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1. Introduction

Cement-based materials are heterogeneous, porous and rough composite materials with very complicated
microstructures. During their service life, these materials are exposed to environments containing biological
agents (microorganisms) and chemical compounds which may or may not be aggressive. The deterioration of
cement-based material structures usually starts at the surface and progresses into the material [2]. The main
factors that allow the penetration of agressive agents into cement-based materials are their porosity [3-5] and
their roughness [3, 4, 6, 7], both of which influence their bioreceptivity which is the ability of the material to
be colonized by one or more groups of living organisms [3, 8]. Among the microorganisms able to colonize
surfaces, bacteria are known to participate in the first step of biofilm formation.

The size of a bacterium ranges from 0.1 pum to 10 wm and its shape is variable, ranging from a sphere (for
cocci) to rod-shaped (for bacilli) and spiral (for vibrios). Bacterial colonies form clusters which have a size of
several tens of micrometers. The multiscale characterization of material surfaces appears to be an important
area of the investigation to help provide a better understanding of how these external agents can form biofilms
and interact with these surfaces.

The factor that is studied in this paper is the surface roughness. To characterize cementitious material
surfaces, standard roughness parameters are often used with topographic reconstruction techniques such as
confocal microscopy [1, 9-25] and atomic force microscopy (AFM) [26-41].

Using scanning electron microscopy (SEM) or SEM coupled with energy-dispersive X-ray (EDX), some
studies allow the detection of the formation of the microstructures and their chemical composition or provide
qualitative analysis of hydration processes and products of cement-based materials [27-32, 41-45].

More recently, [1] have introduced a multiscale analysis of cement paste surface roughness. Two new optical
profilometry techniques, coherence scanning interferometry (CSI) and scanning confocal microscopy (SCM)
have been used in the surface reconstruction. A new method named “window resizing” has been introduced
in the calculation of the standard roughness parameters. The information about the characteristics of the

techniques already used in cement-based surface analysis have also been reported in this paper.
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The knowledge of the standard roughness parameters provides the necessary information to understand
the process of surfaces colonization by the microorganisms. But this information becomes very limited if it is
necessary to go deeper into the knowledge concerning the relation linking the size of the microorganisms and
the roughness geometry.

At this point, it then becomes interesting to determine the geometric roughness parameters. This consists
of knowing the developed lengths and surfaces.

It should be noted, however that these geometrical parameters may depend on the measurement technique
(in terms of its resolution and accuracy). It is also important to consider that the developed surface is a
parameter that has no meaning in itself. Only the surface viewed by a probe of a given size has a meaning.
Indeed, when the accuracy and the resolution increase (the probe size decreases for example), the surface viewed
by the probe increases until it reaches a certain limit. The notion of surface appears subjected to different
interpretations with no precise signification and only its projection is quantifiable.

Today, although many studies of cement-based materials have been performed using statistical roughness
parameters, to our knowledge, very few investigations have been addressed using geometrical roughness param-
eters. These parameters, known as roughness RN numbers make it possible to better quantify the developed
surface area available for colonization or reaction.

The studies already performed with roughness RN numbers deal with fracture surfaces of hydrated cement-
based materials using confocal microscopy [9-12, 16, 25, 46, 47]. Using a magnification of x90, (which controls
the lateral resolution) and a z slice of 10 gm (which controls the z resolution), [9] compared the roughness
numbers of several specimens of hydrated cement pastes and mortars. A great deal of their study was devoted
to the implementation of the confocal technique and software processing of confocal optical sections in digital
surface topographic maps. It has also been found that the fracture surface areas of cement paste are 1.8 times
greater than the nominal projected surface areas and that of mortars range from 2.4-2.8 times greater than the
nominal surface areas.

[10] have extended the analysis of [9] to the study of the correlation between the roughness numbers of
fracture surfaces and the mechanical parameters such as critical stress intensity factor K., critical effective
crack length a., compressive strength o, total porosity and effective pore diameter. These analyses pointed
to a strong correlation between roughness numbers and stress intensity factor K. as well as crack length a,.
whereas only a weak correlation has been observed with the compressive strength o.. Almost no correlation
has been found for all the other material properties (total porosity and effective pore diameter). The paper
also addresses the fractal dimension calculation as a function of the roughness numbers. Testing a notched
concrete beam using three-point bending, [11] used confocal microscopy to analyze the region near the interface
between the cement paste and the aggregate. The roughness numbers in the proximity of the paste-aggregate
interface has been found to be higher than that of the paste outside the interface. A correlation between the
critical stress intensity factor K., the critical crack extension da. and the roughness of the fracture surfaces
of cement-based materials has been found. [46] analyzed using confocal microscopy, the relationship between a

cement based material’s strength and its roughness RN number. Cement based matrices reinforced by randomly
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dispersed microfibers have been tested using both uniaxial tensile and three-point bending. [12] obtained for
KIC

cement pastes, the relation = VRN initially established by [47] for S; single fractured crystals. [12]

