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Abstract

A quantification procedure for constructing the sieving curves of sands used in mortars, from two-dimensional data obtained by image analysis
of thin sections, has been developed. To test the suitability of this procedure, thin sections were made from ten fluorescent epoxy-impregnated
mortars, containing five different sands of which the sieving curves had previously been determined. Whereas previous investigations were
typically based on independent and individual micrographs, a new approach has been adopted in which measurements are performed on single
composite images. Two stereological models, based on cubic and spherical particles respectively are applied to the examples and the results
compared with the sieving curves. The results obtained show a reliable congruence, especially for the spherical model and when shape factors of
sectioned grains are high. Sieving curves and grain-size distribution curves established from image analysis may have virtually the same precision,

but the latter has a lower reproducibility.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Historical mortars have two main components: the binder,
which is usually lime or hydraulic lime, and the aggregate [1],
which in most cases consists of a locally available sand [2].
Knowledge of the grain-size distribution of the aggregate in
these mortars, which plays an important role for restoration
applications, is invaluable [3]. Combined with the volume
fraction of aggregate used, this is necessary for designing
compatible mortars. Furthermore, the sieving curve of a sand is
a fingerprint of the geological formation from which the sand is
taken, so that it is an important tool for tracing the origin of the
raw materials [4]. A generally applied method of establishing
the grain-size distribution of the sand is to attack chemically the
mortar sample with an appropriate acid [5]. The binder is
dissolved and the insoluble residue is used to construct the
sieving curve. However, part of the aggregate may not be
resistant to the acid attack and readily dissolve [6,7]. The large
amount of sample required [8] is an additional restriction of this
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method. A different approach is required to obtain reasonable
results when only a limited amount of sample is present. Image
analysis of thin sections can overcome the limitations of the
acid-attack method. Traditional optical or scanning electron
microscope (SEM) images can be processed by image analysis
methods to allow measurement of the sectioned grains. Well-
established stereological calculations are used to convert these
2D data to the required 3D values [9,10].

In most studies, data are acquired from analysis of a set of
individual images [6,11]. For statistical reasons, these single
images need to be taken in an arbitrary and independent manner.
An intrinsic problem of this approach is that, due to the limited
resolution of digital cameras, small grains cannot be detected
and measured. A possible solution is to choose a higher mag-
nification, but this increases the edge effects, so those larger
objects may not entirely lie within the field of measurement.
Hence, larger grain-size populations are underestimated. The
great spread of particle sizes is the most important difficulty to
overcome. The proposed approach deals with this problem by
making measurements on single composite pictures made up of
a large set of individual images. In this way, edge effects are
reduced without any loss of resolution and many particles are


mailto:Gilles.Mertens@geo.kuleuven.be
http://dx.doi.org/10.1016/j.cemconres.2006.03.004

1454 G. Mertens, J. Elsen / Cement and Concrete Research 36 (2006) 1453—1459

Table 1

The table shows the type of sand, the surface area of the digitised frame, the
number of micrographs assembled, the number of objects in the measuring
frame and the mean shape factor (cf. infra) of the objects in each thin section

Sample Sand Surface area  # # Mean shape
(cm?) Micrographs  Objects  factor (Q)

MO1 Rhine sand  5.08 285 4237 0.7060

M02  Rhine sand  4.69 300 4008 0.6822

MO03 Fine 1.05 150 6122 0.6699
scouring
sand

M04  Fine 1.33 145 6387 0.6844
scouring
sand

MO5 Random 3.67 198 5548 0.7319
sand 0/4

M06  Random 3.84 247 5126 0.7078
sand 0/4

MO7  Random 5.09 342 10206 0.7186
sand 0/2

MO8 Random 2.33 150 3641 0.7122
sand 0/2

M09  Normalised 3.91 208 6203 0.7049
sand

MI10  Normalised 4.36 289 6648 0.7010
sand

simultaneously measured, giving statistically reliable results.
These show that the quantification procedure is successful.
However, besides the effectiveness of the new approach, some
limitations on the stereological probability distribution for ho-
mogeneous sands remain. Variability in grey-level distributions
and a need for visual inspection of the composite images limit
the method to be used in a non-automated procedure.

2. Experimental procedure
Ten mortar samples were prepared using five different sands

(Table 1) according to Belgian standard NBN 771-10, which is
currently used for the preparation of cement-based mortars. Since

the procedure is oriented towards the application to ancient
(mainly lime) mortars, hydraulic lime (Unilit TD 13N) was pref-
erred to Portland cement as a binder. After drying, the samples
were twice impregnated under vacuum with a fluorescent (FITC)
dyed epoxy resin to enhance the contrast between the sand grains
and the inter-granular space. Thin sections with a thickness of
30 pm were prepared from these mortar samples.

