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A new type of roughness number Rn, is formulated as a possible analytical tool for surface studies using
confocal microscopy. The formulation accommodates fractal dimension and both of the boundary length
scales limiting the fractal region of the fracture surface under investigation. Besides the number Rn, other
roughness characteristics are discussed and their effectiveness in the field of cementitious materials is
tested. 3D-surface profile SP and surface roughness SR parameters designed for surface 3D-analysis were
calculated for fracture surfaces of hydrated Portland cement pastes with different values of water-to-cement
ratio. The surface profile SP parameters monotonically increased with water-to-cement ratio and mono-
tonically decreased with compressive strength. A short discussion of possible reasons for such a behavior is

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Fracture surfaces of cement-based materials have been a focus of
interest for many decades. During that time different instrumental
techniques have been employed for the surface studies in order to
resolve a variety of problems among which the question of the
relationship between surface topology and mechanical properties is
dominant.

Probably the first application of confocal microscopy in the field of
cement-based materials was realized by Lange et al. [1] in 1993. These
authors compared roughness numbers (RN — see Section 2) of several
specimens of hydrated cement pastes and mortars. A great deal of their
paper was devoted to the implementation of confocal technique and
software processing of confocal optical sections in digital surface
topographic maps. Shortly afterwards the same authors presented a
more comprehensive paper [2] in which they correlated roughness
numbers of fracture surfaces to mechanical parameters such as critical
stress intensity factor Ky, critical effective crack length a., compressive
strength o, total porosity, and effective pore diameter. The results of
this study pointed to a strong correlation between roughness numbers
and stress intensity factor Kj. as well as crack length a. whereas only
weak correlation was observed with compressive strength o.. Almost
no correlation was found for all the other material properties (total
porosity and effective pore diameter).

In 1995 Zampini et al. [3] used the confocal microscopic technique
to investigate the regions near the interface between cement paste
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and aggregate within concrete material. The roughness in the
proximity of the paste-aggregate interface was found to be higher
than that of the paste outside the interface. They repeatedly confirmed
a clear correlation between the critical stress intensity factor Ki, the
critical crack extension Aa. and the roughness of the fracture surfaces
of cementitious materials. One year later Lange et al. [4] experimen-
tally and theoretically studied toughening of cement-based matrices
reinforced by randomly distributed microfibers and employed con-
focal microscopy to quantify fracture surfaces of these species. Their
work showed that specimens reinforced with microfiber possessed
greater crack path tortuousity than the unreinforced specimens. At
high magnifications a much higher roughness was observed in the
matrix adjacent to fibers than in the matrix without fibers. They
concluded by stating that the higher roughness of regions adjacent to
fibers indicated an effective crack deflecting caused by the fibers and,
as a consequence, stimulated toughening mechanisms in the nearby
matrix.

Confocal measurements of roughness were also carried out [5]
on oriented Si single crystals in order to explore the relationship
between roughness and fracture toughness. It was shown that for
brittle fracture with rough surface the fracture toughness is char-
acterized by quantitative surface parameters such as surface rough-
ness and fractal dimension increment. Some other papers [6,7]
analyzed the geometry of fracture surfaces of hydrated cement
materials by confocal technique and used the geometric parameters
as input data for a micromechanical model to predict the increase in
toughness due to aggregates.

In all the former papers the authors have used confocal micros-
copy to determine surface properties (roughness or other geometric
characteristics) of fracture specimens in order to correlate these
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properties to some fracture mechanical quantities. In addition to this
type of research, there is another research branch [8-10] that employs
confocal microscopy for microstructural investigation, especially for
pore structure and “Hadley” grains.

The main goal of this paper is to find surface parameters that
are sensitive to changes in water-to-cement ratio and compressive
strength of cementitious materials and in this way to complement
the presently used roughness numbers that are insensitive to these
significant material properties.

