
Deﬁnitions
Different deﬁnitions can be found in the literature to characterise the
Representative Elementary Volume (REV). Stroeven and Kanit proposed
overviews of them ([69], [70]):
• Hill [71]: The REV should be large enough to contain sufﬁcient information about the microstructure in order to be representative. This volume is
supposed to be large enough to be statistically representative of the sample
that is to say it contains enough heterogeneities.
• Drugan [72]: The REV is the smallest volume that still represents the
materials for a given property. It gives smaller REV than the one obtained
with the previous method but does not take into account the statistical
ﬂuctuations.
• Gusev [73]: The minimum REV is evaluated for a given property on a ﬁnite
number of realisations. The obtained average must be constant and the
scatter should be small.
It has to be noted that the REV is associated to a physical property, a structure and a relative error. In such a context, the REV length, lREV, can be
deﬁned as a number of heterogeneities so called ‘deterministic’ approach
([74], [47]). Kanit and his co-authors [75] suggested estimating it as a function
of the number of realisations for a given relative error. The realisations can be
deﬁned either as different analysed samples or as different non-overlapping
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sub-volumes extracted from a single sample. This is referred as the ‘statistical’
approach.
Both methods are applied and compared in the following sections.
Evaluation of the ‘deterministic’ REV
As proposed by Drugan [72], the REV can be estimated in a ‘deterministic’
way by evaluating the property of interest for larger and larger volumes
always centred on the same voxels. This ‘deterministic’ REV size is given by
the size of the volume for which the ﬂuctuations of the studied property
become limited.
The microstructural properties are evaluated for samples of volume
(l × l × 35 μm) where l represents the side length and varies from 50 μm to 700
μm. The Figure 17 represents the evolution of the porosity as a function of
the length l for a given thickness of 35 microns for the four reference samples.
We also investigate in the same way the ﬁller content by representing the
evolution of ﬁller content as a function of length l. The results are presented
hereafter.
These graphs indicate that the studied properties namely porosity and ﬁller
content, reach an asymptotic value for a length of about 400 μm. Moreover
the eventual presence of ﬁllers (‘deco’ and ‘copy’) does not affect the size of

Figure 17. Evolution of porosity as a function of the length l for a given thickness of
35 microns for the four reference samples (‘hard’, ‘blot, ‘deco’, ‘copy’).
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Figure 18. Evolution of the ﬁller content as a function of the length l for a given
thickness of 35 microns for different ﬁller contents and various kinds of ﬁllers.

the stabilisation length for porosity. It is neither affected by the ﬁller sizes nor
the ﬁller content.
These evolution graphs are typical of the existence of a REV as presented
in [72]. Its size may be quantitatively estimated. As mentioned earlier, a REV
is always deﬁned by a set of characteristics: a sample, a property and a
relative error. The typical size of a REV, lREV, can be deﬁned as a given
number (Nh) of heterogeneity lengths as proposed by Ostoja-Starzewski [74]
or Rolland du Roscoat [41]. The heterogeneity length chosen here is the
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covariance length obtained in the previous section. The lREV can be expressed
as follows: lREV = Nh × lcx.
The next step consists in the evaluation of the relative error made for a
given number of heterogeneity lengths. The reference values are the values
obtained on the bulk of the samples. Let ε be the studied property, εl the
evaluation of this porosity for a bulk of size (l × l × 35 μm) and εbulk the value
obtained on bulk of size (1000 μm × 1000 μm × 35μm). The relative error is
therefore: err = (εbulk − εl)/εbulk.
The values of εbulk are reported in previous tables for micro structural
properties and ﬁller content, respectively. The relative error obtained for each
sample is reported in Table 8 for Nh = 10 and Nh = 20, for structural
properties.
Table 8 indicates that these samples are representative from a micro structural point of view concerning the ‘deterministic’ REV. As expected, if the
number of heterogeneity lengths Nh increases, and thus the size on which the
property is evaluated, the relative error made on its estimation decreases.
Evaluation of the ‘statistical’ REV
This part is dedicated to the inﬂuence of ﬂuctuations on the REV by considering as an illustration a given thickness of 35 μm. In order to determine
the ‘statistical’ REV size for the micro structural properties, the porosity and
the dimensionless speciﬁc surface area are evaluated for 5 different sub volumes (Vi) that do not overlap and that are arbitrary chosen in the sample. The
length of these sub volumes varies within the range 21 μm to 280 μm. V1
corresponds to the volume presented in the previous section. The Figure 19
shows the evolution of the mean porosity as a function of the length l. We
also indicate the 5 different values obtained at a given length l. This is done
for the four reference samples.
These curves show that the porosity of a given sub-volume stabilises and
reaches the reference values presented in previous tables. When the side
Table 8. Evaluation of the relative error [%] made on the estimation of the porosity
for a given number Nh of lcx at a given thickness of 35 μm.
Sample