Im
also established the relation between the roughness number and the fracture toughness values for mortars as
KIC
Klm

measurements using RN numbers. [25] introduced a new roughness parameter known as fractal roughness

= RNO45, [16] demonstrated the potential applications of confocal microscopy through surface roughness

number Rn, which is scale-dependent only within the region of fractality of fractured cement pastes. This new
parameter has been shown to be lower than the ordinary roughness number RN. The relationship between
the water-to-cement ratio w/c and both RN and Rn, have been provided. The correlation between fractured
cement paste compressive strength and the roughness numbers RN and Rn, has also been investigated.

All these studies lead us to conclude that the roughness RN numbers are very useful for the characterization
of cementitious materials. Knowing that these roughness parameters depend on the measuring scale, multiscale
analysis seems to be required.

Although CSI showed its performance in the characterization of various kinds of materials [48-58] its use
remains relatively unexplored in the field of cement-based materials [1, 59, 60].

In view of the these previous studies, therefore, two things become quite clear. Firstly, the quantitative
analysis of the surface roughness of cementitious materials using RN numbers is very important. Secondly,
CSI has a great potential in this area but requires careful study to explore the performance, limitations and
protocols for successful measurement in view of the high roughness and inhomogeneous nature of cementitious
materials.

The present paper extends the work presented in [1]. Both polished and unpolished cement paste surfaces
already measured with CSI and SCM and presented in [1] are used to quantify multiscale roughness RN numbers
introduced by “window resizing”. The paper describes the roughness RN numbers calculation method using
“window resizing”. The identification of fractal region and its fractal dimension of both polished and unpolished

cement pastes is also investigated.

2. Method

2.1. CSI and SCM

The microscopy techniques (CSI and SCM) used in this paper have already been described in [1]. CSI
and SCM are two optical profiling techniques for measuring a material surface’s topographic map. These two
optical techniques are different due to their accuracy in Z (0.04 um for CST and 0.1 pum for SCM), their lateral
resolutions (0.45 pum for CST and 2 pm for SCM), their Z-resolutions (1 nm for CSI and 10 nm for SCM) and
the extent of the surfaces that they allow to explore (184 pum x 138 um for CSI and 4.5 mm x 4.5 mm for
SCM). Thus, the two techniques make it possible to measure the topographic map of surfaces at two different
scales. Other characteristics of these techniques can be found in [1].

Areas selected in the middle of the samples were scanned by both techniques.

Using CSI with a camera pixel size of 0.13 um x 0.13 um, the scanned areas consisted of 183 um x 138 um

for the polished samples and 178 pm x 99 pwm and 69 pm x 55 um in the case of the unpolished samples.
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In the case of SCM, the scanned areas consisted of 2 mm x 2 mm squares and the pixels were recorded
every 4 um x 4 pm.

2.2. Geometrical parameters measurement by window resizing

Among the methods that allow the quantification of the surface roughness of cement-based materials,
one of the most widely used is the statistical analysis based on the determination of standard roughness
parameters such as the amplitude parameters, the spacing parameters and the hybrid parameters [1, 19—
27, 29, 33, 35, 39, 41, 61]. Among these standard roughness parameters may be mentioned: the altitude
difference between the highest and lowest measured points H.,,, [1], the average of the absolute irregularities
R, [1,19-25, 29, 35, 41, 61], the root mean square (rms) of the irregularities R, [1, 19, 23-27, 33, 35, 39, 61],
the skweness Ry and the kurtosis Ry, [23, 25]. Some of these standard roughness parameters have already
been used in conjunction with the window resizing method [1].