2. Roughness numbers

Scanning confocal microscopes actually are optical microscopes
with a very small depth of field which ensures that the confocal images
show only those parts of objects that are very near to the focus plane
while other parts, farther from the focal plane, are invisible on the
images. Stepping the focus plane through a range of vertical positions
provides a series of optical sections from which the software
reconstructs a 3D surface digital map (surface relief) as seen in Fig. 1.

So far in the field of fracture mechanics of cementitious materials
confocal microscopes have been used to determine roughness
numbers RN of fracture surfaces. The roughness number has been
introduced as the ratio of the area A; of the fracture surface
reconstructed by the confocal technique to the nominal area A,
which is a vertical projection of the fracture surface onto the horizontal
xy-plane

A
RN = 25 >1. 1
A, 1)

A good illustration of RN offers the so-called “wire” model (“wire”
map) of the reconstructed fracture surface presented in Fig. 2. The
area A, can be approximated by the sum of all the surface “wire” cells

whereas A, is the area of the vertical projection of the whole “wire”
surface onto the plane x,y.

Fracture surfaces are often treated as fractals, i.e. their area is
calculated as a scale-dependent quantity and follows a scaling relation
in which fractal dimension is included. The roughness number RN was
introduced to quantify an “area gain” of fracture surfaces and as such
it should also be a fractal quantity following a scaling relation (scaling
with size of cell). This scaling relation should contain the same
fractal dimension as the area of the fracture surface. In the following
paragraph it is shown that RN does not represent a true fractal
quantity since its value is calculated outside of the true fractal region.
As an alternative to RN a new roughness number Rn, is introduced as
a quantity that is calculated within the fractal region and fulfils all
the attributes of the true fractal quantity.

Let us suppose that the fracture surface is represented by a
confocal image [R(pixels) x R(pixels)]. The area A; of the surface is then
scaled by means of the fractal dimension D in the whole length
interval (1, R)

D-2 D-2
A, :AO'($> . A,=FR’, 1<r<R, RN(r)= (§> (2)

where r is the characteristic linear size of the “wire” cells covering the
surface (Fig. 2). Usually this computational procedure is performed
within the pixel space of the digital 3D-image (3D-matrix) in which
the xy-pixels in the matrix are associated with z-coordinates
corresponding to the heights of the surface and the “wire” cells
assume the form of triangles constructed between pixels. Although in
Fig. 2 the wire cells are represented as quadrilaterals, the area of the
surface relief is calculated as the sum of the couples of the triangles
that form these quadrilaterals. The variable length r is also a linear
characteristic size of these triangles which are repeatedly enlarged in
the procedure to compute the fractal dimension and boundaries of
fractal region.

Data name : 3D-Sample no_025.0ls
Comment : Surface roughness
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Fig. 1. A digital model of a fracture surface (data from the scanning confocal microscope Olympus Lext 3100, processed by the commercial software Olympus Lext version 6).
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Fig. 2. A wire model of confocal fracture surface (data from Olympus Lext 3100, processed by the software created in our laboratory, author D.M.).

However, due to restricted resolution of confocal microscopes the
real fractal region (r,, R,) usually is much narrower than the linear
size of the confocal picture R(pixels) and, thus, the corresponding
scaling relation must reflect this fact

D-2
S, = sa-@) , S, =R

o To<Tr<R,<R.

3)

r

We suggest a modified roughness number Rn = S;/S, that assumes
a different value and meaning as compared with RN. Being defined as
a scaling ratio of the lower (r,) and the upper (R,) cutoffs of the fractal
region, this is a true fractal roughness number without disturbing
influences of the two remaining non-fractal regions (1, r,), (Ro, R)

R D-2
Rn(r) = (T"> , T,<r<R,<R

“4)
When the original RN and r are plotted in the log-log system (see
Fig. 3), the linear part of the graph will determine the region of
fractality (r,, R,) and the slope « of this part will determine D
D=2—a. (5)
When r,, R, and D are known, the calculation of the fractal roughness
number Rn,, is a straightforward matter