Structural
Property

Hard

Blot

Deco

Copy

lREV = 10 × lcx
lREV = 20 × lcx

Porosity ε
Porosity ε

3.5
0.3

4.3
3.1

5.0
2.3

11.6
5.6
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Figure 19. Evolution of the porosity for the four reference samples that are a: ‘hard’,
b: ‘blot’, c: ‘deco’, d: ‘copy’. The dots represent the values obtained for the ﬁve non
overlapping sub-volumes of side length l. The continuous line corresponds to the
average for a given length l.

length increases, the dispersion of the results decreases, as expected. Averaging these values [73], the mean of the micro structural properties converge
to the ﬁnal value for a length l of about 100 μm. These tendencies are similar
to those already observed for the micro structural properties of sandstone
[76] and for effective physical properties such as in the works of Kanit [69].
This suggests that the micro structural properties can be deduced from volumes smaller than the REV provided that there are a sufﬁcient number of
realisations [75].
Kanit and his co-authors deﬁne the ‘statistical’ REV size as a function of
the physical properties of each constituent, their microstructure, the required
precision and the number of realisations. This ‘statistical’ REV size is based
on the notion of integral range A3 which depends on the studied property.
This range gives information on the domain sizes needed to have a good
statistical representativity [54] or the seminal works of Matheron in 1967 [52].
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The integral range A3 is linked to the scatter in apparent properties DAp(V)
found on sub volumes of ﬁxed size V and containing several realisations N of
the microstructure:

Where DAp represents the point variance of the apparent property studied.
These authors also show that the smallest volume V (N, err, Ap), necessary
and sufﬁcient, to estimate the studied property with a given relative error, err,
and number N of realisations are linked by the following relationship:

We detail these relations ﬁrst for the case of porosity as presented in Kanit
([69], [75]):

Introducing these two equations into the deﬁnition of Dε(V), leads to the
following expression dedicated to porosity:

Where D2ε represents the variance of the porosity evaluated for the sub
volumes of size V.
Kanit and his co-authors also showed that the smallest volume V (N, err,
Ap), necessary and sufﬁcient, to estimate the porosity with a given relative
error, err, and number of realisations, N, are linked by the following relationship in the case of porosity:

We may note that considering the case of the speciﬁc surface area, Jeulin [77]
evaluated the point variance of the speciﬁc surface area for an anisotropic
structure.
Table 9 presents the obtained results for the porosity. The integral ranges
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Table 9. Results of statistical lREV, evaluation of A3 and number of correlation
lengths to reach the ﬁnal bulk value with a given error, err, with N realisations in the
case of porosity.
Sample

A3 (μm3)

Err (%)

l (err, N=1) (μm)

l (err, N=5) (μm3)

