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Abstract The possibility for using coal combustion
by-products in concrete exposed to frost-salt aggres-
sion was investigated. The research was aimed to
assess an influence addition of circulating fluidized
bed combustion (CFBC) fly ash on frost-salt scaling
of air-entrained concrete. For evaluation of the
resistance of concrete to frost salt scaling the test
called “depth sensing indentation” (DSI) was
applied. The DSI test method was implemented on
a universal testing frame using a standard Vickers
indenter. Experimental tests were performed on
cement paste specimens and concrete specimens
designed with partial replacement of cement with
coal combustion by-products. The mass of scaled
material in standard frost salt scaling resistance tests
on concrete was inversely proportional to the Vickers
hardness of the paste containing CFBC fly ash; the
best-fit arithmetic relationship is provided.
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1 Introduction

The use of circulating fluidized bed combustion
(CFBC) of coal for clean power production is rapidly
growing in several countries [1, 2]. Such a coal
combustion process is associated with the production
of two types of by-products, i.e. CFBC bottom ash
and CFBC fly ash, which differ in their particle size
distribution, the content of unburned carbon and the
chemical composition. Common components are,
however, unreacted and reacted sorbent used for
desulfurization, and unreacted coal/char. CFBC fly
ash captured by electrostatic precipitators and having
a particle size distribution within the range of
approximately 1-300 pm, usually contributes a major
part of the ash production, up to 70%. Mainly due to
the presence of sorbent material and the lower
combustion temperature (400-800°C less than the
temperature in conventional boilers), the solid residue
coming from coal combustion in fluidized bed boilers
differs in its physical, chemical and mineralogical
properties from the fly ash commonly used as a
mineral additive in the concrete industry according to
standards EN 450-1 [3] or ASTM C 618 [4].
Moreover, according to the European standard def-
inition, fly ash is a fine powder of mainly spherical,
glassy particles derived from burning the pulverized
coal, with or without co-combustion materials. In
case of CFBC fly ash, grains are non-spherical and
the glassy phase is not present, so that CFBC fly ash

is beyond its scope.
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Several attempts to use fly ash from fluidized
bed combustion as concrete additive were reported,
e.g. [5-8]. Sebok et al. [6] found that the compres-
sive strength of specimens containing fluidized bed
combustion products depends on the mixing ratio of
the compounds and the composition of binder. Test
results indicated that the compressive strength after
2 years of hardening had a tendency to increase
with increases of calcite and ettringite content in
the specimens and to decrease with increasing
contents of portlandite and gypsum. The compres-
sive strength of concrete was found to increase as a
result of partial replacement of cement by CFBC fly
ash at the age of 7 days and this strength gain was
stable under laboratory conditions, amounting to up
to 39% after 2 years [7, 8]. However, the addition
of CFBC fly ash resulted in a major decrease in
slump of the concrete mix at a constant water to
binder ratio. The recent study of microstructure of
air voids in hardened air-entrained concrete [9]
revealed the influence of CFBC fly ash on specific
the surface of air voids and the spacing factor.
However, no data is available for the frost-salt
scaling of concrete modified with addition of such
non-standard coal combustion by-products. There is
a strong sustainability-driven need to provide a
basis for the development of an effective techno-
logy for the utilization of CFBC by-products in the
concrete industry; in numerous countries the frost-
salt aggression is a major durability concern for
outdoor engineering structures.

The damage due to the combined action of frost
and de-icing salts consists of the removal of small
chips or flakes of material at the exposed surface of
concrete; the phenomenon is called ‘frost salt
scaling” or simply ‘salt scaling’, or even ‘surface
scaling’ to differentiate such damage from internal
frost damage. Such surface damage is progressive
and is known to depend on several technological
factors, mainly on the water to cement ratio, the air
entrainment, the cement content and the maturity of
concrete, [10]. The majority of experimental data
indicate that partial replacement of cement with
standard fly ash or slag results in a marked increase
of mass of scaled material. The frost salt scaling
phenomenon has been studied thoroughly by numer-
ous researchers and recently the research has been
reviewed by Valenza and Scherer [11]. They also
proposed a mechanical model showing that salt

scaling was a consequence of the fracture behavior
of ice. The scaling can be enhanced when chloride
salts are used due to an expansion resulting from
precipitation of Friedel’s salt; the crystallization
pressure from growth of these crystals causes
significant expansion of the paste, and results in
high stresses on a local scale near the ice/paste
boundary. Theoretical considerations indicate that
the strength of the concrete surface governs the
ability of a cementitious body to resist frost salt
scaling. However no attempt has been undertaken to
define this ‘local’ strength more precisely. Pigeon,
Marchand and Pleau [12] suggested that it was
probably related to the microstructure of the very
surface layer or ‘skin’ of concrete. Not very much is
known about the microstructure of surface layers,
however certain features can be expected. As shown
in Fig. 1 surface layers of concrete are mostly
composed of cement paste that tends to be more
porous than that of bulk concrete. Since surface
layers are often subjected to drying and wetting
some extra microcracks can be induced and the pore
size distribution of cement paste may be altered.