D-2
Rn, = <&> , To=<R,.
rD

(6)

Obviously, Egs. (4) and (6) have no characteristic scale which
means that higher resolutions of confocal images will produce still
higher values of common roughness numbers RN(r) and Rn(r). But
this is not quite the case of the fractal roughness number Rn,. Since
the fractal boundaries r,, R, are given by a “natural” fracture process
itself and not by the measuring procedure, the parameter Rn, will
level off immediately after the resolution of the confocal microscope
drops under the length scale r, and this is surely an appreciable
property. The common RN number is always outside of the fractal
region, as it is calculated for r=1 and r, is always greater than zero

and therefore has nothing in common with the fractal properties of
fracture surfaces.

Fig. 3 illustrates differences in determining RN(r) and Rn,. Using a
confocal image 1024 pixels x 1024 pixels, the data RN(r) were calcu-
lated forr=1,2,3,4,5,6,7,8,10, 12,15, 19, 25, 40, 63, and 100 pixels.
Within the log-log plot the fractality interval was determined as
(ro=>5, R,=19) along with the dimension D = 2.305 and, from these
values, the fractal roughness number Rn, = 1.503. In comparison with
RN =RN(1)=2.450 the value of the fractal roughness number Rn, is
smaller, which might be expected in a majority of cases. Fig. 3
illustrates very clearly that the value of the roughness number RN —
represented by point A in the graph — is outside of the fractal region
(5, 19) and, thus, cannot be considered as a fractal characteristic.
This fact disqualifies it from being assumed as a rigorous quantity
describing the fractal surface.

Linear fit : slope = -0.305
D=2 - slope = 2.305

r.=5, Rn =(R/r)"*=(19/5)
/ R =19, RN(r=1) = 2.450

0.305,

=1.503
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373
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e

Fig. 3. Determination of fractal roughness number Rn, from the curve RN(r) plotted in
the log-log system. Identification of fractal region (5, 19) in the pixel space.
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It is worth noting that the fractal dimension D itself is a scale-
independent parameter. However, it is only rarely used in fracture
surface analyses even though it has a clear potential for correlation
with some mechanical quantities like compressive strength [11-13]
or fracture toughness [5]. There are many computational methods
[14] for the determination of the fractal dimension, e.g. Minkowski
method, box counting method, variation method, slit island method,
to mention some of them, but they are often not easy to perform
due to their sophisticated algorithm. In addition, their approximative
characters are probably the reason why the published values of D
show some scatter and sometimes even inconsistency. Calculation of
the common roughness number RN is a bit easier than the calculation
of D since no region of fractality has to be determined but the
roughness number is less general than D because of its non-fractal
character. Calculations of fractal roughness numbers Rn, are as
difficult as calculations of fractal dimensions since in both the cases
the fractal region must be determined but they both are more general
than RN since they have a clearly defined interval of fractality (r,, R,)
beyond which they do not change their values.

Finally, it is important to note that both the roughness numbers
RN and Rno are of the same generic origin, i.e. they represent areal
characteristics of fracture surfaces. For this reason Rno may be
expected to possess similar correlation properties as RN.

3. Other roughness parameters

There are a number of other roughness parameters [15,16] that
are used for the assessment of surface quality in various branches of
technology. For instance, mechanical engineers employ a series of
surface profile parameters for the evaluation of roughness of metallic
surfaces [17]. Many of these concepts may be applied to the analyses
of data from confocal microscopy.

The main difference between roughness numbers RN, Rn, and the
roughness parameters employed in mechanical engineering consists
in the fact that the mechanical engineers rely more on the selection
of local characteristics such as heights of protrusions or depths of
depressions, whereas RN, Rn, accommodate global areal character-
istics of surfaces. This situation deserves a detailed explanation.

