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INTRODUCTION

Synchrotron X-Ray microtomography
has already been successfully applied to
visualise the inner structure of various
grades of papers at a micron scale. The
structures obtained are used to evaluate
microstructural characteristics or to esti-
mate numerically physical properties (1,2).
Most of theses studies are based on the
assumption of the existence of the
Representative Elementary Volume
(REV). The Representative Elementary
Volume (REV) represents the smallest vol-
ume for which the mean value of a given
physical quantity is equivalent to the one at
the macroscopic size (usually a macro-
scopic length that characterises the sample
at a macro-level at which the experience is
carried out). The aim of this work is to
define this REV, which , a priori, depends
on the considered physical properties. It
has to be emphasised that the determina-
tion of this REV is critical. Indeed, if this
volume is not considered, the structural
characterisations, or physical simulations,
on a given volume, can not be extrapolated
in the sense that they are not intrinsic. The
results may depend for example on the
considered size of the studied material or
on the applied boundary conditions, which
are necessary to solve numerically the
physical considered problem.

The characteristic length Lrev of the
REV has not been reported in previous
works. It should satisfy the separation
scale needed for homogenisation theory.
We typically have Lmicro < Lrev << Lmacro
where Lmicro and Lmacro represents
respectively the microscale and
macroscale. In such a context, we want to
ascertain if the data acquired are repre-
sentative for different structural proper-
ties of the samples as the imaged volume
is smaller (1400µm x 1400µm x
paper_thickness) than the typical sizes of
a paper sheet. In this case, it means that
we have to evaluate the smallest represen-

tative elementary volumes. According to
the typical size of a paper sheet, three
scales can be considered for any microto-
mographic experiment: about 2mm
(fibrous structure scale), 20mm (floc
scale), 200mm (whole sheet scale).

This paper is dedicated to the determi-
nation of microstructural (porosity, specif-
ic surface area) and physical properties
(effective thermal conductivity, permeabil-
ity) of two paper samples acquired by
Synchrotron X-Ray microtomography.
These papers are a hardwood handsheet
and a blotting paper. The evaluation of the
REV is also discussed. As the REV is
defined for a given property and for a
given sample, it can be defined as the
smallest volume that still represents the
sample for a given characteristic with an
estimated error. The REV size may be
defined as a number of heterogeneity
lengths (3,4). We apply this method to
evaluate the REV for the following proper-
ties: porosity, specific surface area, effec-
tive thermal conductivity and permeability.

The paper is organised as follows: the
first section presents the samples, the data
acquisition systems and defines the het-
erogeneity length using the covariance
diagram. The next section summarises the
REV obtained for the microstructural
properties - porosity and the specific sur-
face area. Then the results concerning the
physical characteristics -  effective ther-
mal conductivity and permeability are
presented. These sections are followed by
discussion and conclusion.

MATERIALS AND METHODS
Samples
We focus our attention on two paper sam-
ples that are a blotting paper and a hard-
wood handsheet denoted 'Blot' and 'Hard',
respectively. These papers were chosen
because they present different characteris-
tics in term of paper making process,
porosity and end-use properties. Neither
sample contains fillers. 
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SUMMARY
Synchrotron X-Ray microtomography has
already been successfully applied to visu-
alise the inner structure of various grades of
papers at a micron scale. The image analy-
sis tools, previously developed, can provide
quantitative data characterising the
microstructures of papers. We studied two
widely different samples - a Eucalyptus pulp
handsheet and a commercial blotting paper.
Numerical calculations were carried out on
the tomography data to evaluate two spe-
cific physical properties - effective thermal
conductivity and permeability.
The Representative Elementary Volume
(REV) for each physical quantity consid-
ered, in terms of its 3 characteristic lengths
in the three main directions, was defined by
the respective correlation lengths (Lc). 
Despite the small imaged volume (1400
µm x 1400 µm x paper_thickness), for any
given property, whether microstructural or
physical -:
- The REV characteristic lengths were

similar for both samples,
- The REV was smaller than the imaged

volume, 
These results validate our approach and
indicate that it may be extrapolated to other
properties, for example, elastic properties.
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Imaging technique and processing
tools

Synchrotron Radiation microtomography
in absorption mode is a technique widely
used to describe the inner structure of the
samples at a micrometric scale. Applied
to paper samples, it gives relevant infor-
mation on the 3D structure. In order to
adequately define the microstructure of
paper, a pixel size of 0.7 microns is cho-
sen leading to a field of view of (1400 µm
x 1400 µm x paper_thickness). The
paper_thickness is about 110 µm and 550
µm for ‘Hard’ and ‘Blot’, respectively. To
obtain quantitative measurements on the
microstructure, image processing tools
were developed and applied to binarise
the structure (5). Figure 1 presents 3D
views of these two samples. This figure
shows that the long axes of most of the
fibres are almost parallel to the plane
(x,y). Thus, these microstructures are
close to orthotropic. Moreover the paper
'Hard' which only contains hardwood
fibres seems to be homogeneous. On the
3D images of the paper 'Blot', we can dis-
tinguish both hardwood fibres (small
fibres) and softwood fibres (large fibres).