Hard
Blot
Deco
Copy

800
1600
1000
540

3.6
4.3
5.0
11.6

250 ∼ 8 × lcx
241 ∼ 9.2 × lcx
318 ∼ 9.6 × lcx
61 ∼ 3 × lcx

111 ∼ 3.6 × lcx
61 ∼ 4.1 × lcx
142 ∼ 4.3 × lcx
27 ∼ 1.3 × lcx

are reported and the size of the REV for a given error and two given numbers
of realisations. Here the error is the relative error between the property
estimated on the whole bulk (1000 μm × 1000 μm × bulk-thickness) and on
the studied bulk (700 μm × 700 μm × 35 μm).
The results in Table 9 indicate that the REV for microstructural properties
can be evaluated using statistic tools on sub-volumes smaller than the
‘deterministic’ REV provided the number of realisations is sufﬁcient.
Conclusion
In this section, the representativity of the samples described in previous sections for the different microstructural properties is investigated. Before introducing the necessary deﬁnitions, we would like to mention the work of
Hazlett [78], and the references included. The idea was to study the inﬂuence
of the variability on the structure through simulated images of porous structures. Sub-images were extracted from the main one. Here, the important
conclusion is that working on simulated image, the correlation length has to
be introduced, but also the variation of the structure, in particular if the
connectivity or the permeability is considered. He insists on the presentation,
of the mean values, the error bars and the coefﬁcient of variation in each
direction. It is also interesting to cite a previous sentence extracted from a
previous article of the same author [79]: ‘The need to generate artiﬁcial media
is lessened by the availability of micro-imaging technique’. However, as presented before, we do not agree with such a sentence, estimating that there
should be complementary approaches.
It appears that the imaged volume was larger than the REV. Therefore
structural characterisation and quantitative measurements may be carried
out. This characterisation concerned here the geometrical anisotropy, the
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granulometry of the considered phase and the ﬁller content study. However,
the inﬂuence of higher length scale (formation) was not on the scope of this
work, as another range of characteristic length had to be introduced. The
presented work validated a posteriori the published works on microtomography of other authors as we had proved that the REV was usually smaller than
the image analysed. Consequently, the quantitative data extracted from the
measurement may be considered as correct.
EXPERIMENTAL RESULTS AND COMPARISON
TO THEORIES
It is important here to underline again that there exist clear complementarities between the development of experimental tools that allow characterising the porous structure of papers and the requirement for associated
theories. Indeed, some measurements may be carried out on papers, in order
to study either the raw materials or any unit operation, such as beating or
pressing. However, it is almost impossible to study experimentally the inﬂuence of a single parameter on the ﬁbrous structure. Indeed, several ﬁbre
morphological properties are modiﬁed simultaneously during an industrial
operation. That is the gap where the models are necessary. We do not want to
introduce here the simulation of physical properties, as it is not on the scope
of this paper. Some presentations in this conference were dedicated to this,
such as the one presented by Koivu and et al. (2009) dedicated to ﬂow permeability of ﬁbrous material. Microtomography and numerical simulations.
Furthermore, some interesting works dedicated to this aspect are numerous,
as for example [80,81] or [82].
Concerning the theoretical development, we would like to underline the
work carried out at Manchester [3]. The idea is here only to brieﬂy illustrate
the approach, namely to compared the experimental parameters and their
evolution to existing theories. The ﬁrst part will consist in the important
concept of Relative Bond Area (RBA) and the second one will deal with the
structure characterisation.
Relative Bond Area
It is important also to note that both ﬁbrous and porous phases may be
characterised in the image analysis, that is to say either the ﬁbrous or the
porous structures. Classically, the ﬁbres are characterised before the structure
is elaborated and also in their ﬁnal state in paper. Some characteristics are
essential, such as for example the number of contacts per volume or the
Relative Bond Area (RBA). We present here this concept as it represents
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the next important characterisation to be determined in order to reach new
perspectives in both the characterisation and the numerical simulation, in
particular, if the mechanical properties are studied. We will review the main
contributions since 1959.
One possible starting point may be the work of Ingmanson [83]. He presented the two classical experimental methods that is to say the optical and
the adsorption ones. Furthermore, it is interesting to remind the deﬁnition of
the RBA, as two approaches may exist considering either the bonded or the
unbounded surface areas:

Where AT, AB and AUB represent the total available surface area for ﬁbre
bonding, the bonded and unbounded areas, respectively.
Therefore two approaches exist either the direct (determination of the
external bonded area of the ﬁbres) or indirect ones (determination of the
unbonded area of the ﬁbres). A useful concept may also be introduced here:
the bond density, which is deﬁned as the number of bonds per unit bonded
area.
The discussion on the optical method consists essentially on the relation
between the coefﬁcient of diffusion S deduced from the theory of KubelkaMunk, and the speciﬁc surface of the material, evolving for example due to
the ﬁbrillation that may occur during beating.
We would like to cite Ingmanson, as his contribution will be discussed in
the next contributions: ‘At the same total bonded area, the tensile strengths of
the pulps are the same irrespective of degree of reﬁning, the amount of ﬁnes, or
the extent of wet pressing’. Figure 20 illustrates his results.
In another work [84] of the same period, the obtained experimental results
‘indicate that bond density (bonding strength per unit area) increases with the
degree of beating’. They also claimed as the initial results presented by Hazelton ([85,86]) concerning the ‘excellent correlation between the speciﬁc scattering coefﬁcient of unbleached sulphite handsheets and the area obtained by
adsorption of nitrogen’. However Luner and et al. [87], claimed that the scattering method is not correct in contradiction to the work of Haselton. He
proposed instead to plot the coefﬁcient S versus the Young Modulus and to
compare a series of pulps at the same extent of reﬁning. Kallmes [88] insisted
on the problem of the uncollapsed part of the lumen for both measurement
techniques. He also introduced the important idea that the main morphological property for the RBA, consists in the ﬁbre width. However, the
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Figure 20. Scattering coefﬁcient – tensile strength relationship at various wetpressing and reﬁning intervals for classiﬁed pulps [83].

proposed method based on visualisation using a microscope has been
criticised afterwards. However, the following illustrations are interesting.

Figure 21. Same view shown under reﬂected, polarized light (a), and dark ﬁeld
illumination (c). Collapsed and uncollapsed parts of the ﬁbers shown cross-hatched in
(b), pictorial of ﬁbers in micrograph; cross-hatched parts of ﬁbers represent areas not
in optical contact [88].
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He also presented a clear visualization of the contact analysis in the following picture.

Figure 22. Structural component of paper [88]. Visualization of the free ﬁber length,
the lengths bonded on either one or both sides. The bonded area may be deﬁned from
these quantities.