Let us suppose that a surface can be approximated by an analytical
function z=f(x, y) of two variables x, y. The local approach means
that local extremes of the surface function f(x, y) are sought, e.g. all
local maxima (peaks) {z{™*} or all local minima (valleys) {z{™™}
from which total extremes are deduced, i.e. the total maximum
(highest peak)

Z}()max) — max {ngax)} (7)

1
or total minimum (deepest valley)

ZmY — min {zﬁmi“)}. (8)

Another possibility is to determine an average (mean) value of
“pseudo-height” derived from the whole surface function f(x, y)

1
H,= — y)|dxd 9
L-M(Jnf@‘ﬂ”)' xdy ©)

or root mean squared “pseudo-height” may be another alternative

1
H, = %.M( LI-AL [f(x.y)Pdxdy (10)

where Lx M is the area of vertical projection of the whole surface
f(x, y) into the plane xy.

The mentioned four surface characteristics (7)-(10) represent
only a small sample of many tens of other similar characteristics that
have been introduced [15,16]. They are usually termed as 3D surface
characteristics. There are also 2D characteristics that are related to
the vertical cross-sectional profiles z= f(x)y — const and z=f(¥)x = const-
The 2D characteristics are commonly used especially in the field of
mechanical engineering [17-19] but 3D characteristics are rarely used
[20] due to their demand for high-tech devices capable of creating
digital maps f(x, y) of solid surfaces. Actually, there are no published
applications of 3D surface characteristics to fracture surfaces of
cementitious materials. The present paper represents a first attempt
to apply this kind of parameters to such surfaces.

It is not easy to foresee the convenience of a 3D parameter for a
particular application. Only experimental results can provide a
decisive report. For the purpose of examination of fracture surfaces
of hydrated Portland cement pastes with different values of water-to-
cement ratio three kinds of 3D parameters have been identified as
possible candidates that could be sensitive to the differences in w/c
ratio. These parameters were designated as SPp, SPa and SPq and are
related to the surface function f(x, y) as follows: SPp is identical with
Z{max) 35 given by Eq. (7), SPa and SPq are “pseudo-heights” as given
by Egs. (9) and (10), respectively. They are called 3D surface profile
parameters since they refer to the surface profile function f(x, y).
Besides these parameters there is a second class of true roughness
parameters that are defined in a full analogy to the profile parameters
and bear a similar notation — SRp, SRa, SRq. These new roughness
parameters are not related to the surface profile function f(x, y) but,
instead, they are derived from a modified surfaces roughness function
fr(x, y) which results from that of profile f(x, y) after filtering out the
long “wavelengths”. Filtering out the long wavelengths from wavy
shaped function f(x, y) is rather an individual procedure since a
precise criterion for the determination of a critical wavelength has
not been defined for this operation. In this paper both the sets of
parameters (SPp, SPa, SPq) and (SRp, SRa, SRq) are tested on the
hydrated cement paste. A value of 100 pixels was chosen as the critical
wavelength for the filtering procedure in the present work.

To explain the filtering procedure in more detail, the scheme in
Fig. 4 shows the situation in one dimension, i.e. the profile function f(x)
and roughness profile function fz(x) that was obtained from f(x) after
applying the high-pass filter with a critical wavelength A.. In our case
Ac=100 pixels and L=M =1024 pixels were used. Such a filtering
removes “waves” with wavelength longer than that of critical A, and
leaves shorter wavelengths untouched. Therefore, the roughness
parameters that are derived from the roughness profile fz(x) are
restricted to smaller length scales as compared with profile parameters
derived from the initial profile f(x). For such a numerical filtering
there are available commercial software filters of various types, e.g.
Gaussian filters or wavelet filters which are usually parts of larger

Profile function f(x)

Roughness profile function fi(x)

Fig. 4. Scheme illustrating the filtration of profile function f(x) and creation of roughness
profile fr(x).
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software packages supplied with measuring devices as in the case of
Olympus Lext 3100.