A proper test method to characterize the local
strength of concrete in surface layers could be a
microindentation test performed at a selected level of
accuracy. The method based on the microhardness
testing concept is well known for evaluation of the
quality of engineering materials, particularly metals,
and for over a decade has been attempted to be used
for cement based materials [13—-16]. The possibility
of characterization of the microstructure and strength
of cement paste by microhardness testing was
discussed by Igarashi et al. [13]. The depth—sensing
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Fig. 1 Schematic description of paste content variability along
the distance beneath the concrete surface (reproduced from

[12])



Materials and Structures (2009) 42:993-1002

995

microindentation technique was successfully used to
study the elastic modulus and micro-strength of the
interfacial transition zone around steel reinforcement
in reinforced concrete [14]. Recently, the microin-
dentation testing concept has been proposed for
evaluation of the effectiveness of secondary cemen-
titious materials [15] and in a more sophisticated test
set-up, along with acoustic emission analysis, for
identification of silica fume presence in hardened
concrete [16]. The adequacy of microindentation
testing for evaluation of the strength of concrete
‘skin’, has not been reported, except in [17]. It seems
logical to seek a relationship between microindenta-
tion results and a concrete property such as the frost
salt scaling resistance, that is supposed to depend on
the near surface strength of a cementitious body.
Such was the concept employed for the analysis of
frost-scaling experimental data reported in this paper.

The objective of this investigation was to study the
influence of two types of fly ash, coming from
fluidized bed combustion boilers in selected power
plants in Poland, on the frost salt scaling resistance of
concrete. Experimental tests were performed on
several concrete mixes designed with substitution of
a part of cement by CFBC fly ash.

2 Experimental
2.1 Materials and specimens

Ordinary Portland cement CEM 1 32.5 R (the
chemical composition is given in Table 1), crushed
basalt aggregates with grain sizes of 2-8 mm and 8—
16 mm, sand with a maximum grain size of 2 mm,
ordinary tap water, a high range water reducer based
on a polycarboxylatether and air entraining admixture
were used for concrete manufacturing. The following
mineral additives were also used:

— CFBC fly ash from hard coal combustion in a
power plant in Warszawa, Poland (FLW),

— CFBC fly ash from hard coal combustion in a
power plant in Katowice, Poland (FLK).

Both types of CFBC fly ash were used in the
investigation reported in [9]. The chemical properties
of CFBC fly ashes, determined using standard
European procedures, are given in Table 1. In CFBC
fly ashes a high content of sulfuric anhydride, SO3, a

Table 1 Chemical composition of CEM I 32.5 R and CFBC
fly ash (“FLW” and “FLK”)

Test parameters Contents

(% by mass)

CEMI325R FLW FLK

Si0, 20.38 3436 47.46
Al,O4 54 20.82  23.29
CaO 63.04 1222 748
SO; 2.5 6.58  3.56
Cl™ 0.02 0.12  0.08
CaO free 0.84 1.79  0.35
MgO 1.74 4.02  3.10
Fe,05 2.82 629 753
Loss on ignition 1.66 11.77 3.30
Unburned carbon content by  — 39 0.3
TGA-DTA

high loss on ignition and an increased content of free
CaO should be noted. Since some loss on ignition can
be attributed to the presence of calcium carbonates in
CFBC fly ash, an estimation of unburned carbon
content was obtained using the TGA-DTA method in
a helium/air atmosphere.

Concrete mixes were designed with constant water
to binder ratio of 0.42, a constant slump of
30 £ 10 mm and the air content from 6% to 8%.
The CFBC fly ash was used as a replacement of the
cement by weight up to 40%. A reference concrete
mix made of pure Portland cement (named “CEM I”)
was also designed. To achieve the target slump and
air content the required amount of chemical admix-
tures was established experimentally. The proportions
of concrete mixes are given in Table 2.

