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Based on laboratory tests, the deicing salt scaling resistance of high-volume fly ash (HVFA) concrete is
usually reported as less than satisfactory. Therefore, we developed a HVFA composition with an air
entraining agent (AEA) that should meet the European salt scaling criterion (61 kg/m2). This paper pre-
sents a full characterization of its air void system from the moment of casting until the freeze/thaw test
on cast surfaces, and evaluates the influence of air entrainment on its transport properties. The minimum
air content of 6–7% was achieved with 7.0 ml AEA/kg binder (versus 2.0 ml AEA/kg binder for traditional
concrete). However, with very fine fly ash (45 lm fineness: 13.2% retained), it was more difficult to main-
tain an adequate air void system and control the salt scaling resistance at later age (91 days). With coar-
ser fly ash (45 lm fineness: 26.6% retained), salt scaling after 28 severe freeze/thaw cycles equaled only
0.5 kg/m2. Nevertheless, AEA use increased the water sorption under vacuum and the apparent gas
permeability.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Although the concept of high-volume fly ash (HVFA) concrete has
been proven successful in many, mostly less demanding concrete
applications (e.g. foundations) [1], its use in more critical environ-
ments is still not common practice. Indeed, many concrete manufac-
turers remain skeptical about replacing the majority portion of the
cement with pozzolanic fly ash from coal fired electrical power
plants. In freeze/thaw environments with the presence of deicing
salts, this is mainly because the performance of these concrete com-
positions is unsatisfactory when subjected to accelerated salt scaling
tests in the laboratory. Malhotra and Mehta [1] have reported a high-
er deterioration rate for HVFA concrete under laboratory conditions
cf. ASTM C672 [2]. However, the use of this concrete type in the field
indicated otherwise. Concrete pavement in Wisconsin (US) and side-
walk sections in Halifax (Canada) made with HVFA concrete and sub-
jected to deicing salts, exhibited a good performance [1].
Nevertheless, the applicable European standard NBN EN 1339 [3]
does not specify a criterion for the concrete’s behaviour under real-
istic conditions. Instead, a limiting value of 1 kg/m2 is specified as the
maximum mass loss per unit area after 28 severe freeze/thaw cycles
with temperatures ranging from �18 to 20 �C in 24 h [3].

Also note that some differences exist between concrete stan-
dards regarding the required minimum air content in the fresh
state to achieve an acceptable salt scaling resistance. According
to the European standard NBN EN 206-1 [4], concrete exposed to
freeze/thaw in combination with deicing salts should be air en-
trained and have an air content of at least 4% in the fresh state.
However, according to the Belgian standard NBN B 15-001 [5] arti-
ficial air entrainment is not mandatory and if used, it should relate
to the maximum aggregate size of the concrete. For a maximum
nominal aggregate size of 16 mm, it specifies an air content of at
least 5%. The American standard ACI 201.2R [6] also takes into ac-
count the higher air requirements of concrete mixtures with higher
paste contents due to smaller nominal maximum aggregate sizes.
However, also the severity of the exposure is of importance in this
standard. A distinction is made between moderate and severe
exposures. Exposure conditions are considered to be severe when-
ever deicing salts are present. In such an environment, an air con-
tent of 6–7% is recommended for a maximum nominal aggregate
size of 16 mm. 5–5.5% Of air is only sufficient in the case of mod-
erate exposure (without deicing salts) for the same aggregate size.
Nevertheless, the recommendations of ACI 201.2R [6] are not bind-
ing. Local conditions and experience with specific mixtures and
procedures could still warrant other values.