It should be mentioned that both the 3D profile SP and roughness
SR parameters, mentioned above, are also scale-sensitive. Otherwise
the values between mutually corresponding SP and SR could not be
different and would attain the same values. Filtering out of longer
“wavelengths” from the surface function f(x, y) and receiving of a
modified function of roughness fr(x, y) actually is a transition to a
shorter length scale and this makes the values of SP and SR different. A
fracture surface on different length scales shows different roughnesses
and this is the reason why the SP and SR parameters may indepen-
dently co-exist.

In this study, RN, Rno, SP and SR were correlated with w/c and
compressive strength o.. The measurements were performed on a
series of specimens with different values of w/c. Since porosity
and compressive strength are largely determined by wy/c, this enabled
us to develop considerations about the correlation between the
parameters RN, Rno, SP, SR and porosity without measuring directly
the porosity of the material. Nevertheless, compressive strength was
measured directly to plot exact graphs SP(o.) and SR(0.). The main
goal of the paper is to find surface parameters that show a clear
dependence on w/c ratio since such parameters might report on
the w/c values perhaps many years after the initial preparation of
the material, which could be a valuable information in the case of a
construction failure.

4. Experimental details

Forty-eight samples (2 cmx2 cmx 10 cm) of hydrated ordinary
Portland cement paste of various water-to-cement ratios w/c (0.4, 0.6,
0.8, and 1.0) were prepared (12 samples per each value of w/c). The
samples were rotated during hydration to achieve their better
homogeneity. After 28 days of hydration the samples were fractured
in three-point bendings and the fracture surfaces were immediately
used for further microscopic analyses. Using a confocal microscope,
Olympus Lext 3100, approximately 80 image sections were obtained
for the samples starting from the very bottom of the surface
depressions to the very top of the surface protrusions with the
step of 4pm. The investigated area LxM=1280 umx 1280 pm
(1024 pixelsx 1024 pixels) was chosen in five different places of
each fracture surface (in the center and in the four positions near the
corners of the rectangular area), i.e. each plotted point of the graphs of
roughness numbers and parameters corresponds to an average
composed of 60 measurements (12 samplesx5 surface measure-
ments). The microscopic sections served as a basis for digital
reconstructions of fractal self-affine surfaces (Fig. 1). These 240
fracture surfaces in digital forms were then subjected to profile and
roughness surface analyses using the commercial software of the
confocal microscope Olympus Lext 3100.

The main contribution to porosity manifested in our digital images
results from the capillary pores whose maximum size depends on
factors such as type of material, stage of hydration, w/c, etc., with the
maximum size of such pores reaching a value of several micrometers.
Owing to the resolution 1.25 um per pixel only the largest capillary
pores contribute to the detected pore structure on the fracture
surfaces. Since the whole field of view is approximately 1 mm, the
larger air voids (>1 mm), which usually represent a small volume
fraction (less than 3%), do not play any important role. Capillary
porosity determines the compressive strength of cement paste, so it is
natural to expect that there could be some correlation between the
compressive strength, capillary porosity (governed by water-to-
cement ratio) and surface parameters (SP and SR).

As mentioned in the preceding paragraphs, the samples were
fractured so that two specimens approximately 5cm long were
obtained from each original sample. One specimen was used for
microscopic analysis, as described above, whereas the second one was

utilized for the determination of the compressive strength o,. Before
compressive tests, the 48 specimens were cut to obtain 48 small cubes
with the edge of 2 cm. The surfaces of the cubes were perfectly
processed to remove corrugations and to create a good interface
between the specimens and the plates of the hydraulic press. The
gradually increasing compressive stress (0.04 MPa/s) acted on the
cubes up to their breakdown.

5. Results and discussion

This study investigates the relationship between surface geomet-
rical characteristics (RN, Rn,, SP, and SR) and two material parameters
(w/c and o) of hydrated cement pastes. Since the compressive
strength o is one of the applied parameters, it was necessary to
measure it along with all the investigated quantities. Its behavior o,
(w/c), shown in Fig. 5, follows a recognized relationship [21,22]
between compressive strength and w/c which indicates the proper
preparation of all the specimens used. The statistical inaccuracies
related to the values of o are less than 10% (relative probability
inaccuracy).