Skowronski [89] introduced an interesting experimental approach to
estimate the breaking energy of ﬁbre-ﬁbre bond which will be the next step in
the perspectives concerning the simulation of 3D structure. That may also
constitute a useful technique to validate the numerical simulation.
Concerning the more recent theoretical approach, Soszynski [90] proposed
a theoretical equation to estimate the RBA based on the numbers of layers of
ﬁbres and the probability of ﬁnding a ﬁbre. The major contributions have
been proposed by Batchelor on one hand and Sampson on the other. Batchelor [91] proposed to introduce the cross-sectional shape of ﬁbre. Moreover,
he proposed an interesting method that aims to measure the bonding in
machine-made papers. Later, he also developed an analytical model to establish the number of ﬁbre-ﬁbre contacts and expressions for RBA [92]. Sampson proposed the most advanced theoretical model for ﬁbre contact in planar
random ﬁbre network [93] and more recently in [3]. He introduced different
quantities such as the number of crossing per ﬁbre, the distance between such
crossings, in order to evaluate the expected pore area. Furthermore, he proposed an estimation of the area of a single crossing and the number of
crossing per ﬁbre. Batchelor and Sampson [94] have published a 2D comparison between theoretical and experimental results. Clearly, the perspective
to characterise these quantities directly on measured 3D structure of paper at
the ﬁbre scale, will complete this approach. This will constitute a major
objective of the analysis of the 3D structure.
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Structure characterisation
The modelling investigations concern the characterisation of the pore size
distribution from a global point of view. The developed models were until
recently applied to experimental data obtained in an invasive way (ﬂow or
mercury porometer) or with destructive techniques (microtome images).
Therefore, we compare here the structural results obtained on the 3D segmented microtomographic data of paper and the theoretical model or
experimental results. The ﬁrst one refers to the modelling of the pore height
distribution in the thickness direction. The second comparison concerns the
inﬂuence of the paper making units on the pore size distribution. The study
concerning these two points is developed as follows: the model and experimental results found in the literature are summarised, the samples of interest
are described, the structural results obtained on these samples are presented
and ﬁnally compared to the models. We may remind that in the previous
chapter, we demonstrated that a volume of (700 μm × 700 μm × 35 μm)
extracted from the bulk is larger than the representative volume and that
quantitative measurements can be carried out on such volume.
Out of plane pore size distribution
In this section, attention is focussed on the pore height (h) and its distribution
in the paper thickness direction. This study is carried out on the four reference samples described in the previous chapter in order to illustrate the
demarche and the potential of this 3D analysis.
Different models are proposed in the literature to ﬁt the distribution of
pore height h in the thickness direction. Niskanen [28] suggested using the
following distribution:

Where a represents the pixel size and q can be related to the porosity ε and to
the ﬁbre thickness t by the proposed following relation:

The mean h1 of such a distribution (f1(h)) equals:
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and its standard deviation std1(h):

Recently, Urquhart suggested using a negative exponential distribution [95]

Where h represents the mean.
Its mean is equal to:

and its standard deviation:

Sampson also suggested applying a gamma distribution:

Where b and k represent the parameters of this distribution.
Its mean is equal to:

and its standard deviation:

Figure 23 presents for the four reference samples the original distribution
on which the three different modelled distributions are superposed.
Table 10 summarises the parameters of these distributions for the four
reference samples.
These results indicate that these data are well represented by a gamma
distribution with a coefﬁcient of determination of about 88%. Nevertheless
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Figure 23. Distributions of the pore height in the thickness direction. Original data
and the different models are plotted for the four reference samples: a) hardwood
handsheet, b) blotting paper, c) decorative paper and d) printing paper.

Table 10. Parameters estimated (mean pore height h and standard deviation std(h)
of pore height) from the original distribution and parameters deduced from the
previous ones to ﬁt the proposed distributions. h and std(h) are expressed in microns.
b, k and q represent the parameters of the model.
Sample

h

std (h)

b

k

q

Blot
Hard
Deco
Copy

3.9
5.2
3.5
4.6

2.92
4.38
2.81
3.83

0.45
0.26
0.43
0.31

1.7
1.4
1.5
1.4

0.84
0.88
0.83
0.86

these gamma distributions are close to negative exponential distributions as k
tends to 1. If we consider that the smallest pore size distribution corresponds
to one voxel (0.7 μm3), the distribution proposed by Niskanen seems to be the
more adapted with a coefﬁcient of determination greater than 90%. It ﬁts
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with the experimental resolution and neglecting the pixel size in his model.
Further validations should be carried out.
Inﬂuence of paper making parameters on the pore size distribution of the
paper bulk
Global models coupled with experimental results [1,96,95,97] describe the
effect of unit operation unit of papermaking process (reﬁning) and
grammage on the pore radius (r) distribution. The pore size distributions are
characterised by their maximum pore radius (max(r)), mean pore radius r̄ and
the standard deviation of pore radii (std(r)). Dodson and Sampson [98]
presented the probability density function g(r) for the pore radii r as:

