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Three different types of surfaces were tested to investigate the influence of
the microstructure of the surface layers on the resistance of concrete to
freezing in the presence of deicer salts: troweled surfaces prepared in two dif-
ferent ways, and sawed surfaces. In order to perform the investigation on
various types of concrete, six different mixtures were prepared using two or-
dinary portland cements and one fly ash. The water to binder ratio was fixed
at 0,40, and the replacement level of cement by fly ash was 20% and 40% (by
mass). The scanning electron microscope observations carried out clearly in-
dicate that the first millimeters below the surface of troweled laboratory con-
crete specimens can have a microstructure different than that of the bulk of
the concrete. In all concretes tested, an extremely porous layer (i.e. with a
very high water/binder ratio) was observed at the surface. The scaling test re-
sults show that the higher porosity of the surface layers tends to markedly re-
duce the deicer salt scaling durability of wood troweled laboratory samples
during the first cycles of freezing and thawing, The use of fly ash was found

to increase the thickness and the porosity of the surface layer. copyrignt © 1996
Elsevier Science Ltd

Introduction

The mechanisms related to the scaling of concrete surfaces due to freezing in the presence of
deicer salts are still not perfectly clear [1-2]. Researchers have pointed out the importance of
various parameters such as air entrainment [3], mixture composition [4-5], characteristics of
the freezing cycles [6], and microstructure of the surface layers [6]. Although all of these
factors have an influence, and although it is clear that the deicer salts are in contact with a
layer of concrete that is often very different from the bulk of the material, it is not possible at
the present time to identify which factors have the most importance, or predict with any
degree of certainty the resistance to scaling of any type of concrete. The tests described in
this paper were performed to obtain more information on the influence of the microstructure
of the surface layers on the deicer salt scaling resistance of concrete.
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TABLE 1
Chemical Analysis of Cements

Constituents Cemient A Cement B

(%) (%)

SiOy 20.43 22.02
AbOs 5.13 3.84
FesO3 2.66 2.84
CaO 63.19 62.78
MgO 222 3.70
8O3 3.53 2.60
Nay0O 0.17 0.13
K70 0.85 0.43
TiOy 0.22 0.22
P20s5 0.09 0.06
Free lime 0.38 0.41
L.O.L 2.26 1.51

Research Program

To investigate the influence of the microstructure of the surface layers, it was decided to test
for scaling resistance three different types of surfaces: troweled surfaces prepared in two
different ways, and sawed surfaces. In order to perform this investigation on various types of
concrete, six different mixtures were prepared using two Canadian type 10 cements and one
fly ash. The water to binder ratio was fixed at 0,40, and the replacement level of cement by
fly ash was 20% and 40% (by mass). The mixtures were designed to have a slump of 75-125
mm and 5-7% entrained air. Fly ash was used considering its possible influence on the mi-
crostructure of the surface layers. This hypothesis is supported by recent data from Johnston
[7] which indicate that the scaling resistance of fly ash concrete can be particularly sensitive
to the type of surface that is tested. Johnston observed a very significant difference between
the scaling resistance of the top surface of a fly ash concrete specimen and that of the

TABLE 2
Physical Properties of Cements

Properties Cement A Cement B

Blaine specific surface (m%/kg) 356 386

% passing 45 um sieve 94 90
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TABLE 3
Chemical Analysis of Fly Ash (%)

Si02 AlpO3 Fep03 CaO MgO SO3 NapO K20 TiO2 MnO P205 Cra03 SO LOI

527 235 38 125 12 03 36 05 09 011 01 001 01 08

molded bottom surface of the same specimen. The fly ash mixtures were not redesigned to
take advantage of the rheological improvements fly ash normally brings, since this would
have changed the selected basis of comparison, i.e. a common water/binder ratio.

Materials and Experimental Procedures

Materjals. The two type 10 cements that were used are from two different plants (A and B).
Their chemical and physical analyses are shown in Tables 1 and 2 respectively. The fly ash
is from a Canadian source, and is referred to in this text as a class CF. It was homogenized in
a closed mixer before its use. Its chemical and physical analyses are presented in Tables 3
and 4.

Granitic fine and coarse aggregates from a local source were used. Absorptivity for the
fine aggregate is 0,7%, and for the coarse aggregate, 0,8%. They were used wet, and a water
content test was performed in order to correct the amount of water added to the mixture. All
concrete mixtures were prepared using a lignosulfonate based water-reducer and a synthetic
detergent air-entraining admixture. The admixture dosages were adjusted to obtain a spacing
factor of approximately 200 pm and a slump of approximately 80 mm.