Figs. 6 and 7 show dependencies RN(w/c), Rn,(w/c) and RN(o),
Rn, (o), respectively. The shapes of their graphs are very similar. This
supports the assumption that RN and Rn, are of the same generic
origin that is based on the areal properties of fracture surfaces. All
the graphs manifest the peak at w/c=0.6 (0.~ 25 MPa). A striking
feature of all these graphs is their partly increasing and partly
decreasing behavior. Both the parameters RN and Rn, characterize
surface irregularity of fracture surfaces and this irregularity increases
with increasing w/c (increasing porosity due to increasing w/c makes
fracture surfaces more rugged) but the graphs RN(w/c) and Rn,(w/c)
show a decrease for w/c>0.6 instead of the expected increase. This
evokes the idea that the configuration of the measured points may
represent a pattern of uncorrelated points rather than a regular
functional dependence. Such an idea is supported by the results
of Lange et al. [2]. These authors showed that RN versus porosity
with cement-based materials are fully uncorrelated quantities (see
their Fig. 13 in [2]). Similar situation was reported for RN versus O

Exponential fit : 6 =0, exp(—wlwo) +s,
o, ... compressive strength,
1 W ... water-to-cement ratio
50 —
1 Statistical reliability:
454 Chi*2 = 0.21978
] RM2 = 0.99972
40+ Fitting parameters:
b s, 7.26+0.96 MPa
. 35+ o, 198 £ 16 MPa
& w, 0250+0016
Z a0 m—
o -
©
25_
20_
15
10
T T T T T T T T T T T T T 1
04 05 06 0,7 08 09 1,0
wic

Fig. 5. Curve of compressive strength showing exponential decrease with water-to-
cement ratio. Samples with higher w/c do not perturb the exponential behavior which
indicates their acceptable structural consistency.
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Fig. 6. Dependence of roughness numbers RN and Rn, on water-to-cement ratio.

(Fig. 15 in [2]). Nevertheless, to draw a definitive conclusion, it would
be desirable to have more experimental points, at least for w/c=0.5,
0.7 and 0.9. This should be a task for further research.

Fig. 8 contains a collection of six graphs illustrating dependences
of profile SP and roughness SR parameters on w/c. Almost all of
these graphs show increasing values with w/c, i.e. the cases when the
fracture surfaces of higher w/c ratio become more irregular and
rougher. The higher irregularities (higher SP) and higher roughening
(higher SR) of these surfaces correspond to higher porosity of the
samples with increasing w/c. The idea that porosity considerably
influences the height irregularities of fracture surfaces is supported by
the experimental findings of Ponson et al. [23,24]. Ponson's graph [23]
reproduced in Fig. 9 documents this fact very clearly. This figure
shows vertical profiles of fracture surfaces in dependence on porosity.
The height irregularity of surfaces evidently increases with increasing
porosity.

Another collection of six graphs SP(o,), SR(0¢) in Fig. 10 provides a
direct insight into the behavior of profile and roughness parameters
for varying compressive strengths. They unambiguously show
decreasing functions especially in the case of SP(0.). The conclusion
that stronger hydrated Portland cement pastes have smoother
fracture surfaces is not surprising since finer and more compact
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structures are known to guarantee better compressive strength in
comparison to their counterparts with high porosity. And again, the
assumption of a close connection of profile and roughness parameters
to porosity facilitates the explanation of the existing dependency
between surface quality and mechanical strength.

Comparing the graphs in both Figs. 8 and 10, we note that the SP
parameters, in contrast to SR, have a smoother monotonic behavior
without any “waves or humps” (that could cause ambiguous reading).
Thus SP may be convenient for monitoring changes in w/c ratio. The
statistical uncertainties with SP and SR are indicated by error bars
similarly as in the preceding graphs. Due to high surface stochasticity
of this material, it might be desirable still more to increase the number
of specimens and surface measurements to decrease the statistical
uncertainty of the results.