The micrographs were acquired with an Evolution LC digital
camera attached to a Zeiss petrographical microscope. The
images, which have a resolution of 833 pixels/mm, were made
using a Zeiss 5X objective and incident fluorescent light. Sub-
sequently, the micrographs were processed with the Image Pro
Plus® software package. To verify the pertinence of the image
analysis approach, comparison with another valid technique is
necessary. Sieving analysis is probably the most widespread,
generally accepted and easiest way of collecting information on
the grain-size distribution of aggregates. For the five sands used
as aggregates, the sieving curves (Fig. 1) have been established
according to Belgian Standard NBN B 11-013.

3. Procedure
3.1. Image treatment

For the micrographs acquired in the RGB colour model
(Fig. 2A), the intensity channel (Fig. 2B) has been calculated
according to the following formula:

R+G+B
1:% (1)

This gave the best contrast between aggregates and the inter-
granular space, facilitating the thresholding operation (Fig. 2C).
Additional image treatment before binarisation was unnecessary
since the arbitrary boundary between grey-level of aggregates
and matrix can be easily distinguished. This is shown in the pixel
intensity profile in Fig. 2(B2). However, thin sections are strictly
speaking not 2D sections. The section of a particle in the lower
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Fig. 1. Grain-size distributions of the aggregates determined by sieving.



G. Mertens, J. Elsen / Cement and Concrete Research 36 (2006) 1453—1459 1455

B1

g
Q2
>
o
o 40
20
0
B3
“n
2
[=8
* v
0 50 100 150 200 250
Grey-level

Fig. 2. Flowchart of the image treatment: (A) Colour image (incident fluorescent light). (B1) Intensity channel from A with (B2) profile through the micrograph and
(B3) the grey-level histogram. (C) Black and white image after thresholding. (D) Black and white image after the despeckle, erosion and dilation operation and after
filling of the holes. (E) Composition of a single picture. Frame width: 1.5 mm for images A—D, 26 mm for image E.

plane of the 30 um thick slice might differ significantly from its
section in the upper plane. Some particles may cross the lower
and not the upper part of the thin section, so that they are in a
twilight zone between the light intensity levels of the aggregate
and the inter-granular space. No correction was made to reduce
the influence of this effect. For micrographs where the dis-

tinction of phase boundaries is less evident, frequency filters
[12] or separation techniques based on texture filtering [13] can
be used. The threshold value was kept the same for all micro-
graphs from the same thin section. However, due to small dif-
ferences in thickness or preparation conditions, a different value
was needed for each thin section. After the binarisation
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Fig. 3. Sieving and calculated curves of M08.

operation, a despeckling filter was applied to all micrographs.
This convolution filter reduces noise. This reduction can also be
done by composing an image as an average of multiple frames
from the same area [14]. However, this is a time consuming
operation and does not ensure that small artefacts such as cracks
are removed from the image. In addition, the succeeding erosion
and dilation operations help to reduce noise and the effect of
small artefacts. Application of these two morphological filters
has the benefit of separating touching grains. Moreover, the
irregularly shaped grain boundaries are flattened, giving a more
reliable perimeter for the shape factor calculation. The shape
factor (Q) is calculated according to the following formula:

474

= @

0=

In this formula, 4 represents the area and U the perimeter of
the sectioned grain. The shape factor varies from 1 for circular
objects to nearly O for irregularly shaped objects. As in most
studies [15], it is only used to give a qualitative idea about the
morphology of the populations. Erosion operations can in-
fluence grain-size distributions, principally affecting the finer
fraction [6]. However, the results show that there is no tendency
to underestimate the calculated weight proportion of the finer
fraction.

In the next step, all micrographs, with slightly overlapping
borders, are fitted to create a single composite image (Fig. 2E).
At this stage, some particles still have to be separated manually
and the holes of porous particles need to be filled up. Finally the
objects are counted and measured. No automated procedure, by
means of a macro-program, has been developed, since some
interaction with the software is required during processing. The
automated fit, used to create a single micrograph, requires visual
inspection since poor matches may occur and a consequent
adjustment of the parameters may be necessary. Furthermore,
separation of contiguous grains in the final step needs to be done
manually, since automated techniques such as watershed did not
work satisfactorily. Recently, promising new techniques have

been developed [16] to separate touching objects. However,
they are not yet implemented in this work. Moreover, the
threshold-value for each thin section needs to be chosen after
visual evaluation.