Where k is a shape factor, b a scale factor, Γ(k) refers to the gamma function,
K0(z) represents the zeroth order modiﬁed Bessel function of the second
order and z = 2br√π.
Urquhart [95] reported in his PhD, experimental results showing that the
mean pore radius is independent of the grammage for unbeaten samples and
decreases with increasing grammage for beaten samples. On the other hand,
Dodson and et al. [97] found an increase of both quantities with a decrease of
the grammage regardless the reﬁning degree. Experimental and theoretical
results show the linear dependency (which depends on the reﬁning degree) of
the standard pore radii and mean pore radius.
Series of eucalyptus handhseets were prepared with different reﬁning
degrees, different grammages. The experimental results reported in
[1,96,95,97] were deduced from a capillary ﬂow porometer. Then we performed granulometry measurements on bulk. The results are presented in
Figure 24. These curves represent the relative volume frequency as a function
of pore radius.
The characteristics of theses curves are summarised in Table 11. The
maximum pore size is deﬁned, in our case, as the mean radius of the 5% of
the largest pores.
We ﬁrst checked that the pore size distribution follows the model referred
above.
At the observation scale, Table 11 does not indicate signiﬁcant changes in
the mean pore radius and in the maximum pore radius with changes in
grammage, in reﬁning degree and in the pressing in the bulk. This does not
correspond to the models found in the literature: Dodson [97] found an
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Figure 24. Pore size distribution. F referes to hardwood samples (eucalyptus), 25 or
47 to the reﬁning degree in °SR and 05, 06 and 07 to different weights (g) of the
handsheets.

Table 11.
microns.

Characteristics of the granulometries. The magnitudes are reported in

Sample

mean pore radius

standard deviation

maximum pore radius

F25_05
F25_06
F25_07

3.69
3.68
3.59

1.68
1.60
1.71

7.39
7.14
8.04

F47_05
F47_06
F47_07

3.68
3.57
3.44

1.94
1.84
1.67

8.74
7.36
7.81

increase of both quantities with a decrease of the grammage. However it is
more coherent with experimental results reported by Urquhart [95] who
found that the mean pore radius is independent of the grammage for
unbeaten samples and decreases with increasing grammage for beaten
samples. This can come from the fact that the biggest pores are located in the
boundary layers and not in the bulk.
We investigated the link between standard deviation of pore radii with
mean pore radius [97,96]. Analysing the plots of the standard deviation of
pore radii (std(r)) versus the pore mean radius (r̄), their ﬁts were obtained for
two given reﬁning degrees: 26°SR and 47°SR. The ﬁts were, respectively:
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Figure 25. Example of frequency distribution of pore radii (dots) and its ﬁt to the
gamma distribution (line) for a sample.

std(r) = 0.49.r − 0.05 and std(r) = 0.50.r − 0.03. The coefﬁcients of determination for the last three ﬁts were 90% and 75%, respectively. These relations
seem to be in agreement with the developed models and experimental results
found in the literature [97,96].
Conclusion
The study concerned only the characterisation of the pore phase in the bulk.
The distribution of pore sizes can be estimated either in 2D or in 3D and are
characterised by their mean, maximum and standard deviation. This comparison indicated a good agreement between models and experimental
results when models or experimental results reported in the literature
involves the mean pore sizes. Nevertheless, when models require 3D measures of the pore size, we did not always ﬁnd a good agreement between the
literature results and our experimental results obtained only in the bulk. This
can be due to the fact that the chosen resolution was not adapted and a
higher one may have to be considered. This might have been due to the fact
that the results presented in this section are not carried out in the surface
layers which play a crucial role in the pore size distribution. The comparison
between the pore height distribution obtained on the microtomographic data
and the proposed ones in the literature showed nevertheless a good agreement. It demonstrates also the complementarities between theoretical and
experimental results.
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IN SITU 3D STRUCTURE EVOLUTION
The aim of this chapter is to describe the evolution of the ﬁbrous structure
due either to an applied stress or a modiﬁcation of humidity. We focus on the
feasability of the experimental technique to visualise the induced modiﬁcations in 3D in the case of paper. The complete review of the modelling of
these physical phenomena is beyond the scope of this article. The interested
reader may refer to [99–101].
Inﬂuence of compression on the sheet structure
Compression happens in paper life time during the production (for example
during calendering) or during its use (for example during printing). Two types
of compression occur during paper deformation: a reversible one and an
irreversible one. Few works related the effect of compression on the paper
and board structures. For example, Rodal [102] proposed to decompose the
paper compression during calendaring in the thickness direction in three
major mechanisms. The ﬁrst stage involves the reduction of the pore volume
in the sheet. The second stage involves elastic-plastic buckling of the ﬁbre
walls. The ﬁnal stage involves the crushing of the ﬁbres. Kananen, [103], in
this conference in 2001 carried out a detailed study on the effect of the
grammage and of each paper constituents (types of ﬁbre, kinds of pulp,
amount of ﬁnes and presence of ﬁllers) in the case of reversible compression.
He found that porosity mostly inﬂuences the effective elastic modulus.
Analysing the effect of compression by synchrotron XRM was already
successfully carried out on ﬁbrous media in the case of felts by Thibault in
2001 [44]. These pioneer experiments allowed us to develop compression
devices which are currently improved in the context of papermaking.
Experimental results
The analysed sample is placed in the compression device. It is set between two
pistons. The bottom one is ﬁxed whereas the top one can be moved vertically
by a micrometric screw system. To avoid the sample being sheared while
compressed, a small ball is inserted between the top cylinder and the micrometric screw. A Plexiglas tube guides the cylindrical element described above.
In the presented example, four deformation levels were applied on a blotting paper. The ﬁrst one corresponds to the so-called reference level. Figure
26 shows the different compression levels imposed. The four consecutive
levels are referred as level0, level1, level2 and level3, respectively. These results
validate the feasibility of such a study from the experimental point of view.
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Figure 26. Thickness slices of the different compression levels applied to the blotting
paper. All the images are 1.4 mm in width and they are from top to bottom 0.491 mm,
0.442 mm, 0.392 mm and 0.274 mm in height.