Let us discuss the shape of the measured SP(w/c) dependences
in Fig. 8. The graphs show two characteristic regions: (i) a region
w/cE (0.4, 0.8) of slightly increasing roughness, (ii) a region w/c>0.8 of
abruptly increasing roughness. A similar phenomenon was described
by Ponson [23]. He studied the roughness of fracture surfaces with
glass ceramics made of small glass beads sintered in bulk with the
porosity that could be varied in a certain interval up to ~30%. He found
that at small porosities the roughness of fracture surfaces varied only
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Fig. 7. Dependence of roughness numbers RN and Rn, on compressive strength.
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moderately in a quasi-linear fashion (region of “transgranular fracture”
[23]) whereas at higher porosities he observed a fast increase of
roughness (region of “intergranular fracture” [23]). Although the glass
ceramics and cement-based materials are rather different materials
they seem to show similar fracture properties.
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Fig. 9. Vertical profiles of fracture surfaces in dependence on porosity. Reproduced
from [23] - courtesy of L. Ponson.

As far as the shape of the measured SR(w/c) and SR(o;) depen-
dencies is concerned, it is possible to notice smaller peaks at w/c = 0.6
and o.~25 MPa (Figs. 8, 10). Since their localizations are identical
with the peaks in the graphs of RN and Rn, shown in Figs. 6 and 7, they
might be of the same origin. Assuming the hypothesis of the
uncorrelated scatter of measured points, the question arises why
the points in the graphs SR(w/c) and SR(o¢) should be less correlated
as compared with those of the graphs SP(w/c) and SP(o.). To answer
the question, it is necessary to realize the following facts: The
parameters SPa and SPq were determined as average values by
integration over all the field of view (1024 pixels x 1024 pixels). Due
to the integration of the surface profile extending over the whole
field of view, they “absorbed” surface properties on all length scales
given by the interval (1, 1024) pixels. It means that SPa and SPq are
global characteristics bearing information of all length scales. The
parameters SPa and SRq are also global characteristics (integration
over 1024 pixels x 1024 pixels) but this integration was performed
using the filtered surface profile, i.e. the so-called roughness profile
fr(x, y) with the limiting length scale A, = 100 pixels. Such a filtered
profile bears surface information only within restricted length scales
given by (1, 100) pixels which inevitably has caused a loss of an
essential part of surface height characteristics. For this reason the
corresponding graphs of all the SR parameters suffer from a weaker
relationship to overall surface properties governed by the initial
ratio w/c. Thus, they show a weaker correlation to this ratio and, as a
consequence, the values of SR may form a partly uncorrelated scatter
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Fig. 10. Dependence of profile SP and roughness SR parameters on compressive strength. Monotonically decreasing functional behavior found with parameters SP.

of graphical points. Extending this hypothesis further to the RN and
Rn, numbers, it is convenient to notice their extremely narrow length
scales. The length scale of Rn, was about (5, 19) pixels whereas that of
RN only 1 pixel. This might explain why these parameters may
correlate so weakly to w/c and o. Global properties and complete
length scales seem to be important for strong correlation effects.

So far the parameters SPp and SRp have not been mentioned. They
are high localized parameters (point-like characteristics) since they
represent the total maxima of the profile f(x, y) and roughness fz(x, y)
functions and as such they completely lose the overall surface
characteristics granted by the value of w/c. Their reliability and a
stage of correlation, as compared with SPa and SPq, may be lower.

The main difference between the parameters SP/SR and the
numbers RN/Rn, consists in the fact that RN and Rn, numbers provide
information on surface area (areal properties) but no information
on height differences of surface profiles whereas the parameters SP
and SR offer no information on areal properties but provide direct
information on the overall height characteristics of fracture surfaces.
Since the ratio w/c influences more height differences than the area
differences of the fracture surfaces of porous materials, it is the RN/Rn,
numbers that may show almost no correlation to w/c or o.. This is
probably the decisive factor distinguishing the correlation properties
of SP/SR and RN/Rn,,.