Covariogram

The microstructure of both paper samples
is anisotropic. This anisotropy is illustrat-
ed by 2 slices of the microstructure with-
in the 2D planes (x,y) and (x,z) respec-
tively (Fig. 2).

To quantify this observation, the
covariances are evaluated in the main
directions x, y and z from images. The
covariance function of the set X is the

probability for the two points s and s + h
to be in the set X where h represents a
translation. This function has the follow-
ing properties for a random set (6). It is
equal to the set porosity when h is null
and tends to an asymptotic value when h
tends to infinity. Notice that the covari-
ance is equal to the porosity when h is
null. Figure 2 illustrates the covariograms
obtained in the two main planes (x,y) and
(y,z) for the 'Blot' paper. First we can
notice that the covariance is equal to the
porosity of the considered slice when h is
null. We can also observe that the covari-
ance reaches an asymptotic value equal to

the square of porosity for a finite range
Lc. Lcx and Lcy present similar values
indicating an isotropic structure within
the plane (x,y). Lcz is much smaller. This
confirms the visual observation that the
3D microstructure is orthotropic. These
lengths characterise the size of hetero-
geneities in a given direction. This is
illustrated in the case of the blotting paper
(Fig. 2) but we find similar results in the
case of the handsheet. Both samples pre-
sent a value of Lcz of about 3 microns in
the thickness direction. Lcx (or Lcy) is
about 33 microns and 26 microns for
'Hard' and 'Blot', respectively. The

Fig. 1 3D visualisations of the studied samples:
hardwood handsheet and blotting paper
(700 µµm x 700 µµm x 35 µµm) 

Blotting paper

Hardwood handsheet

Fig. 2 Blotting paper: In-plane (top) and thickness (bot-
tom) slices and their corresponding covariograms.
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anisotropy of both microstructures may
be characterised by the ratio Lcx/Lcz (or
Lcy/Lcz). This ratio is approximately 12.4
and 7.4 for 'Hard' and 'Blot', respectively.

Porosity profile and bulk definition
If we study the porosity profiles in the
thickness direction of both samples (Fig.
3), we can notice that both profiles have
similar shapes: a decrease in porosity at
the top surface, a plateau and finally an
increase in porosity at the bottom surface.
The plateau corresponds to the bulk
whereas the two varying parts can be
related to the surface layers. 

The porosity obtained on microtromo-
graphic data corresponds to one measured
by standards. Notice that porosity is smaller
in the bulk for both samples. Therefore we
would like to investigate the representativi-
ty of the imaged volume as it is small com-
pared to the typical sizes of a paper sheet.

Method for REV evaluation

In this paper, we restrict the evaluation to
the REV of structural and physical prop-
erties in the bulk. To estimate the REV,
we evaluate the properties of interest
(porosity, specific surface area, effective
thermal conductivity, permeability) for
larger and larger volumes chosen in the
bulk always centred on the same voxels
(7). The sizes studied were (L x  L x 35
µm) where L represents the side (size) of
the volume within the plane (x,y) (Fig. 1). 

This length L varies from 50  µm to 700
µm. The thickness of the volume remains
constant and equal to 35 µm. The influence
of this size on the results will be discussed
later. The REV size is then defined as the
size (L x L x 35 µm) of a volume, beyond
which the effective quantity studied

becomes more or less constant. We will
show that the characteristic length of the
REV depends on the property and can be
linked to the heterogeneity length (Lcx or
Lcy), as suggested in (3,4). The results are
presented in the following sections.

MICROSTRUCTURAL
PROPERTIES AT THE
SAMPLE SCALE
Porosity

The porosity can be evaluated on bina-
rised data by the ratio of voxels belonging
to the pore phase to the whole number of
voxels. Figure 4 shows the evolution of
porosity as a function of the length L We
can observe that the porosity tends to an
asymptotic value when the length L of the
volume is larger than 400 µm. This length
is about 14 times the heterogeneity length
Lcx (or Lcy). The REV is also linked to a
relative error. To evaluate it, we consider
the obtained property in the whole bulk
(1000 µm x 1000 µm x bulk_thickness) as
a reference. Therefore for a volume (L x
L x 35 µm) where L = 10 Lcx, the relative
error made on porosity measurement is
around 3.6% for the ‘Blot’ paper and
4.3% for the handsheet. This volume (10
Lcx x 10 Lcy x 35 µm) is smaller than the
total bulk volume (1000 µm x 1000 µm x
35 µm) and much smaller than the field of
view (1400 µm x 1400 µm x paper_thick-
ness). 