A parameter that is also commonly used to quantify the roughness of cementitious materials is the roughness
number RN. This parameter is generally used to quantify the roughness of fractured surfaces [12, 16, 25, 46]
and was also used to quantify the roughness of rubber toughened polymethyl-methacrylate fracture surfaces
[62, 63]. It is defined as the sum of the areas of triangulated surfaces (A;) in relation to the area of the

corresponding nominal surface (Ap;) :

> Ai
S A, (1)

The reference (nominal) surface is not easy to define. In the literature, a vertical projection of the developed

RN =

surface onto the horizontal zy-plane is often considered as the nominal surface [12, 16, 25, 29, 46]. More recently,
[24] have introduced a new reference surface consisting of the Fourier surface.

In this paper, the developed lengths and surfaces are used to quantify the roughness of cement paste surfaces.
The window resizing method whose basis has already been presented in [1], is adopted. Roughness numbers
using the developed lengths and surfaces are a new aspect of a roughness quantification implemented in window
resizing method.

According to this method, for a given integer § (see [1]), the developed lengths and surfaces are calculated
on each cell and then the sum of these lengths and surfaces over all the cells is obtained; a cell being defined
as a set of points forming a square (see Fig. 1).

Concerning the roughness parameters along = and y, the principle is to calculate the ratio between the
developed length and the reference length along x and y. Thus, a line is defined by specifying either j in the x
direction or ¢ in the y direction. The reference (nominal) length (I, or loy) is calculated from the end points for
each line. The lengths of straight segments between these end points are added up and the sum is calculated
in relation to the reference length for each line. The average of the length report is then obtained for z and y
directions. The geometrical roughness numbers RN, and RN, are thus defined.

The developed surface is calculated in several ways. In the following, for a given §, p1, p2, p3 and p,s denote
the vertices of a basic square and p5 is the intersection of the two diagonals (Fig. 1).

The surface area (A, ) of each basic cell is calculated using different techniques :
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e Surface from a diagonal, s14 and ss3 : The diagonal p;-py4 is considered; then the surface s14 is calculated

as the sum of the planar surfaces of the triangles p1-ps-ps and p1-ps-p2. Considering the diagonal ps-ps,

the surface so3 is calculated as the sum of the planar surfaces of the triangles po-p3-p1 and pa-p3-ps.

Surface from a midpoint, s, : The intersection of the two diagonals is defined by ps of which altitude is
the average of those of p1, p2 p3 and ps. s, is then calculated as the sum of the planar surfaces of the

four triangles thus defined.
All these surfaces are known as triangulated surfaces. Using “window resizing”, a new type of surface is

introduced :

Warped surface, sq4 : The altitude within a basic cell is interpolated using the interpolation functions of

four-node quadrilaterals. The altitude is given by

5:ikm@*(len%%%xl*<X1+n%+%A1+CX1*ﬁ%+%A1+CX1+W] (2)

where 2, 2p,, 2p; and z,, are the altitudes of the four vertices of the basic cell.

In the parametric space ¢ and 7 range from -1 to +1. Using an isoparametric system, the coordinates
(Z,9) are interpolated in the same manner as the functions of (zp,, Up, ), (Tps, Yps)s (Tps, Yps) and (Zp,, Yp,)-

Thus, s44 is given by

Y SR S N o
Sqa = ds:/ / Te NTy || w=dC 5=d 3
w=[as= [ [ NTAT Giac Ghay )

— —
where T¢ and T}, are the tangent vectors to the warped surface. These vectors are given by

dz oz
¢ on
— —
_ 0 — 1¢)
Te = 8%{ and T, = {TZ (4)
Oz 9z
¢ on

The surface s44 is then calculated using a numerical integration scheme.

We also introduce a new reference (nominal) surface :

Reference surface : For a given § and for each basic cell, the reference surface area (denoted by Agn) is

the local plane of the least squares of the analyzed unit cell.

The ratio between the sum of the developed surface areas and the sum of the reference surface areas is then

calculated as another roughness parameter (RNg).

A N N
RNg = e with A=Y A, and Ag=>_ Ap (5)

a=1 a=1

where N stands for the number of basic cells for a given 4.
In this paper, these new geometrical roughness parameters (RNg, RN,, RN,) are used to compare the

different surfaces studied by both techniques.
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It is also important to note that the geometrical parameters may be from the sampling or from the convo-
lution.

For the sampling, the altitudes of the vertices are experimental values obtained from the optical techniques.
As the surface obtained by sampling is highly dependent on the measurement technique, (notably its accuracy
and resolution), in this paper, another kind of surface known as the convolution surface, is introduced. This
surface is one that will be viewed by the bacterial colonies of a given size. So, for the convolution, the altitudes
of the vertices are those of the center of a sphere; the radius of this sphere being ddx — €, with € being a small

quantity compared with dz. Whatever the method (sampling or convolution), the points are taken every .