The reasons why profile parameters SP correlate with porosity-
dependent mechanical quantities, as illustrated in Fig. 10, whereas

roughness numbers RN correlate with energy-dependent quantities
like toughness [2-4] but not with porosity [2], deserve a further
discussion. When a crack spreads through a material, two new
surfaces of equal areas are created. The corresponding surface energy
increases due to its proportionality to growing areas. The greater
the roughness of the newly created surfaces, the greater the area and
the higher the surface energy. This naturally calls for a larger demand
for fracture energy. Therefore, the fracture energy and its related
mechanical quantities like toughness become dependent on surface-
area changes. Since the roughness number, RN, quantifies the area
increase, it correlates to quantities such as fracture energy, toughness,
etc. It is the areal sensitivity that makes the roughness number RN
correlate to energy-based mechanical quantities.

During fracture, not only area is extended but also height
differentiation takes place. It is the pore network that contributes
significantly to this height differentiation. Let us recall that cement
pastes of a higher water-to-cement ratio possess higher capillary
porosity. The hydrated pastes of Portland cements with w/c~0.4
contain about 30% of pores and the porosity increases [22] with
increasing values of w/c. In addition, the higher the w/c, the greater
the volume fraction of coarse capillary pores of a sample at any
given time of their hydration [25]. Coarser pores give rise to larger
depressions and edges on the fracture surfaces of porous materials
and this explains why the values of profile and roughness parameters
are larger with materials possessing higher w/c ratios. Profiles SP and
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roughness SR surface parameters quantify height differences and, for
this property, they are associated with those mechanical quantities
that are dependent on pores and porosity. A particular example is the
found correlation between compressive strength and the profile
surface parameters SP. All this provides an explanation why the
roughness numbers RN are correlated to toughness [2-4] and not to
porosity [2] and why the profile surface parameters SP show close
connections with those mechanical quantities that are dependent
on porosity and water-to-cement ratio.

6. Conclusion

In addition to the common roughness numbers RN, there is a
newly defined number called fractal roughness number Rn,. This
parameter is scale-dependent only within the region of fractality of
the fracture surface under investigation.

The profile SP parameters investigated in this paper have shown a
close correlation to water-to-cement ratio and, as a consequence,
to compressive strength. Their dependences on water-to-cement
ratio have appeared to be increasing functions SP(w/c) whereas for
compressive strength they have shown an opposite trend.

The discussion on sensitivity of the numbers RN, Rn, and the
parameters SP, SR has indicated that the former two might be more
convenient for correlation to energy-based mechanical quantities
whereas the latter two to those of porosity-dependent.

The SP and SR parameters of 3D-analysis are not frequently
employed due to their higher demands for high-tech experimental
background. In the field of cementitious materials they are applied
here for the first time.

When comparing capability of SP and SR parameters of monitoring
changes in water-to-cement ratio, the parameters SP seem to be
more convenient for this purpose since they show a higher level of
correlation to this ratio and, in addition, their graphs are fully
monotonic in all their extents. One of the possible hypotheses why SR
parameters are not fully monotonic might be the fact that these
parameters are determined on the smaller length scales which reduce
information on the overall height differences of surfaces. However,
this phenomenon would deserve more research. It seems that the
SP parameters could become a good complement to the roughness
numbers RN and Rn, that show sensitivity to energy-based quantities
whereas SP to porosity, compressive strength and w/c ratios.

The 3D surface profile parameters SPa and SPq seem to be
promising candidates for the evaluation of the initial water-to-cement
ratio of cementitious materials. For the verification of their behavior
during material ageing it is necessary to perform further research to
prove their reliability and stability within a long time period.
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