Laboratory Procedures. The cementitious products, the water, and the water reducer were
first introduced into the mixer, and mixed until a homogeneous paste was obtained. The fine
aggregates were then added, and, finally, the coarse aggregate and the air-entraining admix-

TABLE 4
Physical Properties of Fly Ash

Specific surface (m2/kg) 327
Density 2.09

% passing 40 pum 83.88
B.E.T. specific surface 1.20

Pozzolanicity index*

7 days 0.76
28 days 0.89
91 days 1.08

* Measured according to the French standard (NF EN 196-1)
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TABLE 5

Mixture Proportions

Mixture Cement Water Fly ash Fine Coarse STaemp Air

aggregate aggregate content

(kg/m) (kg/m?) (kg/md)  g/md)  kgmd)  (mm) (%)

A 392 157 — 705 1056 95 7,2
A20 295 147 73 706 1059 90 7.2
A40 213 142 142 711 1066 85 7.4
B 395 158 — 711 1066 85 6,2
B20 299 150 75 720 1080 95 5,7
B40 216 144 144 720 1079 110 6,0

ture. Table 5 gives the information on the exact mixture compositions, together with the
slump values, and the air content of the fresh concretes. All mixtures were designed to have
an approximately similar paste content (28% excluding the volume of air).

After the standard mixing periods, the concrete was poured into the molds and finished
using two different procedures :

Procedure 1

- filling in two layers with the use of a vibrating table;

- finishing with a wooden trowel and covering with wet burlap within 1 hour after
molding;

- removal from the molds at age of 20-24 hours, and curing in lime saturated water.

Procedure 2 (ASTM C 672)

- filling in one layer and rodding one time for each 10 cm’;

- tapping the mold to close voids and spading around the periphery with a flat trowel;

- after bleeding (2-4 hours), finishing the surface with three sawing motions (wood
trowel);

- brushing of the surface and covéring with wet burlap;

- removal from the molds at age of 20-24 hours, and curing in lime saturated water.

Initial setting time (ASTM C 403) was determined for all mixtures. The bleeding time as
well as the amount of bleeding (ASTM C 232) were also determined.

A 1 2
type 10 cement 4—' l l—-> % of cement replaced with
plant A or plant B supplementary material

Finishing procedure (1 or 2)

FIG. 1.
Identification code.
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TABLE 6
Compressive Strength Results

Mixture Comp. strength (MPa)
7 days 28 days 91 days
A 30.2 36.2 41.7
A20 25.0 347 437
A40 18.4 32.1 41.8
B 314 41.5 471
B20 25.2 39.5 52.7
B40 15.5 29.1 443

For all mixtures (Fig. 1 shows the identification code), four standard slab specimens for
the scaling resistance test (2 for each finishing procedure), nine cylinders (100 mm in di-
ameter and 200 mm in length) for compressive strength measurements at 7, 28, and 91 days,
one cylinder (150 mm in diameter and 300 mm in length) cut in three for the scaling tests on
sawed surfaces, one additional slab specimen for scanning electron microscope (SEM) ob-
servations, and a 100 x 100 x 200 mm prism for the air void spacing factor determination
were fabricated.

The specimens for the scaling tests were cured for 14 days in lime saturated water, al-
lowed to dry 14 days at 23°C and 50% R.H., and then resaturated for seven days with pure
water prior to being subjected to 50 freezing and thawing cycles [-18°C to 23°C] with a 3%
sodium chloride salt solution on the surface. They were constantly covered during the tests
to prevent evaporation from the salt solution. This slightly modified version of the procedure
described in ASTM C672 was selected since it is now the commonly used procedure in the
province of Québec. The specimens for the SEM observations were also cured for 14 days.
Samples from these specimens were then cut and placed under vacuum for 24 hours and kept
in a dry a CO;free environment until observation. The selected 14 day curing period is
relatively short for fly ash concrete, but it was nevertheless decided to use the standard cur-
ing period required by the procedure for two reasons: it is closer to normal field conditions
where surface layers are generally subjected to a low degree of humidity after curing, and
previous tests on fly ash concrete had indicated no significant difference between the scaling
resistance of fly ash concrete cured for 14 days and cured for 28 days [8].