Within the scope of this paper, we have developed a HVFA mix-
ture that should meet the salt scaling criterion of 1 kg/m2 based on
the chosen air content in its fresh state. In a first research phase,
the air void system in the hardened state (air content, spacing fac-
tor, etc.) was characterized by means of microscopic analysis on
thin sections and air void analysis conforming to ASTM C457 [7].
In a second research phase, the salt scaling resistance of the
concrete’s cast surface was tested according to the procedure de-
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scribed in NBN EN 1339 [3]. The effectiveness of the applied air
entraining agent (AEA) in combination with fly ash was investi-
gated for fly ashes from two different sources. In a third research
phase, it was investigated whether the addition of an AEA can
make steel reinforced HVFA concrete more susceptible to other
important deterioration mechanisms that strongly depend on the
permeability of the concrete, e.g. steel corrosion. In the literature,
this impact has rarely been studied. Corrosion can be initiated by
the chlorides from deicing salts entering the concrete or by con-
crete carbonation due to a constant exposure to exhaust fumes
from motorized traffic. To evaluate the real impact of these mech-
anisms on the corrosion resistance, the material needs to be ex-
posed to chlorides and CO2 concentrations as present in the
natural environment. Since this approach is usually quite time con-
suming, two influencing parameters (water penetrability and gas
permeability) were studied instead of performing the required
realistic chloride diffusion and carbonation tests. With respect to
carbonation-induced corrosion, the accessibility to water and the
permeability to air are very relevant parameters to be studied
[8]. The same holds true for chloride-induced corrosion.
2. Materials and methods

2.1. Concrete mixtures

In total, six concrete mixtures were manufactured with the
intention to be used in exposure class XF4 (cf. NBN EN 206-1
[4]): concrete exposed to significant attack by freeze/thaw cycles
while wet, with high water saturation and deicing salts or sea
water (Table 1). Two of these concrete compositions were consid-
ered as a reference concrete. Mixture T(0.45) is a non-air entrained
ordinary Portland cement (OPC) concrete with the minimum ce-
ment content and the maximum water-to-cement ratio (W/C) con-
forming to the Belgian standard NBN B15-001 [5] for this type of
environment. An air entrained version of the reference concrete
mixture (T(0.45)A) conforming to NBN EN 206-1 [4] was also man-
ufactured. The incorporation of a fatty acid/polyglycol based air
entraining agent (dry matter mass percentage: 4%) is indicated
within the concrete mixture name by means of the letter ‘A’. Since
the initial air content equaled 6.8%, this reference concrete should
be a suitable concrete for exposure to severe conditions (cf. ACI
201.2R [6]). Since a traditional concrete for exposure class XF4 does
not necessarily have to be air entrained according to NBN B15-001
[5], both non-air entrained HVFA mixtures (F(1)50 and F(2)50) and
air entrained HVFA mixtures (F(1)50A and F(2)50A) were evalu-
ated in this research. The mixing time for each mixture was
5 min: 1 min of dry mixing, 2 min of mixing after adding the mix-
Table 1
Mixture proportions, water-to-binder ratio (W/B), the applied dosage of air entraining agen
the compressive strength class of the tested concrete compositions.

T(0.45) T(0.45)A F(

Sand 0/4 (kg/m3) 715 715 6
Aggregate 2/8 (kg/m3) 515 515 4
Aggregate 8/16 (kg/m3) 671 671 6
CEM I 52.5 N (kg/m3) 340 340 2
Fly ash (kg/m3) – – 2
Water (kg/m3) 153 153 1
W/B 0.45 0.45 0
AEA (ml/kg B) – 2.0 –
SP (ml/kg B) 2.0 4.0 7
Air content (%) 2.8 6.8 2
Air-to-paste (%) 10.6 25.0 7
Slumpa S2 S5 S5
Strength class C55/67 C35/45 C

a S1 (10–40 mm), S2 (50–90 mm), S3 (100–150 mm), S4 (160–210), S5 (P220 mm).
ing water and another 2 min of mixing after adding the polycarb-
oxylic ether-based superplasticizer (SP) (dry matter mass
percentage: 35%). In case of air entrainment, the AEA was added
to the mixing water before being added to the binder, sand and
aggregates. Each HVFA composition was made twice: once with
fly ash F(1) and once with fly ash F(2). Both of them meet the
requirements as specified in NBN EN 450-1 [9] to qualify for use
in concrete: the loss on ignition (4.79% and 4.42%, respectively)
was lower than 5% (Class A) and the 45 lm fineness was less than
40% (13.2% versus 26.6% retained, respectively). The difference in
fineness is also confirmed by the clear difference in specific surface
between F(1) and F(2) as obtained with the Blaine method and la-
ser diffraction measurements (Table 2).