The next step is to characterise the micro structural evolution during
compression.
Micro structural analysis
Quantitative structural analysis can be carried out on the microtomographic
data as the imaged volume is larger than the Representative Elementary
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Volume. The data are obtained on the segmented data presented in the case
of the blotting paper under deformation.
Table 12 presents the obtained results on both porosity and thickness for
the four different levels. The porosity is evaluated on the segmented data and
the thickness is directly measured on the radiographs.
The thickness and porosity variations were evaluated by evaluating the
following quantities:

Where Δt represents the thickness of the considered level and t0 the thickness
of the reference level.
Table 13 presents the obtained results for the deformation characterisation.
A simple analysis may be carried out. Porosity and thickness variations
were evaluated. For level1, the porosity and thickness variations have the
same order of magnitude which corresponds to the pore compressions. But it
can also be underlined that for the two last compression levels, the thickness
variations and the porosity variations are not equal any more. This means
that the compression modiﬁes the sizes of both pores and ﬁbres. This
behaviour is conﬁrmed by the study of the porosity proﬁles presented in
Figure 27. These proﬁles are presented twice, as they give complementary
information. The ﬁrst one presents the porosity versus the true thickness and
the second the porosity versus the dimensionless thickness. On these graphs,
Table 12. Thickness and porosity of the four compression levels evaluated on the
microtomographic data.

Thickness [μm]
Porosity [%]

Table 13.

Level0

Level1

Level2

Level3

491
69

442
62

392
60

272
49

Level1

Level2

Level3

0.10
0.10

0.20
0.13

0.44
0.29

Characterisation of the deformation [41].
Level0

Thickness variation
Porosity Variation
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Figure 27. Porosity proﬁles for the four deformation levels of the blotting paper. The
porosity is averaged on 7 μm. The top graph a) presents the porosity versus the
thickness and the bottom one b) the porosity versus the dimensionless thickness.

the porosity is averaged on 10 slices that is to say on 7 microns. The pressure is
applied by the cylinder located at the top of the sample. The origin of these
graphs corresponds to the bottom of the sample.
As expected the mean value of porosity decreases as the applied pressure
increases. The porosity variations around the mean value for each deformation level are also interesting. We can notice that the top layers (more than
300 μm) are smoothed earlier than the bottom ones in term of porosity
variations. It leads therefore to a heterogeneous deformation. Moreover, it
can be remarked that the porosity proﬁle of level1 can be deduced from level0
porosity proﬁle by a simple translation of porosity (0.04). This may conﬁrm
that the ﬁrst deformation level only affects the pores.
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The comparison between the level2 and the two previous porosity proﬁles
shows that only the highest peaks of the variations of porosity around the
mean remain. This may come from the fact that the ﬁbres start to be compressed. The last proﬁle is ﬂat, the variations around the mean porosity being
smaller than one point. The disappearance of the porosity variations can be
linked to the compression of both pores and ﬁbres. The compression of ﬁbres
is conﬁrmed by the experimental evaluation of the irreducible thickness as a
relative difference of 20% between the experimental (level4) and the theoretical one demonstrates it. These proﬁles also show that the two ﬁrst compression levels (level1 and level2) affect mainly the paper surface as the major
variation in porosity can be observed in this zone. Finally, no lateral movement of ﬁbres was detected when following the trajectory of a few selected
ﬁbres during compression (uniaxial deformation of paper).
The next step is to evaluate the modiﬁcation of the structure during various mechanical inﬂuences such as tensile tests. This was already published for
other materials [62] but is still in development concerning paper samples.