Specific surface area
Using stereological tools, we have evalu-
ated the specific surface area (4). The
results are presented in the following
(Fig. 5) in a dimensionless form, divided
by an arbitrarily chosen value of 1.2 x
105. In a similar way to porosity, we can
observe that the specific surface area
tends to an asymptotic constant value
when the length  L of the volume is larg-
er than 400 µm (about 14 Lcx or Lcy).
Once again we consider the dimension-
less specific surface area of the whole
bulk as reference. Therefore if we consid-
er a volume (10 Lcx x 10 Lcx x 35 µm),
the relative error made on specific surface
area measurement is 9.9 % and 1.3 % for
‘Blot’ and ‘Hard, respectively. 
These results show that 
i) the REV sizes for the porosity and the

specific surface area are of the same
order of magnitude (10 Lcx x 10 Lcx x
35 µm), and

ii) the volume imaged is sufficient to
estimate both the microstructural
properties. 

NUMERICAL ESTIMATION
OF PHYSICAL PROPERTIES
We now focus our attention on two phys-
ical properties of both paper samples - the
effective thermal conductivity and the
permeability. These properties have been
estimated by solving numerically, on dif-

Fig. 3 Porosity profiles along the normalized thickness of
the whole sample (1000 µm x 1000 µm) for the 2
papers (plain lines) and mean porosity in the bulk
(dashed lines). 
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Table 1
Comparison between classical measure and tomographic results for porosity for both samples.

(%) Exp. results Tomo. results: whole sample Tomo results: bulk

Hard 60 57 53
Blot 66 71 64

Fig. 4 Evolution of the porosity versus the (size) side L of
the volume ( L x  L x 35 µm3) for both studied
papers. Dash lines represent the mean porosity in
the 'bulk' layer for each paper.
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ferent volumes, specific boundary value
problems arising from the homogeniza-
tion process. These boundary value prob-
lems are not reproduced here but can be
found elsewhere (8,9). They have been
solved by using finite volume software
packages (9,10). As for the microstruc-
tural properties, the effective thermal con-
ductivity and the permeability of the bulk
of each paper have been computed on
volumes ( L x  L x 35 µm), where  L
varies from 50  µm to 700  µm. The REV
size for both physical properties is esti-
mated and compared with the one
obtained for microstructural properties.

Thermal properties
The two samples contain only two phases,
pores and fibres, whose intrinsic thermal
conductivities are 0.026 and 0.33 W.K-1.m-1,
respectively. These intrinsic thermal con-
ductivities are assumed to be isotropic.

Figure 6 presents the evolution of the
diagonal components of the effective ther-
mal conductivity tensor of both samples
versus the length L of the volume. The
non-diagonal components of the effective
thermal conductivity tensor are negligible
and therefore not presented here.

It can be observed that the effective
thermal conductivities λxx and λyy are of
the same order of magnitude whereas the
transversal one, λzz is much smaller.
These results show that the effective ther-
mal conductivity tensor is transverse
isotropic, similar to the microstructure.
The anisotropy for the effective thermal
conductivity may be defined as the ratio
λxx/λzz (or λyy/λzz). This ratio is approxi-
mately 1.55 for both ‘Hard’ and ‘Blot’.
The anisotropy for the effective thermal

conductivity is much smaller than the
anisotropy of the microstructure. This
result is directly linked to the fact that the
contrast between the intrinsic thermal
conductivities of both phases (fibres and
pores) is relatively small. 

Figure 6 also shows that all the compo-
nents of the effective thermal conductivi-
ty tensor reach an asymptotic value when
the length L is larger than 200 to 300 µm
(around 10 Lcx or Lcy). Once again, we
consider effective thermal conductivity of
the whole bulk as the reference. Therefore
if we consider a volume (10 Lcx x 10 Lcx
x 35 µm), the relative error made on ther-
mal conductivity measurement is less
than 2% for ‘Blot’ and ‘Hard’.

Permeability

Figure 7 presents the evolution of the
diagonal components of the permeability
tensor of both samples versus the length L
of the volume. The non-diagonal compo-
nents of the permeability tensor are negli-
gible and therefore are not presented here. 

The permeabilities kxx and kyy are of
the same order of magnitude whereas the
transversal one, kzz, is smaller. These
results show that the permeability tensor

is also transverse isotropic. The ratio
kxx/kzz (or kyy/kzz) measures the
anisotropy of the permeability tensor.
This ratio is equal to 4 and 2.2 for ‘Hard’
and ‘Blot’, respectively, i.e. smaller than
the anisotropy of the microstructure and
larger than the anisotropy of the effective
thermal conductivity. 