It should also be noted that all HVFA mixtures are characterized
by a higher binder content B (cement + fly ash), a lower water-to-
binder ratio (W/B), and a lower aggregate content compared to the
references T(0.45) and T(0.45)A. This was mainly done to ensure a
strength class equal or higher than the minimum (C30/37) re-
quired for an XF4 environment according to NBN EN 206-1 [4]
and NBN B15-001 [5]. However, this approach resulted in a higher
compressive strength for the HVFA mixtures F(1)50, F(1)50A and
F(2)50.
2.2. Curing and sample pre-conditioning

Four 400 � 400 � 100 mm3 concrete slabs and twelve cubes
with a side length of 150 mm were cast per mixture. After casting,
the specimens were kept at a constant temperature and relative
humidity of 20 �C and 95%, respectively. Demoulding took place
the next day whereupon the slabs and cubes were stored again un-
der the same conditions until the age of testing. All tests were con-
ducted after 28 and 91 days of curing to see whether the formation
of additional hydration products due to the pozzolanic reaction of
the fly ash can influence the air void system in the hardened state.

The specimens used for microscopic analysis on thin sections,
air void analysis and measurement of the gas permeability were
all taken from the slabs, while the cylinders for the vacuum satu-
ration test were obtained from cubes. The capillary sorption test
was performed on cubes.

The capillary water uptake, the permeable porosity and the gas
permeability were measured after oven drying to constant mass
(<0.1% mass change within 24 h) at 40 �C. Usually, this took about
14 days. Afterwards, the measurements were repeated on the same
specimens after oven drying at 105 �C. The latter drying procedure
removes all capillary and gel water from the concrete [10]. A pre-
drying temperature of 105 �C was also proposed by Boel et al. to
successfully measure concrete’s gas permeability at a water satura-
t (AEA) and superplasticizer (SP), the air content, the air-to-paste ratio, the slump and

1)50 F(1)50A(-2) F(2)50 F(2)50A(-2)

45 645 645 645
65 465 465 465
06 606 606 606
25 225 225 225
25 225 225 225
58 158 158 158
.35 0.35 0.35 0.35

5.0 (7.0) – 5.0 (7.0)
.0 7.0 (4.0) 5.0 5.0 (4.0)
.6 5.2 (6.9) 2.8 4.9 (7.3)
.9 15.6 (20.5) 8.5 14.7 (21.6)

S5 (S1) S5 S5 (S2)
45/55 C40/50 C40/50 C30/37



Table 2
Physical and chemical characteristics of the cement and fly ash types. The densities
and specific surfaces (�) for the cement CEM I 52.5 N were provided by the cement
manufacturer. The specific surfaces of the fly ashes were measured in two ways: once
using the Blaine method and once with a laser diffractor.

CEM I 52.5 N F(1) F(2)

LOI (%) 1.5 4.8 4.4
45 lm Fineness (%) – 13.2 26.6
Density (kg/m2) 3120� 2230 2260
Specific surface, Blaine method (m2/kg) 390� 415 288
Specific surface, laser diffractor (m2/kg) – 366 262

CaO (%) 63.37 2.80 7.58
SiO2 (%) 18.90 48.54 50.83
Al2O3 (%) 5.74 33.34 20.45
Fe2O3 (%) 4.32 3.52 7.52
SO3 (%) 3.34 0.80 0.68
MgO (%) 0.89 0.72 1.77
Na2O (%) 0.47 0.34 1.00
K2O (%) 0.73 1.54 1.69
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tion degree of 0% [11]. Drying at 105 �C is sometimes subject to
criticism as the method may induce pore collapse and a modifica-
tion of the stoichiometry and density of the calcium silicate hy-
drate gels (C–S–H) [12,13]. However, the same drying
temperature has been successfully applied to measure the total
porosity of concrete by means of hydrostatic weighing after vac-
uum saturation. This porosity seems to be only slightly higher in
comparison with the one deduced from experimental water vapour
desorption isotherms [14]. Compared to total porosities calculated
from phase assemblage of the present hydrates, the measured
porosities through hydrostatic weighing and oven drying at
110 �C are also only slightly higher [15]. Nevertheless, it needs to
be noted that in addition to total porosity, pore connectivity and
size are also important for the transport properties of concrete. De-
spite the successful use of the higher drying temperature according
to the literature, it was decided to first measure the capillary water
uptake, the permeable porosity and the gas permeability after pre-
drying at a lower temperature (40 �C), before measuring the same
parameters after pre-drying at 105 �C.