Concrete specimens for frost scaling testing were
cast in the cubical moulds (100 x 100 x 100 mm)
commonly used for compressive strength testing. The
concrete mixes were produced in a laboratory mixer
and were consolidated by vibration (5-7 s on a
vibrating table). After 24 h in moulds at RH > 90%
and at the temperature 18-20°C specimens were
demoulded and cured in high humidity conditions
(RH > 90%) at the temperature of 18-20°C until the
age of 28 days. Companion cube specimens for
compressive strength testing were also manufactured
and cured at the same conditions.

Cement paste specimens were manufactured
using Portland cement CEM I 32.5 R, tap water
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Table 2 Concrete mix proportions

Mix Type of additive Content (kg/m>)

HRWR (I/m*) AEA (I/m?)

Cement Additive Sand Basalt 2-8 mm Basalt 8-16 mm Water

CEM 1 None 340 0 643 652
FLW20 FLW 271 68 640 649
FLW30 236 101 637 646
FLW40 202 135 637 646
FLK20 FLK 271 68 640 649
FLK30 236 101 637 646
FLK40 202 135 637 646

681 142 1.70 0.34
678 141 2.03 1.36
674 140 2.70 2.02
674 140 3.37 2.70
678 141 2.03 1.36
674 140 2.70 2.02
674 140 3.37 2.70

HRWR high range water reducer, AEA air entraining admixture

and two types of CFBC fly ash. A series of paste
specimens with water to cement ratios of 0.40, 0.50
and 0.60 was prepared. In the second series the
pastes ware made with CFBC fly ash used as a
partial replacement of cement by weight up to 35%
and the water-to-binder ratio was constant at 0.42.
Paste specimens for indentation testing were cast in
40 x 40 x 160 mm standard moulds. The curing
regime was the same as for concrete specimens. At
the age of 28 days a slice was cut from each beam
using a diamond wheel saw and again stored in
high humidity conditions (RH > 90%) at the tem-
perature of 18-20°C. Before indentation testing, the
specimen surface was polished with silicon powders
(#320, #600 and #1200) to obtain a smooth surface
such as used for microscopic investigation. At the
initial stage of investigation flat specimens for
indentation testing were also cut from manufactured
concrete cubes.

2.2 Test procedures
2.2.1 Frost scaling

Frost scaling resistance of concrete was investigated
according to the European standard procedure [18]
that was established following the Swedish standard
SS 137244 [19]. This laboratory method is in
common use for determination of concrete resistance
to repeated freezing and thawing (F/T) in contact
with 3% sodium chloride (NaCl) solution. One
freeze-thaw cycle requires 24 h and the limits for
speed of temperature change are strictly defined
(Fig. 2). After the specified number of cycles (usually
56 or 112), the amount of material scaled from the
test surface, exposed to NaCl solution, was deter-
mined. Quantitative determination of the debris
enables rating of frost scaling resistance of concrete.
For instance: for concrete road pavements it is
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Fig. 3 Depth sensing indentation test set-up

common to assume the limit of allowable mass of
scaled material as 1 kg/m” after 56 cycles.

2.2.2 Indentation

The depth sensing indentation (DSI) system involved
pushing an indenter down into the specimen while
measuring force and displacement continuously.
Using a Lloyd EZ 50 testing machine suitably
equipped for specimen holding (Fig. 3) the indenta-
tion load measurements were taken using a high
precision load cell (the capacity of 50 N at the
accuracy better than 0.5% of applied load). The
LVDT transducer allowed a measurement of the
displacement of indenter (h) into tested specimens
with an accuracy of 0.1 um. The specimen holding
fixture was installed on the movable stage with a
manual movement control of an accuracy of
0.001 mm. A standard Vickers indenter was applied:

the intender had the shape of a square-based pyramid.
The measuring system and data acquisition were
digitally controlled using Ondio-Nexygen software,
which also enabled data post-processing.

The hardness value is defined as the ratio between
the load and the contact area of the indentation in
units of stress. Using measured values of load and
displacement of indenter, the Vickers hardness (HV)
can be calculated assuming a constant shape of
indent due to the known geometry of the Vickers
indenter:

HV:% sin§:1.854-§ (1)
where P = load (N), D = mean diagonal of inden-
tation (mm) and ¢ is the angle between the opposite
walls of the indenter.

Since the angle in the case of Vickers indenter
¢ = 136°, the diagonal D is:

D ~ 7.001 x h. (2)

The DSI test was performed at the selected
maximum load level of 40 N.

