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SURFACE ISSUES OF PROFILED CEMENTITIOUS
COMPOSITES

A. W. Momber
WOMA Apparatebau GmbH, Duisburg, Germany

The paper provides a topography analysis performed on samples of hardened
cement paste, mortar and concrete profiled by grit blasting. Macro-topography
(profile) is evaluated by three-dimensional co-ordinate measurements, and micro-
topography (roughness) is investigated via contact angle measurements. The
topography of the generated surface depends on the properties of the matrix-
aggregate-interface. The lower the bond, the rougher the surface. The micro-
roughness of the aggregate surfaces increases due to grit blasting, but the adhesion
properties, in terms of contact angle, do not necessarily improve. The contact
angles depend on a balance between frictional force and capillary force and,
therefore, are not a simple expression of the surface roughness.

Keywords: Contact angle; Grit blasting; Roughness; Surface profile

INTRODUCTION

Grit-blasting, as one of the oldest industrial surface treatment meth-
ods, is still a standard method in surface preparation of cementitious
composites (cement matrix, mortar, concrete) prior to the application
of protective coatings or concrete replacement systems. In Germany,
as an example, all major regulations recommend grit-blasting for
surface preparation [1—4]. Moreover, standard tests are available to
estimate the resistance of concrete against this type of erosion [5].
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However, simple testing in terms of mass or volume removal does
not deliver any information about the surface topography that is
generated.

Some studies are known dealing with the basic processes of solid
particle erosion of cementitious composites. Mirza et al. [6] carried out
investigations into the slurry erosion of various repair mortars and
found that epoxy mortars are more erosion-resistant than cementi-
tious grouts and polymer-modified cement-based mortars. This result
is explained by the absence of micro pores in the epoxy matrix. More
recently, Trende and Buyukoztiirk [7] investigated the influence of the
aggregate roughness on the interfacial bond between aggregate and
hardened cement paste. These authors found that ‘sandblasting’
(which is actually an incorrect term since silica-containing sand is
eliminated from many dry blasting applications) of granite aggregates
increases the interfacial fracture energy. A transition from smooth to
blasted surfaces nearly doubles the interface fracture energy. They
also noticed the effect that a certain amount of air voids may be
trapped in the interfacial surface as the roughness is very high.
Nevertheless, the authors did not quantify the surface roughness; they
just distinguished between smooth, sandblasted, and flamed. Goretta
et al. [8] performed grit-blasting tests on a hardened cement paste and
a mortar (they called this material ‘concrete’ in their investigation but,
due to the very small aggregate size of 350 um, it is rather a mortar)
with varying impact angles and abrasive types. They found that a
cement paste has a low erosion resistance at low impact angles (20°),
especially if aluminium oxide is used as the blasting medium. This is
explained by damping effects in the case of oblique impact. The major
damage feature in the cement paste was the formation of many small
cracks around the impact site. To explain this observation, the authors
introduced a short-time creep because of the loss of physically bonded
water in the structure due to the high temperature generated at the
impact site. For the mortar, the erosion resistance increases with a
drop in the impact angle. The material removal was due to a mixture
of large-scale fracturing of the inclusions and smaller-scale multiple
fracturing of the cement matrix. Probably, the large cracks initiated in
the aggregate at high impact angle propagate into the weak interfacial
zone between matrix and inclusion and promote high material
removal rate. Most recently, Momber [9] found that the product of
compressive strength and inclusion content is a very suitable para-
meter to describe the grit blasting resistance of cementitious composites.

Verhoef[10] attempted to use grit-blasting as a method to determine
the resistance of rocks against abrasive wear. The author installed a
so-called ‘Sandblast Index’ that may allow direct comparison of
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grit-blasting data. Regarding the failure mechanism involved in the
grit blasting of rocks, the author identified fracture along pre-existing
cracks (trans-granular) within minerals or cracks along grain bound-
aries (inter-granular). Moreover, a fairly good relationship between the
‘Sandblast Index’ and the tensile strength has been found. The author
also drew attention to the point that the indentation model [11] may not
be applicable to pre-cracked materials since lateral rebound cracks
formed during the unloading period could be stopped or branched. This
effect is, in fact, observed during the solid particle erosion of some
ceramics [12], and may also be considered for mortar and concrete.

The topography of grit-blasted concrete surfaces has not been yet an
issue for a systematic investigation. Silverbrandt [13] published two
values as well as a profile plot of a topography parameter that he
called ‘roughness’, but he did not mention how this parameter was
estimated. Randel and Wicke [14] investigated the shear-transfer of
grit-blasted concrete surfaces and used the ‘Sand-Section Test’ as
described in the section for profile evaluation. They estimated values
for grit-blasted concrete surfaces of R;=0.5. Fiebrich [15] reported
values between 0.2 < Ry < 0.6. Unfortunately, these authors did not
report the detailed experimental conditions.