In the results section, all figures present the mean values and
error bars indicate the standard deviation on the individual values.
2.3. Microscopic analysis on thin sections

45 � 30 � 15 mm3 Prisms (n = 3) were sawn in such a way that
a 45 � 15 mm2 face was a cast surface. First, one 45 � 30 mm2 face
was glued onto a glass slide with a thickness of 2.9 mm. Then, the
samples were cut and polished until the height of the concrete
specimens and the glass equaled 10.1 mm. In a next step, the sam-
ples were impregnated under vacuum with a fluorescent epoxy.
After impregnation, the excess epoxy was ground away and an ob-
ject glass was glued onto the polished surface. In a final step, the
glass slides were cut off and the concrete samples on the object
glasses were polished until thin sections with a 25 lm thickness
were obtained. A cover glass was glued onto them for protection.
All thin sections were examined with a Leica DM LP polarizing
microscope. A magnification of 50�was used. The luminous inten-
sity of the polarized light equaled 5 on a scale of 10. The micro-
scopic analysis on thin sections enabled a qualitative study of the
air void system. Per concrete mixture and curing period, a series
of photos was taken of the thin sections as observed under the
microscope. Per thin section, 3 photos were taken near the cast
surface and 3 photos near the saw cut surface. This resulted in 6
photos per thin section and thus 18 photos per concrete mixture
at each age. Since visual observation showed no obvious differ-
ences between them, only one representative photo of each con-
crete mixture was included in Fig. 1.
2.4. Air void analysis

A more quantitative air void analysis is possible with the
RapidAir 457 apparatus. In accordance with ASTM C457 [7], the
linear traverse method was used to determine the air content
and air void distribution of the hardened concrete. The test was
performed on cylindrical specimens (n = 4, Diameter (D) = 80 mm,
Height (H) = 20 mm). The technique required a careful polishing
of the sample surfaces since scratches are to be avoided and air
voids must have sharp edges [16]. Therefore, the following polish-
ing procedure was used. First, the sample surfaces were mechani-
cally flattened. Then, the surfaces were subsequently treated with
eight different wet diamond polishing pads (grit 50, 100, 200, 400,
800, 1500, 3000 and 8000). Before using each polishing pad, a ras-
ter was drawn onto the surfaces with chalk. Each time, the polish-
ing with one pad continued until the chalk raster had completely
disappeared from the surface.

Contrast enhancement was realized as follows: the polished
surfaces were coloured with black ink and white BaSO4 powder
(maximum particle size 62 lm) was distributed on top to fill the
air voids. After removing the excess powder with a steel blade,
the specimens were ready for testing. The threshold value for anal-
ysis equaled 221 on a 0–256 scale. All samples were analyzed in
two perpendicular directions using 10 probe lines per frame with
a total traverse length of 17,733 mm and a scanned area of
50 � 50 mm. With the recorded total chord length of air voids Ta

(mm) and paste Tp (mm), the total surface distance traversed
across Ttot (mm), the total number of air void chord lengths N (�)
and the paste content p (%) for each concrete composition, the con-
crete’s air void system can be fully characterized. Air contents A
(%), specific surfaces a (mm�1), spacing factors LS according to
Powers (lm) and average chord lengths lm (mm) were calculated
using the following equations:

A ¼ Ta

Ttot
� 100 ð1Þ

a ¼ 4N
Ta

ð2Þ

LS ¼
Tp

4N
ðfor p=A 6 4:33Þ or LS

¼ 3
a

1:4 1þ p
A

� �1=3
� 1

� �
ðfor p=A > 4:33Þ ð3Þ

lm ¼
Ta

N
ð4Þ
2.5. Deicing salt scaling resistance

Deicing salt scaling resistance was evaluated in accordance with
NBN EN 1339 [3]. Cylinders (n = 6, D = 100 mm, H = 50 mm) were
glued into a piece of insulated PVC tube with the casting surface
upwards. A 5 mm thick water layer was put on top of the cylindri-
cal test surfaces for at least 72 h to check for leakages. Next, the
water layer was replaced with a 5 mm thick 3% NaCl solution after
which the specimens were subjected to 28 severe freeze/thaw cy-
cles in a freezing chamber where temperatures ranged from �18 to
20 �C in 24 h. Every 7 days, the scaled off material was collected,
dried at 105 �C and weighed in order to determine the mass loss
per unit area (Dm).