3 Test results and analysis

The average compressive strength of concrete cubes
at the age of 28 days was 49.7 MPa for CEM 1
specimens. The average compressive strength of
concrete containing CFBC fly ash was within the
range from 54.3 to 56.4 MPa while the coefficient of
variation was not higher than 6%. The partial
replacement of cement by CFBC fly ash resulted in
the compressive strength increase by few % at the age
of 28 days.

Table 3 Mass of scaled material at the surface of concrete specimens exposed to 3% NaCl solution after freezing and thawing cycles

(the exposed surface of 50,000 mmz)

Concrete series CFBC Mass of scaled material (kg/m?)after the number of F/T cycles
content (%)
7 14 28 56

CEM I 0 0.006 0.016 0.036 0.090
FLW20 20 0.112 0.228 0.476 0.852
FLW30 30 0.096 0.290 0.564 1.210
FLW40 40 0.308 0.614 1.246 2.054
FLK20 20 0.040 0.112 0.250 0.516
FLK30 30 0.048 0.136 0.308 0.854
FLK40 40 0.206 0.388 0.876 1.524

[gl=0]
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Results of frost scaling resistance tests on concrete
specimens are presented in Table 3. The mass of
scaled material at the surface of concrete specimens
was found to increase steadily with increasing
number of freezing and thawing cycles. It was also
found that increasing the cement replacement level
resulted in a significant increase in the mass of scaled
material. Such observations are consistent with
generally reported experimental data for standard
fly ash used as partial replacement of cement.
Specific observations revealed quantitative differ-
ences in frost scaling resistance due to the type and
quantity of CFBC fly ash used. Assuming a common
criterion of acceptable frost scaling resistance of
concrete as the mass of 1kg/m2, certain concrete
mixes could be classified as non-acceptable: FLW30,
FLW40 and FLK40; the performance of FLK mixes
was better.

To explain differences in frost scaling resistance of
concrete the paste hardness data were used. An initial
stage of investigation involved the DSI tests on
polished specimens cut from manufactured concrete
cubes. These attempts failed to provide comprehen-
sive test results due to large inhomogeneity of
material in relation to the size of Vickers indenter.
At the load level of 40 N the diagonal of indentation
was about 200-300 pm. Microscopic examination of
indents at the specimen surface allowed only very
few of them to be classified as pure paste indents;
most of indentations affected paste and sand grains
(or air voids) at the same time. Since the average
distance between sand grains can be roughly esti-
mated as about 200 pm it is evident that the precision
of pointing the indenter into pure paste was not
available.

An example of the load—displacement diagram
obtained during testing of a cement paste specimen
is presented in Fig. 4a. Points El1 and E2 indicate
the beginning and the end of indenter travel in the
tested material, respectively. The Vickers hardness
values were determined on the basis of the
measured load and the indenter displacement using
the Eq. 1. At the selected load level it can actually
be called the low-load hardness, using the accepted
nomenclature. Each result of the DSI test was an
average of 10 measurements made on the surface of
the specimen. The scatter of results was low, i.e.
the coefficient of variation was between 6% and
10%.

-

a Load ()

Fig. 4 Load versus indenter displacement diagram obtained
during DSI testing on hardened cement paste and surface view
of the indent in paste

Results of Vickers hardness measurements are
presented in Figs. 5 and 6; each point represents the
mean value of 10 measurements. A fairly linear
relationship between water-to-binder ratio and Vickers
hardness was found, where the binder mass is
assumed as the sum of cement mass and CFBC fly
ash mass. It is evident that Vickers hardness of
cement paste decreased simultaneously with an
increase of w/b ratio; its change from 0.40 to 0.60
relatively reduced HV by about 44-60%. It was also
found that Vickers hardness significantly increased
with age of specimens, roughly by 20-50% in
relation to 28 day results. The maturity induced
increase of Vickers hardness in absolute numbers was
higher for lower w/b ratios. However, in relative
terms the age effect was stronger for higher w/b.
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Fig. 6 Vickers hardness versus water-to-binder ratio for paste
specimens containing CFBC fly ash at the age of 90 days (the
average of 10 single tests)

The effect of cement replacement by CFBC fly ash
was also evident: the hardness values decreased signif-
icantly with increasing replacement percentage,
although such a decrease was significantly more
pronounced for low w/b ratios. The applied cement
replacement resulted in a relative decrease of HV down
to about 60-70% of HV for pure Portland cement paste.