Figure 7 also shows that the diagonal
components of the permeability tensor
reach an asymptotic value when the
length  L is larger than 400 µm (about 14
Lcx or Lcy). By using the permeability of
the whole bulk as a reference, we can
evaluate the relative error made on the
permeability measurement if we consider
a volume (10 Lcx x 10 Lcx x 35 µm). The
maximum relative error is about 20% for
‘Hard’ and ‘Blot’, depending on the com-
ponent. Note that this relative error is less
than 10% if we consider a larger volume:
(15 Lcx x 15 Lcx x 35 µm)

DISCUSSION OF THE REV
SIZE
Sample Scale
Regardless of the property studied, the
evolution of the curves as a function of the
length L presents similar behaviour. For

Fig. 5 Evolution of the dimensionless specific surface
area versus the (size) side L of the volume ( L x  L
x 35 µm3) for both studied papers. Dash lines rep-
resent the mean porosity in the 'bulk' layer for
each paper.
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Fig. 6 Evolution of the diagonal components of the effec-
tive thermal conductivity tensor versus the (size)
side of the volume ( L x  L x 35 µm3) in the bulk for
‘Hard’ (top) and ‘Blot’ (bottom). 
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Continued on Page 301

small volumes, they vary and then sta-
bilise at a length of about 200 to 400
microns. The results show that the REV
sizes lie between 5 and 15 times the het-
erogeneity length. If we consider a repre-
sentative volume of 10 Lcx, the error made
on property measurement is smaller than
5% for the porosity, the specific surface
area and the effective thermal conductivi-
ty and up to 20% for the permeability.
Finally note that the influence of thickness
on the microstructural and physical prop-

erties measurements of the two papers has
been also investigated. These results are
not presented here, but in summary it
appears that the chosen thickness of 35
microns is also representative.

Larger scales

The heterogeneity lengths for paper con-
taining fillers have been evaluated by one
of the authors (Rolland du Roscoat (11))
and from those results it appears that this
length is not affected by the presence of

fillers and that the REV for microstructural
properties is also not affected. Hence,
although the following preliminary results
at larger scale were carried out on a printing
paper (containing fillers) we believe they
can also apply to a non-filled pure cellulose
paper. Two scales are considered. The first
one is the floc scale. In a square of 2 cm2,
5 non overlapping samples were extracted
and imaged. The results are presented in
Table 2. We also imaged 20 samples ran-
domly extracted from the same sheet of an
A4 size. (Table 3).

These tables indicate that the mean
values of the three main structural charac-
teristics are of the same order of magni-
tude regardless of scale. The difference
between the two tables can be explained
from the fact that the data in Table 2 are
located in a floc whereas table 3 refers to
the whole paper sheet. 

CONCLUSION 
We have presented tools to characterise
the properties of two paper samples
imaged by Synchrotron X-ray microto-
mography coupled with analysis tools.
Both microstructural characteristics and
numerically evaluated physical properties
were studied. Special attention has been
paid to the determination of the
Representative Elementary Volume, for
both microstructural and physical proper-
ties for a given thickness in the bulk. We
find that all the REV sizes lie between 5
and 15 times the covariance length (Lcx
or Lcy) i.e., the heterogeneity length, with
a reasonable accuracy. It appears that a
volume of about (400 µm x 400 µm x 35
µm) can be considered as a representative
volume for all the properties studied. It is
smaller that the volume imaged (1400 µm
x 1400 µm x paper_thickness) and is
much smaller than the typical sizes of a
paper sheet. 
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angle for R10 decreased differently from
the water repellency classification, sug-
gesting that the contact angle is not a rea-
sonable method to evaluate water repel-
lency of a highly water-resistant paper-
board. Therefore it could be concluded
that both the Stöckigt sizing test and the
contact angle test are not suitable to esti-
mate water repellency characteristics of
paperboard in short time. 

Finally, it seems obvious that the com-
puterized measuring method of water
repellency degree is the simplest method
to define water resistance of paperboard
specimens with high grammage (more
than 200 gsm) in a short time.

CONCLUSIONS

The traditional test method for measuring
the water repellency of paper and paper-
board can be influenced by an operator's
bias. In order to remove such bias, an
automatic analysis program to assess
water repellency was developed based on
the different shape features of the liquid

traces formed on paper specimens.
Through the shape recognition principle
of a liquid track flowing down the speci-
men at an angle of 45°, the unique fea-
tures of the liquid tracks, such as the
widths between the heads and tails of the
traces (SHT), the uniformity of liquid flow
(Sd), the length of long traces (LST) and
the eccentricity of liquid traces (Ei) were
analyzed to determine the specific degree
of water repellency. Finally, a novel
method for the analysis of water repellen-
cy was developed, based on the shape
recognition method, which made it possi-
ble to readily measure the water resis-
tance of paper and paperboards and clas-
sify them into categories from R0 to R10. 
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