2.6. Time dependent monitoring of the air content

Besides the measurement of the initial air content (Table 1), a
time dependent monitoring of the air content was also considered



Fig. 1. Microscopic analysis of the air void system (coloured white) clearly shows the effect of applying an AEA (A), though a somewhat less pronounced air void system
seems to be present in F(1)50A. The microscopic images in colour are available online.
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on small batches (40 l) of each air entrained concrete mixture
using the same SP dosage of 4.0 ml/kg B (Table 4). This was the
dosage needed to achieve the highest slump class for at least one
of the mixtures that was studied on small scale (a 40 l batch). This
dosage was then used for all the other mixtures as well.

The applied test procedure was similar to the one followed by
Zhang [17]: 15 min after mixing, the air content was determined
with a TESTING Air entrainment meter (capacity: 8 l). The remain-
ing concrete was then mixed for 5 min and allowed to stand for
5 min. This procedure was repeated twice whereafter the air con-
tent and slump were measured again 60 min after the initial mix-
ing. In addition, Zhang’s experimental procedure was extended
with the measurement of the air content after 120 min.
2.7. Water penetrability

The amount of water penetrating the concrete differs with the
prevailing transport mechanism, the saturation degree and the
exposure time of the material. Analogous to previous work by
the authors, two scenarios were evaluated experimentally and
compared with each other [18].

2.7.1. Capillary water sorption
When a non-saturated concrete element is in contact with

water at one side and evaporation is possible from the other side,
the water can be capillary absorbed [10]. As poor water drainage
is sometimes a problem around buildings and structures, the moti-
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vation for evaluating this phenomenon is clear. The capillary sorp-
tion behaviour of the investigated concrete mixtures was evalu-
ated using a test method similar to the one described in the
Belgian Standard NBN B15-217 [19]. Note that the 40 �C drying
temperature is only slightly different from the drying temperature
(50 �C) prescribed in ASTM C 1585-04e [20] to measure capillary
sorption. After weighing the oven dried cubes (n = 3,
H = 150 mm), they were put on rods in a water bath in such a
way that they were immersed for 5 mm. To obtain unidirectional
flow, the sides adjacent to the inflow face were covered with a
self-adhesive aluminium tape. The experiment was carried out in
a climate chamber with a constant temperature of 20 ± 2 �C and
a relative humidity of 60 ± 5%. For each specimen and pre-drying
temperature, the mass increase after 14 days was measured and
the corresponding capillary water uptake per unit area was
calculated.

2.7.2. Water sorption under vacuum
In laboratories, concrete’s accessibility to water can be evalu-

ated in different ways. For instance, it is possible to measure the
amount of water absorbed under vacuum. Vacuum saturation tests
were performed for all six compositions on cylindrical concrete
specimens (n = 9, D = 100 mm, H = 50 mm). After measuring the
oven dry masses (md 40�C/105�C), the samples were put in a tank
where a vacuum with a residual pressure of 2.7 kPa was created
for 2.5 h. Then, water was introduced at a rate of 50 mm/h until
complete submersion of the samples. Subsequently, air pressure
was restored and the samples were kept under water for 24 h. A
similar vacuum saturation technique is mentioned in ASTM C
1202-05 [21]. The procedure described here is in accordance with
the Belgian Standard NBN B05-201 [22] and allows the calculation
of a permeable porosity u (%) using the following equation:

u ¼ 100 �ms 40�C=105�C �md 40�C=105�C

ms 40�C=105�C �ml 40�C=105�C
ð5Þ

Within this formula, ml 40�C/105�C and ms 40�C/105�C stand for the mass
under water and the water saturated mass after vacuum saturation,
respectively. Drying at 105 �C is in correspondence with the drying
procedure described in ASTM C 642-06 [23]. In the literature, sim-
ilar hydrostatic weighing techniques have been used successfully
to measure porosity [14,15]. All methods required oven drying at
an elevated temperature ranging from 105 �C to 110 �C and were
published in test method recommendations [24] and national stan-
dards [22,25].