The experimental data on frost scaling resistance of
concrete and the paste hardness are combined in Fig. 7
the Vickers hardness of cement paste of w/b = 0.40 at
the age of 90 days and the mass of scaled material
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Fig. 7 The influence of CFBC fly ash content on Vickers
hardness of cement paste at the age of 90 days and on the frost
salt scaling of concrete specimens

Fig. 8 The relationship between the Vickers hardness of
cement paste at the age 90 days and the frost salt scaling of
concrete containing CFBC fly ash

from concrete specimens of w/b = 0.42 are plotted at
the applied cement replacement level.

It is clearly seen that the decrease of frost scaling
resistance of concrete modified with CFBC fly ash
addition can be associated with a decrease of Vickers
hardness of cementitious paste. However such a
relationship is expected to be influenced by other
factors, such as the level of cement replacement and
the type of additive. Surprisingly this was not the
case. As shown in Fig. 8, plotting the frost scaling
data versus the Vickers hardness data resulted in a
unique relationship independent of the type and the
quantity of additive used.

The regression analysis revealed the best fit
(R? = 0.997) of the following formula:

Sse = 103.79 exp(—0.0115 HV), (3)

in which Ss¢—denotes the mass of scaled material
after 56 cycles in the standard test expressed in kg/m?,
HV—denotes the Vickers hardness of cement paste
(with addition of CFBC fly ash) at the age of 90 days,
expressed in MPa. Rearranging this formula one can
estimate the Vickers hardness of cement paste required
for a designed performance of concrete subjected to
freeze-thaw and de-icing salt (3% NaCl) action.

4 Discussion

The significance of the established Ssg—HV relation-
ship should be discussed at least in respect to the
following factors:

— the meaning of DSI test results for paste speci-
mens for variable w/b ratio, age and content of
CFBC additions,

[gl=0]
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— the adequacy of explanation of concrete frost
scaling data using test data on paste specimens
manufactured at somewhat different w/b ratio,

— the significance of air void system in concrete.

The effect of water-to-cement ratio on microh-
ardness of cement paste has been noticed previously,
e.g. in [13] and [20]; it has been correlated with the
compressive strength of paste. Thus, the age induced
effect on microhardness can be explained similarly
to the age effect on compressive strength of the
paste and can be attributed to the increasing degree
of hydration of cement. This investigation was,
however, performed at the load range corresponding
to “low load hardness” at which some indentation
size effect can be expected [21]. Thus, while the
obtained HV values have a relative significance, no
comparison of absolute values can be given. The
major reason to select such a load range was the
intention to perform indentation to a representative
depth and to affect the volume of the material at a
representative scale: the term “representative” has
been assumed to have a specific meaning limited to
the targeted phenomenon of frost scaling. Instead of
the troublesome identification of the actually
affected phase in cement paste using very low
indentation loads, the assumed approach was aimed
at obtaining an average mechanical characterization
of a local region, including a whole range of
hydration product sizes, microporosity, microcracks,
microdefects and local inhomogenities. The propor-
tional decrease of HV with cement replacement
using CFBC fly ash is considered representative for
the “local” strength decrease. The best-fit empirical
relationship is linear with respect to w/b ratio, e.g.
for CEM 1 specimens it is: HV = 0.67 (1/(w/b) —
1), while for FLK35 specimens it is: HV = 0.60
(1/(w/b) — 0.80). A drop of HV accompanying an
increase of CFBC fly ash content is not consistent
with obtained results of concrete compressive
strength manifesting the opposite trend. The avail-
able data [8, 22] on the compressive strength of
concrete containing CFBC fly ash also show the
tendency to increase the strength for increasing
CFBC fly ash content while the workability of the
mix is maintained with the use of water-reducing
admixtures. Possible effects of CFBC fly ash on
properties of interfacial transition zones deserve a
detailed investigation.