From the point of view of treating cementitious composites as two-
phase materials, consisting of a hardened cement paste as matrix and
aggregate grains as inclusions, a two-level topography may be sup-
posed. The entire surface texture may be distinguished by a parameter
describing the macro-topography, called ‘profile’, and a parameter
characterising the micro-topography, called ‘roughness’. The first
parameter covers cement matrix and interface, whereas the second
parameter specifies the aggregate surface.

MATERIALS AND EXPERIMENTAL SET-UP
Materials and Grit-Blasting Set-up

Four different mixtures were manufactured for this investigation: two
concrete mixtures, one mortar mixture, and one hardened cement
paste mixture. The cement used for all mixtures was a General Pur-
pose Cement. As fine aggregate quartz sand was used, and as coarse
aggregate broken basalt was used. The maximum sand grain size
was 2.8 mm, and the coarse aggregate grain size was between 5 mm
and 40 mm. The grading curves of the aggregate materials followed
the grading curves recommended by the ASTM Standard C 33. Basi-
cally, water-cement-ratio and aggregate content were varied. The
mix compositions are listed in Table 1. The mixtures were placed in
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conventional cylinder forms (15 cm in diameter and 30 cm in height).
After 24 hours, the samples were released and placed under water for
hardening. After 28 days, compressive strength and density as given
in Table 1 were estimated from three specimens of each mixture. The
compressive strength was measured with a force-controlled testing
machine Type ‘Avery 7112 CCG’ following the Standard Specification
in Reference [16]. The density was estimated as the ratio between
specimen mass and specimen volume which was measured on three
specimens of each mixture prior to the compressive testing. For the
grit-blasting experiments, half-circular specimens, each 7 cm in
height, were prepared. They were separated by a mechanical diamond
saw. The weight of each specimen was estimated before (m;) and after
(my) the grit-blasting experiments as the average of five measure-
ments. The accuracy of the balance used was 0.05 g. Thus, the mass
loss, Am, is given by

Am =m; —my (1)

In order to evaluate the materials’ resistance against grit-blasting, an
erosion resistance is defined as follows:

Pm - Mp
R ) 2
7 Am- Pp @)

The erosion resistance is given in cm®cm?®. In the equation, py is
the target material density, mp is the grit consumption, and pp is the
grit bulk density. The higher the value of the erosion resistance, the
more grit is required to remove a given volume from the target
material. The estimated values are listed in Table 3.

For the grit-blasting tests, a conventional air-driven blasting
chamber was used. The experimental conditions are listed in Table 2.
The grit material was a garnet. The average grain size (dp= 165 um)
was estimated as the median diameter from the grain-size distribution
of the grit as shown in Figure 1. The grain shape was angular. The cross

TABLE 1 Compositions and Properties of the Investigated Materials

Water  Cement Sand Aggregate Compressive Density

Mix content content content content strength in

No. Material in kg in kg in kg in kg in MPa kg/m®
1 mortar 202 520 1,459 — 9.1 1,871
2 concrete 171 280 841 1,019 17.2 2,016
3 concrete 180 560 609 1,019 19.8 2,168
4 paste 750 1,250 - - 6.7 1,650
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TABLE 2 Experimental Conditions

Parameter Value
Air pressure 0.4 MPa
Nozzle diameter 8 mm
Stand-off distance 5 mm
Impact angle 90 degree
Grit type garnet
Grit shape angular
Grit mass flow rate 19.4 g/s
Average grit size 164 um

section of the sample surface was divided into two parts: One part
remained untouched, whereas the other part was grit-blasted. The
blasting time for all experiments was tg = 60 seconds.

Evaluation of the Surface Properties

The macro-topography of the surfaces, defined as ‘profile’ in this paper,
generated due to diamond sawing and grit blasting, was evaluated by
using a 3D-coordinate measuring machine Type ‘FSP 529’ with an
accuracy of + 10 pm in the z-direction (which is the direction of the
erosion depth). The surface was scanned by a ball-shaped tip with a
diameter of 2 mm. The scanning length was 80 mm in the x-direction
and 20 mm in the y-direction; the scanning grid width was 1.0 mm in
both directions. Thus, 2,000 points were evaluated for each surface.
The z-direction was actually the dimension to be measured. As the tip
touched the surface, a signal was sent to and stored in a signal pro-
cessing unit. The resulting surface profile was calculated by using a
standard software. The same software was utilised to calculate aver-
age profile depth, P, and profile depth standard deviation, Sp. The
estimated values are listed in Table 3.