Test Results

Table 6 presents the results of the compressive strength tests at 7, 28 and 91 days. Consid-
ering the materials that were used and the mixture composition, the compressive strength of
all mixtures is normal (Table 6). The values at 7 days are lower in the fly ash mixtures, but,
at 28 days, all strength values are higher than 29 MPa. At 91 days, although the mixtures
made with cement B have a higher strength, all values are higher than 41 MPa.

Table 7 gives the amount of scaling residues after 25 and 50 cycles of freezing and thaw-
ing, together with the setting time, the amount and time of bleeding, and the air void spacing
factor. Bleeding is considered to be one of the parameters that can influence the porosity and
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TABLE 7
Bleeding and Scaling Tests Results

Mixture  Scaling (kg/m?) Bleeding Set. time L
25 cycles 50 cycles (%) (hrs) (hrs) (pm)
Al 0.42 0.57 1.0 2.4 6.58 216
A2 0.69 0.78
A sawed 0.02 0.04
Al-20 1.64 2.11 1.3 4.6 7.50 160
A2-20 1.15 1.32
A-Sa-20 0.07 0.22
Al-40 2.92 3.40 2.9 5.3 9.08 152
A2-40 2.81 3.46
A-Sa-40 0.54 1.18
Bl 0.61 0.80 2.6 4.0 7.25 210
B2 0.89 1.14
B sawed 0.02 0.03
B1-20 1.69 2.41 2.7 5.9 8.00 178
B2-20 1.65 1.96
B-Sa-20 — —
B1-40 1.52 2.66 5.1 5.5 9.08 149
B2-40 2.17 3.25
B-Sa-40 0.74 1.12

microstructure of the surface layers. In Table 7, it can be seen that bleeding is higher in the
mixtures made with cement B, and that, for both cements, the value for the mixture contain-
ing 40% fly ash is much higher than that for the other two mixtures, The setting time is also
a function of the fly ash content, but the cement was not found to have any significant influ-
ence in this respect.

The air void spacing factor is obviously also of prime importance as regards the scaling
resistance. As can be seen in Table 7, all concrete mixtures have good spacing factors.

The results of the scaling tests are described in detail in Fig. 2 (troweled surfaces of all
mixtures made with cement A), Fig. 3 (troweled surfaces of all mixtures made with cement
B), and Fig. 4 (all sawed surfaces). These Figures show the amount of scaling residues as a
function of the number of cycles.

These results clearly show that, for all troweled surface, the scaling process is very rapid
during the first cycles, but much slower afterwards. For the sawed surfaces, however, the
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Deicer salt scaling test results for the mixtures prepared with cement A.
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FIG. 3.
Deicer salt scaling test results for the mixtures prepared with cement B.
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FIG. 4.
Deicer salt scaling test results for the sawed surfaces.

FIG. 5.
Microstructure of the surface layer of mixture A2 (Magnification = 2500 X).
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FIG. 6.
Microstructure of the core of mixture A2 (Magnification = 2500 X).

process is almost linear. Scaling increases with the fly ash content in all cases, the value for
the sawed surfaces of the two mixtures containing 40% fly ash being almost equal to the
usual limit of 1 kg/m’ after 50 cycles. The results further indicate no significant influence of
the finishing procedure (1 or 2), and of the cement (A or B).

Discussion

The difference between the test results for the troweled surfaces and the sawed surfaces
suggests the existence of a weak zone at the concrete surface that can be easily attacked in
the early stages of the scaling test. SEM observations clearly revealed that there was a zone
of very high porosity under the troweled surfaces. This is illustrated in Figures 5 to 8 which
show micrographs taken approximately 0,3 mm and 5 mm from the top surface for mixtures
A2 and A2-40 respectively. The thickness of this very porous zone was evaluated during the
SEM observations, and found to be approximately equal to 0,5 to 1 mm for A2, and more
than 2 mm for A2-40. These thickness values can be clearly put in relation with the amount

FIG. 7.
Microstructure of the surface layer of mixture A2-40 (Magnification = 2500 X).



1564 M. Pigeon et al. Vol. 26, No. 10

FIG. 8.
Microstructure of the core of mixture A2-40 (Magnification = 2500 X).

of scaling residues after the first 10 cycles of the test: 0,5 kg/m® for A2, and 2,5 kg/m’ for
A2-40.