According to [23] the excessive cement replace-
ment by conventional fly ash retards the initial set
time and the amount of bleeding increases with an
increase in fly ash substitution. Current investigation
did not include bleeding observations. However, the
established correlation between Ss¢ (concrete) and
HV (paste) rather diminishes a possible influence of
bleeding phenomenon. The obvious difference was in
the w/b ratio in the concrete mix (0.42) and in the
paste mix (0.40). Using HV data established for a
range of w/b ratios in the paste one could interpolate
HV for w/b = 0.42. This approach was abandoned,
however, considering a local variation of w/b com-
monly expected in concrete. Thin section based
investigations, described in [24], revealed a high
variation of w/b dependent on the proximity of
aggregate grains. Since a part of mixing water is
needed to wet aggregate surfaces, the local w/b ratio
around aggregates should be higher and this is
commonly considered characteristic for the transition
zone. Therefore the bulk paste should be character-
ized by slightly lower w/b ratio and in the current
case w/b = 0.40 is assumed as a fair approximation.
The passage from cement paste properties to proper-
ties of concrete is not straightforward because of
several factors, including different homogeneity
of grain dispersion due to mixing and different types
of porosity of paste, associated with microcracks and
discontinuities related to dimensional changes occur-
ring during curing. Several developed models to
predict permeability of concrete from the pore
structure are known to have a common form of
exponential relationship between permeability and
some characteristic pore dimension, [25]. If one
assumes that HV determination in the range of “low
load hardness” is a homogenisation approach at a
scale representative for paste porosity, the exponen-
tial form of the Ssc—HV relationship is not
astonishing. In spite of the limitations mentioned
above, the practical use of such a relationship can
reduce testing efforts needed to prove frost scaling
performance of concrete containing CFBC fly ash.

The established Ssq—HV relationship (Eq. 3) is
consistent with the glue-spall model [11] that
accounts for the major influence of strength of the
surface on the ability of the cementitious body to
resist frost salt scaling, provided that the surface
strength can be directly associated with HV values
determined using DSI. Tremblay et al. [17] also used
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the concept of hardness testing to evaluate the
strength of surface and to verify the glue-spall model.
The indentation hardness was experimentally deter-
mined on mortar specimens using Brinnel hardness
test with a 500-kg load and revealed the same
tendency for the surface hardness and the compres-
sive strength to decrease with the presence of
entrained air and with increase of water—cement
ratio. The principal difference of the approach [17]
and the current investigation is due to the load level
difference by two orders of magnitude, implying the
difference of the indent size by at least one order of
magnitude. Such a large scale indentation obviously
accounts for air voids and sand grains and has some
other meaning than the current approach at a paste
scale, considered as representative for paste porosity
(excluding entrained air voids).

The observed increase of mass of scaled material
for decreasing clinker content in concrete is consis-
tent with published data on blended cement
performance in frost scaling resistance tests [23,
26]. It should be noted that the mix design for the
reference concrete (CEM 1) was performed according
to EN 206-1 standard prescriptive recommendations
(XF4 exposure): minimum cement content 340 kg/m”,
water-to-cement ratio < 0.45, air entrainment,
adequate frost resistance of aggregates. As docu-
mented in [8] in Table 3 the conditions of adequate
entrained air void system in hardened concrete (with
and without addition of CFBC fly ash) were also met:
the total air content from 5.26% to 7.08%, the spacing
factor from 0.13 to 0.23 mm. The air void system in
CFBC fly ash concrete was characterized by larger
diameter of voids and increased spacing factor than in
reference concrete, but still the differences were
small and not sufficient alone to justify large
differences in frost salt scaling resistance. The
observed corruption of the air void system could be
linked to the increased frost scaling degradation of
CFBC fly ash concrete that was primarily influenced
by a decrease of the surface microhardness. This
observation confirms the significance of both the
surface strength and the air void system in concrete in
regard to frost salt scaling resistance but the balance
between two effects is in contrast to the conclusions
of recent work by Tremblay et al. [17] indicating that
the reduced compressive strength and surface hard-
ness has much less influence on the frost salt scaling
than the beneficial effect of air entrainment. Thus the

effects induced by the use of non-standard additives
to concrete as CFBC fly ash can not be quantitatively
predicted using the already established knowledge.

5 Conclusions

The investigation revealed the following conclusions.

1. The use of CFBC fly ash in air entrained concrete
resulted in a degradation of frost salt scaling
resistance; the effect was pronounced for increas-
ing cement replacement level and for increasing
unburned carbon content of CFBC fly ash.

2. The mass of scaled material in standard frost
scaling resistance tests on concrete was inversely
proportional to Vickers hardness of cement
paste; the obtained exponential-form relationship
was independent of the type and the quantity of
CFBC additive used.

3. The DSI test data provided the best fit empirical
relationships between Vickers hardness of paste
and the inverse of w/b ratio that was close to
linear provided that the binder mass was assumed
as the sum of cement mass and CFBC fly ash
mass. A proportional decrease of HV with
increasing content of CFBC fly ash was revealed.
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