Inﬂuence of humidity on paper structure
Position of the problem
Hygro expansion is a classical property of interest for paper scientists. Some
interesting studies, such as [104], may be cited. However, studies of the inﬂuence of humidity on micro structure are scarcer. The resolution reached in
synchrotron facilities (ESRF, for example) can be less than one micron. Such
a high resolution requires speciﬁc attention to external factors that can blur
data during acquisitions such as mechanical vibration or thermal variations.
The higher the resolution is, the more crucial is the role of environmental
conditions. In the case of paper grades, they were initially successfully imaged
by synchrotron X-ray microtomography in absorption mode at a pixel size of
2 microns at the European Synchrotron Radiation Facility on ID19 [39].
However, when decreasing the pixel size to less than one micron as currently
carried out, paper samples data can be blurred [105]. Namely, image quality
in term of edge deﬁnitions is lower than the one obtained on other ﬁbrous
materials such as felt or ﬁlters made of synthetic ﬁbres at the same resolution.
On the other hand, Holmstadt [48] correlated the basis weight of paper
samples obtained by β radiography and by X-ray tomography. He found a
difference of about 10 g.m−2 for grammages between 45–65 g.m−2. He suggested that this loss of mass comes from the sample preparation and from the
missing ﬁnes as they are smaller than the resolution. However at least part of
these particles attenuates enough the beam to induce a variation of the
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transmitted beam. This loss of mass can also arise from the drying of the
sample during the scan. Namely the beam might dry the sample during data
acquisitions inducing dimensional changes, blurring the data [106].
To overcome this problem linked to sample structure modiﬁcations during
data acquisitions, we developed a sample environment to control the local
environment of the paper during data acquisitions. This consists in a controlled wet air generator placed near the sample. It allows the stabilisation of
the sample structure during the data acquisition. The stabilisation of the
paper is obtained for a given relative humidity (RH) condition. The wet air
generator is also used to study the inﬂuence on the structure of a cycle of RH
rates. Therefore, the hygro-expansion which is deﬁned as the dimensional
change due to the change in internal moisture may be studied. It is due to the
swelling, or contraction, of the ﬁbrous structure when their moisture content
changes. Therefore paper expands when the dimensional changes of ﬁbre are
transferred to the dimensions of the macroscopic network [107]. This
depends on the hygro-expansion of a single ﬁbre and on the efﬁciency of the
stress transfer from the network to the ﬁbres [104]. Namely the dimensional
changes in one direction can directly be related to the intercept number in this
direction and the mean variation of the ﬁbre diameter [108]. Therefore the
main problem is to analyse qualitatively and quantitatively the dimensional
changes of samples due to a humidity cycle by Synchrotron radiation
microtomography. To investigate these phenomena, a pixel size of 0.7 micron
was chosen. The imaged volumes were found to be suitable to study such
phenomena [41].
Sample environment dedicated to humidity study
Figure 28 represents a picture of the sample environment installed around the
microtomograph. The wet air generator consists in a compressed air pretreatment device and a control unit. These two elements were installed in the
control room. The output of the wet air generator was placed in front of the
analysed sample in the experimental room. As the generated wet air had to go
through about 10 meters in a tube before being delivered, we checked that the
humidity output and the regulating one are identical. Therefore a control
humidity sensor was placed in front of the output of the generator, after the
sample. When installing the set-up around the microtomograph, we paid
attention that the motion induced by the generated air ﬂow did not make the
sample vibrate. Hence, the distance between the output and the sample was
about 20 cm and can be down to 5 cm.

14th Fundamental Research Symposium, Oxford, September 2009

653

Jean-Francis Bloch and Sabine Rolland du Roscoat

Figure 28. Picture of the experimental set-up to control the humidity around the
microtomograph [41].