It is not possible, at the present time, to explain precisely the influence of bleeding on the
formation of the porous layer at the concrete surface, nor the influence of fly ash on this
phenomenon. But even if no direct relationship between bleeding and the thickness of the
porous layer at the surface can be established, it is clear from the results in Table 6 that the
amount of bleeding and the length of the bleeding period generally increased with the
amount of fly ash in the mixture, that the scaling residues in the first 10 cycles also increased
with the amount of fly ash, and that this can be related to the thickness of the porous layer as
observed under the SEM. Fly ash can, in certain cases reduce bleeding, but this is not com-
mon [9], and bleeding may last longer in fly ash mixtures in relation to the setting time. A
small difference can be noted between the test results for the mixtures made with cement A
and cement B. Slightly better results were generally obtained with cement A. This can also
be related to bleeding (and setting time). However, it should be emphasized that all the
mixtures tested in this series were prepared at a constant paste content and W/B ratio. In that
respect, as previously mentioned, no advantage of the fly ash slump-enhancing effect has
been taken.

In contrast with the results for the troweled surfaces, that for the sawed surfaces (even
taking into account the fact that sawing exposes aggregate as well as paste) are very low,
except those for the mixtures containing 40% fly ash, which are nevertheless, as previously
mentioned, approximately equal to the usual limit of 1 kg/m® defined in the Swedish stan-
dard [10]. The results in Fig. 4 indicate that, disregarding the influence that fly ash can have
on the formation of the porous zone close to the surface, the salt scaling resistance of con-
crete containing 20% fly ash can be very good, and that of concrete containing 40% almost
satisfactory.

After the first 10 cycles, the scaling rate for the 40% fly ash mixtures is approximately
0,02 kg/m? per cycle both for the sawed surfaces and for the troweled surfaces. Considering
the slower reaction rate of the fly ash, the 40% fly ash mixtures after 14 days of curing could
be considered to have a total porosity similar to that of a normal 0,66 water/cement ratio
mixture. A scaling rate of 0,02 kg/m” per cycle is relatively low, especially for a high poros-
ity mixture. It has been established that, besides the spacing factor, the amount of ice formed
has a significant influence on the concrete scaling resistance [11, 12]. The volume of ice
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formed between 0°C and -20°C (i.e. for the temperature range of the scaling test) is lower in
pastes with a finer pore structure [13, 14]. According to the scaling test results of this series,
it appears that, despite its slow reaction rate, fly ash had a beneficial influence on the con-
crete pore structure. This is in good agreement with the results of a previous series of tests
where this fly ash had been found to significantly refine the pore structure of mortars after a
28-day curing period [18].

Procedure 1, because of the use of the vibrating table, was expected to increase the thick-
ness and porosity of the surface layer. The test results, however, do not indicate any signifi-
cant effect of the finishing procedure. This again shows that an understanding of the
relationship between the bleeding characteristics, the finishing procedures, and the condi-
tions at the surface (temperature, wind velocity, and relative humidity) must be developed
before the deterioration due to scaling in the field is to be systematically prevented.

Conclusion

The SEM observations carried out in this project have clearly indicated that the first milli-
meters below the surface of troweled laboratory samples can have a microstructure different
than that of the bulk of the concrete. In all cases, an extremely porous layer (i.e. with a very
high water/binder ratio) was observed at the surface. The test results also indicate that the
higher porosity of the surface layers tends to markedly reduce the deicer salt scaling durabil-
ity of wood troweled laboratory samples during the first freezing and thawing cycles.

The tests performed on the sawed surfaces indicate that most of the scaling deterioration
observed on the troweled surfaces can be attributed to the formation of the porous layer at
the surface of the concrete. Although a porous layer was observed in all concretes tested, the
addition of fly ash was found to increase the thickness and the porosity of the surface layer.
This effect is probably related to the fact that the fly ash used in this series of tests was found
to increase the bleeding of concrete.

Research is required to understand the mechanisms of the formation of this layer, particu-
larly since it could be influenced very significantly by the conditions existing during bleed-
ing (particularly the rate of evaporation from the surface, which can be very different in the
laboratory and in the fieid).

Although it is clearly possible to obtain good engineering properties with concrete con-
taining fly ash, numerous laboratory studies have indicated that the incorporation of these
supplementary cementing materials is generally harmful to the scaling resistance of concrete
[15-17]. Some of these laboratory test results are in apparent contradiction with field reports
where fly ash concretes are often found to have a satisfactory salt scaling durability under
natural exposure conditions. The very different results obtained from the troweled surfaces
and the sawed surfaces could perhaps help to explain this apparent paradox, and this also
warrants further investigation.
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