TABLE 3 Grit Blasting Results

Mix  Erosion resistance Sand-section Average profile Profile standard
No. Ry in cm3/ em® test Ry in mm  depth P, in mm  deviation Sp in mm
1 227.5 0.80 1.55 0.47

2 233.1 0.55 1.45 0.37

3 395.6 0.31 1.38 0.27

4 287.5 0.20 0.87 0.03
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FIGURE 1 Grain-size distribution of the grit material used.

Additionally, the surface was evaluated based on the ‘Sand-Section
Test’ as recommended in [1] and described in [1, 4]. A given volume of
finely-grained garnet was applied to the specimen surface and uni-
formly distributed over the treated surface with a hard-wood disk. The
actual evaluation parameter ‘roughness depth’, Ry, is given by

40V

R ="
¢ n-D?

3)

In the equation, R, is in mm, V is the garnet volume in cm?®, and D is
the diameter of the garnet disc formed on the surface in cm. The
higher the value for Ry, the higher the surface roughness. The esti-
mated values for R, are listed in Table 3.

The micro-topography, defined as ‘roughness’ in this paper, and the
adhesion properties of the surfaces were indirectly evaluated by con-
tact angle measurements. The surfaces were evaluated by using the
Captive Drop Technique (CDT). The apparatus used for this procedure
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FIGURE 2 Contact angle estimation with the Captive Drop Technique (CDT).

is shown in Figure 2. It consists of a modified video microscope with an
attachment for mounting a micrometer syringe. The specimen upon
which a contact angle measurement was to be made (A) was placed in
the thermostatted sample cell (B) on a movable platform (C) at a
constant temperature. The cell was then filled with water and a liquid
drop is formed at the end of the syringe and allowed to equilibrate. The
contact angle was directly calculated using an FTA 200 (First Ten
Angstroms) software package from an image of the drop taken with a
‘Pelaco’ video camera. The accuracy of the calculation is about =+ 2°.
Exemplary photographs obtained by this method are shown in Figure 3.

FIGURE 3 Contact angle images obtained from the CDT. (a) - Cement matrix
surface, grit-blasted (6 =50°); (b) - Cement matrix surface, saw-cut (6 =36°);
(c) - Concrete surface, grit-blasted (6 =40°); (d) - Aggregate in concrete, grit-
blasted (6 =48°).
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FIGURE 3 (continued).
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RESULTS AND DISCUSSION
Macro-Topography and Surface Profile

Figure 4 exhibits the diamond saw profiles and grit-blasting profiles of
the four specimens, First of all, the figures show a modification in the
surface profile after the samples have been grit-blasted. Also, the
striations generated during the sawing process can clearly be dis-
tinguished in each figure. Note further that any grit-blasting profile

plot shows certain individual features.

gritblasted

saw cut

ofile depth in mm
0.0365833+
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FIGURE 4 Macro-topography plots from the co-ordinate measurement ma-
chine (all dimensions in mm). (a) Mortar (mixture 1); (b) Cement matrix

(mixture 4); (¢c) Concrete (mixture 3); (d) Concrete (mixture 2).
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FIGURE 4 (continued).

The grit-blasted mortar surface (Figure 4a) has a strongly non-
regular structure; areas with an accumulation of deep impressions (in
the front part) alternate with areas that appear just roughened. This
is also expressed by the highest standard deviation of the profile
depth for this specimen (see Table 3). The accumulated impressions
are up to 2 mm in depth and their length is about 10 mm. However,
their micro-texture (dimensions smaller than 1 mm) shows a peak-
and-valley structure. Thus, in the mortar specimen a large specific
surface is generated which should benefit a good mechanical bond to
the applied replacement or surface protection system. These results
agree very well with the results from the sand-section test (see
Table 3): The mortar has the highest value for R; and, therefore, the
roughest profile.
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FIGURE 4 (continued).

The grit-blasted cement matrix (Figure 4b) shows a comparatively
smooth profile. In certain regions, it even appears unaltered. However,
in the transition zone between saw cut and grit blasted surface, some
shallow depressions can be seen. It is found from optical inspection
that these depressions occur in the immediate neighbourhood of pores.
It seems that sharp pore walls are smoothed by the impact of the grit
particles. Generally, there is no notable increase in the specific surface
in the grit-blasted section of the specimen. Note from Table 3 that
the cement mixture shows the lowest values of R; and, therefore, the
smoothest profiles which agrees with the profile measurements. It
shows also the lowest standard deviation of the profile depth.
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FIGURE 4 (continued).