Experimental protocol
Scans are therefore performed for different samples under a cycle of humidity
rates: 50%, 20%, 80%, 20% and 50. The diffusion time of moisture into paper
depends on the basis weight [109]. For low basis weight paper, the diffusion
time is proportional to the basis weight whereas it is proportional to the
squared basis weight for high basis weight. Therefore preliminary measurements were carried out on the studied samples using the varidim® apparatus.
It consists in a commercial laboratory equipment that measures length variations for different humidity rates. The wet air generator was the same as the
one used during our microtomographic acquisitions. The humidity levels are
imposed during two hours. The dimensional changes are recorded as a function of time. It appeared that all the main dimensional changes occur during
the ﬁrst 15 minutes. Furthermore, the samples analysed are much larger (10
cm × 1 cm) than the one measured with microtomography (1.5 mm × 1.5
mm). Therefore the sample was ‘humidiﬁed’ for about 5 minutes before scanning in order to avoid dimensional changes during the scan for any humidity
rate. The samples were directly glued on a cylinder to get a ﬁxed reference.
The following pictures illustrate in the case of a tracing paper, the modiﬁcation of the 3D structure. The evolution of a single layer extracted from the
3D structure is presented.
The visual inspection of samples proved that the evolution of the macroscopic 3D structure was due in a part to a modiﬁcation of the structure of the
ﬁbre itself and that this behaviour may be studied using XRM.
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Figure 29. Inﬂuence of humidity on tracing paper: in-plane slices (1.4 mm × 1.4
mm) at the same vertical position. a), b), c), d) and e) represent the slices for the
successive humidity rates that are 50%, 20%, 80%, 20% and 50%, respectively [41].

CONCLUSIONS
The main conclusions of the presented works may be summarized as follow:
– The determination of the Representative Elementary Volume dedicated
to geometry of paper structures validates a posteriori all the published data
obtained from X-Ray Microtomography in order to describe the ﬁbrous
structure.
– The description of the 3D structure was proved to be obtained in a quantitative way. The last evolutions in term of 3D structure analysis lead to
structural mean parameters.
– The need to obtain 3D quantiﬁcation of the paper structure for both
mean values and also their variations is clear. This is of course, a major
improvement that was not possible few years ago due to the lack of
technical or computing solutions.
– The complementary aspects of experimental measurement and theories
were demonstrated.
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PERSPECTIVES
The perspectives may be divided into two main points: The structure characterization and its modiﬁcation due to changes of the so-called environment
(temperature, humidity, deformation . . .).
Structural characterisation
– The structural characterisation of paper sample was carried out in a
quantitative way. However, the next step will be to introduce the variation
of such parameters at a given geometrical scale but also at different scales.
For instance, the formation may be studied in this sense taking into
account the heterogeneity of paper. Concerning the further structural
analysis, a key point would be to skeletonise either the pore phase of the
ﬁbre phase in an automatic way, which does not exist nowadays. It will be a
step towards the improvement concerning the inﬂuence of connectivity on
physical properties.
– The comparison of the simulated network to the microtomographic data
can help to validate softwares, such as [110] or [111]. In parallel, the
development of simulation tools to calculate physical properties of paper
samples (for examples [14], [47] or [112],) taking into account the microstructure can lead to the optimisation of paper materials. Synchrotron XRay imaging and new microtomes appear as key tools to validate, or not,
these models.
– The contact area distribution is a key factor to be evaluated either theoretically or experimentally in order to estimate the mechanical properties for
example. However, it is vain to search for a direct determination of the
mechanical properties from the structure itself, as no unique relationship
exists between the structure and the mechanical properties, which may be
strongly modiﬁed by a change of humidity or temperature for examples.
The possibility to evaluate this property directly on an industrial paper is
also of main importance.
Microstructure analysis coupled with sample environments
We showed that microtomography of paper samples can be coupled with
dedicated sample environments such as compression device or humidity
regulation. The humidity set-up opens the possibility of a detailed study of
phenomena linked to the hygro-expansion of paper when moisture content
changes. It induces dimensional changes of paper samples that may be evaluated. This behaviour is actually considered in 3D. The compression set-up
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gives the opportunity to investigate the ﬁbres and the pores behaviours when
compressed. Furthermore, many other mechanical tests may be carried out at
this microscopic scale, taking into account the inﬂuence of humidity. It will
allow also the detailed investigation of the physical properties such as permeability, including the inﬂuence of the deformation. The increasing ability
of the measurement system, and in particular both the pixel size and the
acquisition velocity, will also lead to studies dedicated to ‘quasi-statics’ evolutions of phenomena. The coupling of pore size and mass distribution may
also lead to the modelling of the distribution of optical properties which are
obviously important for paper.
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Ilya Vadeiko

FPInnovations

I would like to thank you for showing some interesting pictures on the effect
of relative humidity following yesterday’s conversation. A quick question,
you had a slide showing the correlation lengths for different directions
(ﬁgures 11 and 12 in the paper in the proceedings, ed.). Could you open
it again? You showed the correlation lengths in different directions so the
question is: the x direction, is it MD or CD?
Jean-Francis Bloch
The ﬁrst point is that it is the reason why I like to work with handsheets –
because with handsheets there is no machine direction. And the second point
is that if we really want to know exactly where the machine direction is, there
are two ways of doing that. The ﬁrst one, we usually put the sample with
another paper sample. You make a mark in the MD, and by marking it, you
are sure that you will ﬁnd the machine direction. The second way is that you
can also try to play with the images, and try to ﬁnd what we call the main
directions; the principle direction of your images. Then, you can say it
corresponds to the machine direction.
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