3. Materials

The materials used in this paper were already described in [1]. The cement pastes were manufactured using
the commercial anhydrous CEM I-52,5R cement (see [1] for its chemical composition) provided by HOLCIM
France. A water-to-cement ratio of w/c = 0.4 was used to guarantee optimum mechanical properties and the
samples were manufactured using the ASTM C191 and in accordance with the manufacturer’s recommendations
for the water-to-cement ratio. Polished and unpolished disk-shaped samples with a diameter of 22 mm and a
thickness of 4 mm were measured using CSI and SCM (see [1] for the conservation of the samples, the curing
times and the polishing process). The polished samples were analyzed in order to go deeper in the understanding
of relations between cement surfaces parameters and biocolonisation as the factor that is studied in this paper
is the surface roughness. In the scale of investigation with CSI and SCM, the roughness numbers depend on the
bulk porosity of the samples. But the roughness of concrete is depending on its composition and its interactions
with the mould. So the polishing will allow us to erase the preparation effect and to highlight the impact of
porosity on roughness parameters. Note that the polishing was been made after 28 days of curing time, so,
those samples made of CEM I-52,5R are hard enough to be polished without damage. To polish samples of
this thickness, negatives dedicated to polishing were carried out. These are thicker than the negative used
for the implementation of the samples allowing them to exceed 1.5 mm and being polished with a secure and

repeatable way (see Fig. 2).
4. Results and discussion

The results of 3D topographic measurements of both polished and unpolished cement paste samples can be

found in [1].
4.1. Results on polished samples

After comparison, the roughness numbers RNg obtained using the different calculation methods (s14, o3,
sps and sq4 methods) lead to quite similar results. Thus, for the sake of clarity, in the following, only the results
provided by the warped surface method is presented.

Fig. 3 shows the evolution of the roughness number RNg (the sampling is represented by the subscript e and
the convolution by the subscript ¢) as a function of ¢ (or the probe radius, R, in the case of the convolution).

Fig. 3(a) corresponds to the evolution of the roughness number RNg as a function of § in the case of the samples
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measured with the SCM. This roughness number decreases from 1.02 to 1 for the sample 1 and from 1.016 to 1
for the samples 2 and 3. These results demonstrate the reproducibility of the samples. The value of RNg =1
represents an asymptote to the plot in each case since a developed surface is always greater than a reference
surface. A negligible discrepancy was obtained between the results of the three samples. Also, no major
difference can be noted between sampling and convolution even if the surface viewed by the bacterial colonies
(convolution) is always slightly smaller than the surface provided by the measurement technique (sampling).

Fig. 3(b) corresponds to the evolution of the roughness number RNg as a function of § in the case of the
sample measured with CSI. This roughness number decreases from 1.79 to 1. Sampling and convolution plots
overlap correctly for ddx < 1 pum. A bifurcation occurs for ddxz > 1 pm. This information suggests that the
value of ddx = 1 um is a critical value from which the developed surface obtained by the sampling is always
very much greater than the surface resulting from the convolution which is the surface viewed by the bacterial
colonies. For a bacterial size < 1 um, the surface viewed by these bacteria is the surface obtained by CSI.
Thus, the SCM technique does not make it possible to know the extent of the bacterial colonization. However
for a bacterial size > 1 um the surface viewed by the bacteria is that obtained by the convolution with a sphere
of the corresponding size.

Indeed, when 6 > 8, the discrepancy between the sampling and the convolution becomes large enough
because many parts of the sampled surface become inaccessible to the convolution sphere. This effect is
illustrated in Fig. 4. Thus, the surface viewed by the bacteria (convolution) is substantially smaller than the
surface viewed by the measuring tool (sampling).

In addition, this critical value (ddx = 1 wm) approximately delimits the fractal region of the materials since
for ddx < 1 pm, it is possible to find a linear region on the plot (from the second point of the plot to the
bifurcation point). It is important to remember that, when the RNg number is plotted as a function of ddx
on a log-log system, the linear part of the plot determines the region of fractality and the slope of this part
determines the fractal dimension as [25] : Dg = 2 — a. In this case, after calculation, Dg = 2.229. Thus, only
CSI allows access to the fractality region of cement pastes used in this study.