Similar is the situation with the concrete mixture 3 shown in
Figure 4c. Although a modification in the profile due to grit-blasting
can clearly be noticed, no notable structure is generated. The gener-
ated cavities are shallow and have large dimensions. There exists no
sharp transition between peaks and valleys. Again, the results from
the sand-section test (Table 3) match the results from the profile
measurements: The value for R; is relatively low.

Very different are the features of the concrete mixture 2 as illu-
strated in Figure 4d. Here, a pronounced peak-to-valley structure can
be seen. The cavities characterised by the bright spots are small and
deep. Interestingly, they are concentrated in the interface between
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cement matrix and aggregate. The dark peak in the rear centre posi-
tion of the grit-blasted surface is actually a coarse aggregate grain.
Around this grain, the matrix is removed due to the impacting abra-
sives. Most probably, the original interface was comparatively weak.
Generally, the profile is rough and a notable increase in the specific
surface occurred due to the grit-blasting process. However, the profile
is not as pronounced as that of the mortar specimen. Again, the sand-
section test delivers comparative results (Table 3): The Ri-value of
mixture 2 lies between the values for the mortar and the concrete
mixture 3.

Figure 5 shows a comparison between the results obtained from
the profile measurements and the ‘Sand-Section Test’. The average
profile depth is that of the grit-blasted specimens sections only.
A distinct relationship between the results obtained from the two
experimental methods can be noticed. As average profile depth
increases, roughness depth increases. Therefore, the ‘Sand-Section
Test’ seems to be a reliable method for on-site profile evaluation of
cementitious surfaces. The values for the roughness depth found in
this study agree very well with results from Randel and Wicke [14]

Sand-section test depth in mm

0 [ PRI NN S KN R NN S S N ST TR
0 03 06 09 12 15 18

Average profile depth in mm

FIGURE 5 Comparison between results obtained from co-ordinate measure-
ments and ‘Sand-Section Test’.
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and Fiebrich [15] who measured average values of R;=0.5 mm at
grit-blasted concrete surfaces.

If the materials considered are only those that consist of matrix and
aggregate inclusion, there is a distinct relationship between the profile
and the erosion resistance as estimated by Eq. (2): the higher the
erosion resistance, the lower the profile roughness.

Results of Contact Angle Measurements

Typical images obtained from the contact angle measurements are
shown in Figure 3. There are some interesting results to be men-
tioned from the measurements on the cement matrix surface as
shown in Figure 6a: The contact angle of the untreated surface is
very high; the surface is rather hydrophobic. Basically, three types
of force act against the deformation of a fluid drop applied to a
solid surface: inertia forces, friction forces, and capillary forces.
Considering non-porous materials, an increase in the contact angle
may be the result of an increase in surface roughness according to
Wenzel’s formulation [17]:

A 160

(a)

surface status:
1 - untreated

2 - after gritblasting
3 - after sawing

120

80

40

equilibrium contact angle in degree

1 2 3

surface status

FIGURE 6 Results of contact angle measurements (each angle is the average
of eleven measurements). (a) Cement matrix surfaces; (b) Concrete surfaces;
(c) Aggregate (basalt) surfaces.
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FIGURE 6 (continued).
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_cosOr Ag
= cosh Ay (4)

Here, r is a so-called roughness factor considering the profile of a
rough surface, 0y is the contact angle of the rough surface, Ay is the
true (rough) surface, and Ay is a perfectly smooth surface. For a
completely smooth surface, r =1 and 6g = 0. It can be seen from Eq. (4)
that the contact angle increases as the roughness factor increases. It
was, in fact, shown by O’Kane et al. [18] on orthodontic bonding
cements that the contact angle increases as material surface rough-
ness increases.

However, the materials used in this study are highly porous. If the
pores are open to the surface, capillary forces may act at the water
drop. If the capillary effect absorbs part of the wetting fluid in a suf-
ficiently short period of time, contact angles increase [19].

From the latter argument, high contact angles can be concluded for
the non-profiled surfaces since the external layer of any formwork-
concrete surface is an accumulation of porous cement paste [4]; the
capillary forces developed in the open capillary pores may reduce the
radial movement of the fluid. Since the surface profile of the virgin
surface (R;=0.1) is lower than that of the grit-blasted surface
(R;=0.2), it can be concluded that grit-blasting does not generate a
notable roughness on the virgin cement matrix surface, but only
removes the porous top layer contributing to a decrease in the adhe-
sion of fluids on the surface. A typical contact angle measured at a grit-
blasted cement surface is shown in Figure 3a. However, as shown in
Figure 6a, the contact angle of a saw-cut surface slightly increases
after grit-blasting which points to a modification of the surface texture
due to grit-blasting if the material bulk is considered. A typical contact
angle measured at a saw-cut cement surface is shown in Figure 3b;
note also the higher contact angle compared with Figure 3a. There-
fore, grit-blasting may generate a micro-roughness at the surface of
the bulk material, or it forms micro-cracks in the cement matrix sur-
face as observed by Goretta et al. [8] which hinder the radial move-
ment of the fluid. This effects may be explained by Eq. (4).