3.2. Stereology

It is necessary to choose the right 2D parameter for the
calculation of the 3D grain-size distributions. In the proposed
model, calculations are based on the maximum Feret diameter.
This choice results from the application of the stereological
calculations taken from Sandstrom [9] whose model is based on
results taken from Exner [10]. The maximum Feret diameter is the
maximum distance between two parallels tangent to the 2D-object
[17]. Since there is no evident relationship between a random 2D
section of an arbitrary particle and its behaviour in a sieving
analysis, some assumptions are necessary. First, it is important to
choose a representative particle shape [18]. Two particle shapes
are proposed; one spherical and the other cubic. Particle size and
shape are considered to be independent. Furthermore, the model
assumes uniform and random sections, selected throughout as
uniform and random mortar samples. For an arbitrary 2D section

Mass % (Cumulative)

Grain Size

Fig. 4. Calculation of the differences between two grain-size distribution curves.
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through a sphere of diameter R, the probability that the 2D
diameter lies between r and r+dr is:

b /l(r—;dr>2m 3

Since the aggregate is not composed of a series of spheres of
identical diameter, the number of objects in each 3D grain-size class
(Ny,» Ny,, ...) is given by the following system of equations [19]:

P1 O 0 O NV1 .D] ]\/al
P2 0 0 ]\fv2 .D2 ]\/vaz

o0 : B “)
Pn " P2 D1 Nv,, ~Dn1 Nan

Knowing the number of 2D sectioned grains in each class
(Na,» Ny, ...) it is possible to calculate the probable number of
grains in each 3D grain-size class. For cubic objects, the dia-
meter D can be replaced by the mean calliper diameter H [20].
This is the average distance between two parallel planes when a
specific 3D object is placed in between in an arbitrary manner.
For a cube, this value, normalised with regard to the maximum

length, is %D (with D its edge length). The probability dis-
tribution of the maximum Feret diameter for cubic particles can
be found in Sandstrom [9].

3.3. Edge effects

Efforts have been made to find adequate corrections for edge
objects [9,19]. These are objects crossing the borders of the
measuring frame. If no corrections are applied, the size of these
objects is systematically underestimated. Large objects have a
higher probability of intersecting margins, thereby necessitating
important corrections and causing the results to be less reliable.
Some authors [6] prefer to make no corrections. In this study,
edge effects are reduced as much as possible by choosing a large
measuring frame compared to the size of the largest particles
present, but still using a reasonable resolution. There are dif-
ferent methods of correcting for edge objects. In this study, one
of the models from Russ [19] has been chosen. It is based on the
size of the measuring frame and the objects in each specific
grain-size class according to the following formula:

/2 'Wy

Correction factor =
(Wx—Fx) '(Wy_Fy)

(5)

/28 Frame width
W, Frame height
F, Object width
F, Object height

The correction factor becomes very important when objects
are larger than half the measuring frame size [9]. Since this is not
the case in any of the examples, the method can be reliably used.
Beside the calculations considering all objects and using no

Table 2
Mean absolute differences between the curves in terms of percentages
Sphere — with Cube — with Sphere — Cube —
correction correction without without
correction correction

Differences between the calculated and the sieving curves

MO1 343 3.50 3.13 3.56

MO02 1.35 3.10 1.15 4.35

MO03 6.10 9.95 6.15 10.29

MO04 4.85 9.43 6.45 7.90

MO5 1.90 1.65 0.49 2.58

MO6 7.51 5.27 3.70 2.79

MO07 2.59 5.78 4.31 4.46

MO8 0.81 3.45 1.08 2.77

M09 1.57 3.00 1.53 2.86

M10 1.43 3.84 1.66 3.87

Mean calculated difference

MOl and 2.39 3.30 2.14 3.96
MO02

MO3 and 5.48 9.69 6.30 9.10
MO04

MO5 4.71 3.46 2.09 2.69
and
MO6

MO7 and  1.70 4.61 2.70 3.61
MO8

M09 and 1.50 3.42 1.59 3.37
M10

Mean difference curves

MOl and 2.37 2.95 1.75 2.84
MO02

MO3 and 5.48 9.69 6.30 9.10
Mo04

MO5 and 4.71 3.05 2.09 1.43
MO6

MO7 and 1.59 4.61 2.63 342
MO8

M09 and 0.89 3.17 1.04 3.09
MI10

With respect to each other

MO1-02  2.72 2.98 4.08 4.48

MO03-04 1.25 1.26 2.39 2.39

MO05-06  5.61 6.19 3.38 4.12

MO07-08  2.18 2.34 3.62 2.08

MO09-10  1.38 1.34 1.55 1.55

corrections, the same set of data, without edge objects, is treated
using the correction method above. Both results are compared
and the influence of the corrections is verified experimentally.

4. Results and discussion

From each thin section of the ten mortar samples (five
different sands), four different curves were calculated; for the
spherical and the cubic model, with and without correction for
edge objects. As an example, the calculated grain-size distri-
butions based on image analysis are shown together with the
sieving curve of sample MOS in Fig. 3.