Fig. 3(c) is a superposition of the results from both measurement techniques. This figure shows that the
roughness numbers obtained by SCM are always lower than those obtained by CSI. The results also show that
CSI and SCM are two different techniques that allow the measurement of the roughness number of cement
pastes at two different scales (two different resolutions and accuracies), as the SCM plots overlap with the plots
of the results from CSI.

Fig. 5, 6, 7 and 8 show the evolution of the roughness numbers RN, and RN, as a function of ¢ (or the
probe radius, R,). The roughness numbers were measured along two perpendicular directions named z and y.

Figs 5(a) and 6(a) correspond to the evolution of the roughness numbers RN, and RN, as a function
of ¢ for the case of the samples measured with SCM. For all these samples, the roughness numbers decrease
approximately from 1.013 to 1. No significant discrepancies were obtained between the convolution and the
sampling, even if for a given §, the sampling results are always slightly greater than the convolution results.

Figs 5(b) and 6(b) correspond to the evolution of the roughness numbers RN, and RN, as a function of ¢
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in the case of the sample measured with CSI. These roughness numbers decrease from 1.457 to 1. Sampling and
convolution plots overlap correctly for ddx < 1 um. A bifurcation occurs for ddz > 1 pm. This information
indicates once again that the value of ddr = 1 um is a critical value from which the roughness number
obtained by the sampling is always greater than the roughness number resulting from the convolution. The
same conclusion about the fractality region can also be drawn. Using the formula that provides the fractal
dimension of profiles (D, = 1 — «, where « is the slope of the linear part of the plots in Figs 5(b) and 6(b)),
respectively 1.140 and 1.143 were found as fractal dimensions for z and y directions. It can be noticed that
Dgs = Dy, + Dy, where D, and D), are the fractal dimensions for x and y directions, respectively.

Figs 5(c) and 6(c) are the superpositions of the results from both measurement techniques. These figures
show that the roughness numbers obtained with SCM are always lower than the sampling results obtained with
CSI. The results show again, that CSI and SCM are two different techniques that allow the measurement of
the developed length of cement pastes at two different scales, as the SCM plots overlap with the plots of the
results from CSI.

It is important to note that whatever the technique used, the roughness numbers measured along the two
perpendicular directions (z and y), give identical results (see figs 7 and 8). These results might indicate an
isotropy of these polished surfaces in terms of their roughness. The values obtained for fractal dimensions for
both directions also support this conclusion.

In the literature, while several authors have addressed the problem of the roughness of cementitious polished
samples using standard roughness parameters [26, 27, 29-33, 40, 41], to our knowledge, no roughness studies
have been performed using RN numbers. Also, except [1] who have adopted a comparative study between SCM
and CSI, all existing results use the AFM technique which has major drawbacks of a very small size of the area

of interest (150 x 150 wm and a maximum height of a few pm) and a long scanning time [1, 53].

4.2. Results on unpolished samples

As in the case of the polished samples, the surfaces obtained using the different calculation methods lead
to quite similar results. Only the results provided by the warped surface technique is then presented in the
following.

The evolution of the roughness number RNg as a function of ¢ (or the probe radius, R),) is presented in
Fig. 9. In the case of the samples analyzed with SCM (Fig. 9(a)), this number decreases from 1.250 to 1.002
for the sample 1, from 1.232 to 1 for the sample 2 and from 1.222 to 1 for the sample 3. The plots of the
convolution and the sampling overlap each other fairly well and the sampling results are slightly greater than
the convolution results.

Fig. 9(b) corresponds to the evolution of the roughness number RNg as a function of ¢ in the case of
the sample tested with CSI. The ratio decreases from 1.988 to 1.041 for sample 1 and from 1.941 to 1.025 for
sample 2. The sampling and the convolution plots overlap correctly for ddz < 1 um. A bifurcation occurs for
ddx > 1 um, leading to the same conclusions as in the case of the polished samples.

The fractal region of these unpolished samples is once again accessible only with CSI. This region corresponds

to the points on the plot from the third point on the plot to a point near to the bifurcation point. The calculation
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gives Dg = 2.175 and Dg = 2.157 respectively for samples 1 and 2. These fractal dimensions are comparable
with the value reported in [25] (D = 2.305), and in [64] (Fractal dimension ranging from 2.02 to 2.12). The
first authors have tested fractured cement pastes with w/c = 0.4 after 28 days of hydration and the second
ones have studied fractured cement pastes with w/c = 0.3 and 0.5 after 23 days of hydration.