The observations are further supported in Figure 6b, showing
results of comparative contact angle measurements on the concrete
surfaces. Note that the contact angles for the untreated concrete
surface and the contact angles for the untreated cement surface
(Figure 6a) are almost equal. This is consistent with practical con-
creting experience: The top layer of a concrete generated in a form-
work always consists of a layer of highly porous cement matrix
without any aggregates. This is due to the vibrations involved in the
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manufacturing process [4]. However, grit-blasting decreases the con-
tact angle compared with the untreated surface, but this is again due
to the removal of the porous top layer. Similarly to Figure 6a, grit-
blasting reduces the contact angle of saw-cut surfaces (up to 60%)
suggesting the modification of the microstructure of the bulk surface
as already discussed. A typical contact angle measured at a grit
blasted concrete surface is shown in Figure 3c.

The decrease in the contact angle due to grit-blasting is very pro-
nounced for the mixture 1 which corresponds well with the results
from the profile measurements (see Figure 4c). The contact angles
given for this concrete mixture are taken from the overall surface,
which includes aggregate surfaces and cement matrix surfaces as well.

The contact angles given in Figure 6¢ for the concrete mixture 3 are
those from the aggregate surfaces only. Note that these angles are
lower than the contact angles measured on the untreated surfaces
shown in Figures 6a and 6b. If only the aggregate surface is con-
sidered, grit-blasting is beneficial to the contact angle. The contact
angle estimated on plain aggregates is between 0° < 0 < 5°; this
agrees with values reported by Fiebrich [15] who found contact angles
at basalt surfaces of 0 =~ 7°. Thus, the material is rather hydrophilic.
Here, grit-blasting increases the contact angle up to values between
50° < 6 < 60°. A typical contact angle measured at a grit-blasted
aggregate surface is shown in Figure 3d. This result may be due to two
reasons. Firstly, the micro-profile of an aggregate grain may be mod-
ified by the impacting solid particles, and a micro-roughness may be
formed due to large-scale fracturing of the inclusions as observed and
discussed by Goretta et al. [8]. Secondly, micro-cracks may be gener-
ated at the material surface, hindering the radial movement of the
testing fluid and increasing the contact angle. This phenomenon has
been observed during the hydro-profiling of carbon steel [20]; in that
study it was found that the spreading distance of a wetting fluid
applied to a profiled surface reduces for comparable roughness para-
meters due to micro-crack formation in the target surface.

An interesting observation was made during the contact angle
measurements at the saw-cut cement surfaces. It seemed that the
contact angle depended on the number of grooves covered by the drop.
If the drop covers more than one groove, the contact angle is between
23° < 0 < 34°; if the drop covers one groove, the contact angle is
between 42° < 0 < 46°; if the drop does not cover any groove, the
contact angle is between 57° < 0 < 66°. Thus, the more grooves that
are covered by the drop, the lower the contact angle. However, further
investigations may be required to install a relationship between the
contact angle and the location of measurement.
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SUMMARY AND CONCLUSIONS

The results of this study can be summarised as follows:

— Surface topography parameters of cementitious composites profiled
by grit-blasting and sawing, namely profile, roughness and contact
angle, are investigated.

— The profile of a grit-blasted cement matrix surface is comparatively
smooth.

— The profile of a grit-blasted mortar is very rough and non-regular.

— The profile of a grit-blasted concrete depends on the properties of
the interfacial zone between cement matrix and aggregate. A weak
interfacial zone promotes an irregular profile.

— Grit-blasting does not generally increase the contact angle of the
generated surfaces. A simple exposure of near-surface aggregates
decreases the contact angle. However, if the bulk material is con-
sidered, grit-blasting increases the contact angle compared with
mechanical sawing. If the aggregate surface itself is eroded by the
grit particles, the contact angle increases.

— The values for the contact angle depend on the balance between
frictional force and capillary force and, therefore, are not a simple
expression of the surface roughness.

— Results obtained from the ‘Sand-Section Test’ agree with those
obtained from 3D-coordinate measurements.
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