To attribute a mathematical value to the divergence, the mean
difference between the calculated and theoretical curves was
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determined. Different statistical methods were tested, but none of
them gave satisfactory results. We preferred a method whereby a
calculated value reflects the visual correspondence of the two
curves. More specifically, it expresses their mean difference in
terms of percentages (Fig. 4). In practice, at least five pairs of
points with the same abscissa are chosen on both curves and their
absolute difference is calculated. The points are equally spaced
on a logarithmic scale. The sum of these results is normalised
with respect to the number of points.

The mean differences between the calculated curves and the
sieving curves are presented in Table 2. In addition, the diffe-
rence with respect to the sieving curves of the ‘mean difference
curves’ is also presented. These are the curves based on the
arithmetic average of the absolute cumulative class sizes of
mortars made from the same sand. If we compare these values
with the ‘mean calculated difference’ (average of the mean
difference of both curves made from the same sand), it is
possible to verify the influence of a larger measuring frame on
the ‘goodness-of-fit’. Table 2 also includes the values of the
differences of the calculated curves from two mortars with the
same sand, with respect to each other. In this way, the repro-
ducibility of the measurements can be verified.

Table 2 shows that the correspondence is rather good for most
samples. Generally, the spherical model without corrections
gives the best results, even if the mean shape factor (Table 1) is
closer to that of cubic particles. 2D circular sections have shape
factors of 1, whereas 2D sections through cubic particles have a
mean shape factor of 0.668. However, in Fig. 5, we can see that
the fit between the calculated and the sieved curves is better if the
mean shape factor is high. This can be explained by the fact that
thin sections with objects of low symmetry have a low mean
shape factor. As a consequence, the differences with respect to
the sieving curves are larger since the calculated curves are based
on models of highly symmetrical forms.

For homogeneous, subspherical and ‘clean’ quartz-arenitic
sands, the curves based on image analysis will probably better
match the sieving curves than those for ‘dirty’ sub-angular sands

G. Mertens, J. Elsen / Cement and Concrete Research 36 (2006) 1453—1459

with a diverse mineralogy [11]. This is the case for MO5—MO06—
MO07-MO08 where porous particles are present. In the weight
calculations of the grain-size classes, they are considered to be
massive and to have an identical density to the other particles. In
the sieving analysis on the contrary, they will lower the proportion
of the corresponding grain-size class, because of their lower
density. Technical imperfections can also cause divergences. As
discussed previously, no correction was made for the effects
related to thin section thickness. Particles with a different section
in the upper and lower plane of a thin section may be classified in
the wrong grain-size class and affect the results. From Table 2, it is
clear that in general, the grain-size distribution curves corrected
for edge objects fit the sieving curves less than to those without
corrections. When corrections are unfavourable for the ‘good-
ness-of-fit’, this is usually due to an overestimation of the number
of larger grains. This aberration could be due to a non-uniform
distribution of larger grains over the measuring frame. Most thin
sections cross the border of the mortar samples, whereby most
grains lie entirely within the measuring frame. Hence, the cor-
rected weight fractions are overestimated, especially for larger
objects. Table 2 shows that 13 out of 20 ‘mean difference curves’
give better results than the corresponding ‘mean calculated dif-
ference’ meaning that the use of several thin sections improves the
counting statistics.

If we compare the grain-size distribution curves of mortars
made with the same sand, we see that the reproducibility is
satisfactory, even if it is better in only 11 out of 20 examples,
compared to the ‘mean calculated differences’. Therefore, we
suggest that there is hardly any difference between a curve
established by sieving and a curve obtained by image analysis,
despite the limitations of the latter technique. However, the
image analysis results show a greater spread, even if both
methods may virtually have the same precision, with M03 and
MO04 exceptions to this. Their calculated curves do not fit well
the sieving curves, but they are easily reproducible. The origin
of the deviation is systematic. The sand used in these mortars is
very homogeneous whereas the model is based on probabilities
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Fig. 5. Mean difference between the calculated curves and the sieving curves versus mean shape factor.
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established for a continuous grain-size distribution [21]. In the
model, the largest sections will be partly treated as a smaller
section of larger grains, biasing the results.

5. Conclusions

Image analysis of micrographs taken from thin sections has
been tested as a tool to recover the grain-size distribution curves
of sands used in mortars. The results from the analyses of ten
self-made mortars are consistent with the results from the
sieving analysis of the sands. The image analysis method in-
volves two main steps. The particularity of the first step, the
image treatment, is to measure 2D-parameters on composite
images. This approach reduces the errors induced by edge
effects. In the second step, stereological calculations are per-
formed on the measured 2D-parameter distribution. Two ste-
reological models, based on spherical and cubic particles
respectively, have been tested. The image analysis results ob-
tained with the first method show a better correlation with the
sieving curves, especially when form factors of sectioned grains
are high. Even though some changes to the stereological model
are necessary when dealing with homogeneous sands, the me-
thod is very promising as a tool for the determination of the
grain-size distribution of sands used in mortars.
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