For the profile fractal dimensions, 1.107 was found as a fractal dimension for both the x and y directions in
the case of sample 1 and 1.095 and 1.100 for respectively the x and y directions in the case of sample 2.

Fig. 9(c) is a superposition of the results from both measurement techniques and serves as a tool for
comparing the results from each technique.

The evolution of the roughness numbers RN, and RN, as a function of ¢ are presented in Figs 10, 11, 12
and 13.

Figs 10(a) and 11(a) correspond to the evolution of the roughness numbers RN, and RN, as a function of
0 for the case of the samples tested with SCM. For all these samples, the ratios decrease approximatively from
1.013 to 1. No significant discrepancies were obtained between the convolution and the sampling.

Fig. 10(b) and 11(b) correspond to the evolution of the roughness numbers RN, and RN, as a function
of § in the case of the samples tested with CSI. These numbers decrease from 1.584 to 1.048 for sample 1 and
from 1.551 to 1.025 for sample 2. The sampling and the convolution plots overlap correctly for ddx < 1 pum
and a bifurcation occurs for the same value of § as in the previous cases.

Figs 10(c) and 11(c) are the superpositions of the results from both measurement techniques. These figures
show that the roughness numbers obtained with SCM are always lower than the sampling results obtained with
CSI.

It is also important to note that as in the case of the polished samples, whatever the technique used, the
roughness numbers measured along the two perpendicular directions (z and y), give identical results (see figs
12 and 13) indicating an isotropic character of these unpolished cement paste surfaces.

Using the results of this study, CSI appears as a very interesting tool for studying both polished and
unpolished cement paste surfaces. It allows the overcoming of the problems of measurement of too smooth

cementitious surfaces with a confocal microscope or very rough cementitious surfaces with AFM.

5. Conclusions

In this paper, roughness numbers of both polished and unpolished cement paste samples have been analyzed.
The surface of these heterogeneous and porous materials have been characterized using CSI and SCM. The
data from both techniques have been used by “window resizing” in the calculation of the roughness numbers
along profiles (RN, and RN,) and on an entire surface (RNg). The roughness numbers of Both polished and
unpolished samples have been quantified. These roughness parameters can be used as quantification tools of
the bacterial colonization extent at a given scale.

Despite the limitations of these measuring techniques, the study clearly shows the ability of CSI to analyze
very porous and rough surfaces such as cement pastes. The results show that CSI and SCM are two tools that

allow the measurement of the surface roughness of the cement pastes at two different scales. The “window
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resizing” technique allows the use of two methods of the calculation of the roughness numbers : the sampling
and the convolution. The sampling is the parameter related to the measuring tool while the convolution is the
parameter related to the roughness viewed by a bacterium of a given size.

The quantification of developed lengths and surfaces will be very useful in the further analysis of the
colonization of cement-based material surfaces by microorganisms and also for other subsequent studies. Four
calculation methods of developed surfaces have been implemented in “window resizing” and the results from
these methods are identical. The results also show that in term of roughness, cement pastes are relatively
isotropic, whether polished or not.

CSI makes it possible to quantify more precisely the surface available for the colonization of bacteria than
SCM.

In the case of SCM, whether the samples are polished or not, no major difference can be remarked between
sampling and convolution even if the surface viewed by the bacterial colonies (convolution) is always slightly
smaller than the surface provided by the measurement technique (sampling).

Using CSI, whether the samples are polished or not, sampling and convolution plots overlay correctly for
ddx < 1 pwm. A bifurcation occurs for ddx > 1 pm and the surface viewed by the bacteria (convolution) is
substantially smaller than the surface viewed by the measuring tool (sampling).

It has been found that only CSI allows access to the fractality region of cement pastes used in this study.

In future work, the CSI and “window resizing” techniques will be used to perform the roughness character-
ization of fractured cement pastes. It also seems pertinent that extensive studies are required using CSI and
“window resizing” to better understand fractal features of fractured cement-based materials such as cement
pastes. The relationships between roughness numbers (and/or fractal dimension) and the mechanical properties
(compressive strength, Young modulus, toughness and unit failure work) could then be studied. The effect of

the curing time on both polished and unpolished cement pastes could also be considered.
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Figure 2: The polishing process.
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