2.8. Gas permeability

After pre-drying, the O2 flow rate Q (ml/s) and the correspond-
ing apparent oxygen permeability ka at 2 bar pressure were mea-
sured on cylindrical specimens (n = 3, D = 150 mm, H = 50 mm)
using the ‘cembureau’ permeameter mentioned in RILEM TC 116-
PCD [26].

Before each measurement, a certain waiting period (±half hour)
was required to obtain a steady gas flow rate Q (ml/s) through the
three cylindrical specimens. The apparent oxygen permeability ka

of each mixture was calculated by means of Eq. (6) [27], without
performing a Klinkenberg correction [28].

ka ¼
2Q
A

lLP

ðP2 � P2
aÞ

ð6Þ

The other parameters in Eq. (2) are: the cross-sectional area A of
the specimen (m2), the thickness L of the specimen (m), the dy-
namic viscosity l of the fluid (2.02 � 10�5 N s m�2 for O2 at
20 �C), the atmospheric pressure Pa (bar) and the absolute inlet
pressure P (2 bar).
3. Results and discussion

3.1. AEA dosage and air content in the fresh state

The incorporation of fly ash in concrete has an impact on the re-
quired AEA dosage (Table 1). For the reference T(0.45)A, a dosage of
2.0 ml/kg binder was sufficient to have an air content (6.8%) con-
forming to all standards. This air content was recorded 15 min
after mixing with a TESTING Air entrainment meter (capacity:
8 l). With respect to the air entrained HVFA mixtures F(1)50A
and F(2)50A, a much higher AEA dosage (5.0 ml/kg binder) resulted
in an air content that was considerably lower than the 6.8% of the
reference: 4.9% for mixture F(1)50A and 5.2% for mixture F(2)50A.
As a consequence, the air content criterion imposed by ACI 201.2R
[6] was not met.

Also note that besides the air content (which is the air-to-con-
crete ratio), the air-to-paste (A/P) ratio is often used to evaluate the
concrete’s air void system. This is mainly done because it is the
paste and not the aggregate fraction that requires air entrainment.
An air void system having a total volume of about 18–20% of the
paste volume should protect the paste against freeze/thaw damage
[29,30]. As can be seen from Table 1, the air-to-paste ratio of mix-
ture T(0.45)A exceeds the recommended 18–20% range (A/P:
25.0%), while F(1)50A and F(2)50A have air-to-paste ratios below
the optimal range (15.6% and 14.7%, respectively). The optimal ini-
tial air content corresponding with the recommended air-to-paste
range was calculated for each air entrained concrete mixture. For
mixture T(0.45)A an air content of 4.8–5.3% would be enough,
while for F(1)50A and F(2)50A, the air contents should equal 6.0–
6.7% and 6.0–6.6%, respectively, as the HVFA concretes have a con-
siderably lower total aggregate volume fraction. However, this was
not the case for the air entrained HVFA mixtures that were studied
initially.

Therefore, two additional air entrained HVFA mixtures with an
increased AEA dosage (7.0 ml/kg B instead of 5.0 ml/kg B) were
made: F(1)50A-2 and F(2)50A-2. Their estimated air-to-paste ra-
tios (F(1)50A-2: 20.5%, F(2)50A-2: 21.6%) were calculated from
the fresh air contents measured 15 min after mixing (Table 4:
F(1)50A-2: 6.9%, F(2)50A-2: 7.3%) and found to be more or less in
agreement with the suggested 18–20% criterion. Its effect on the
hardened air void system and the salt scaling resistance after 28
and 91 days, was also assessed experimentally by means of auto-
mated air void analysis (Section 3.3) and the accelerated freeze/
thaw test (Section 3.4).
3.2. Thin sections

A comparison between the different mixtures with air entrain-
ment, indicates that the use of a rather high dosage of AEA (5.0 ml/
kg B, Table 1) did not result in a very pronounced system of artifi-
cial air bubbles inside the concrete matrix for mixture F(1)50A
(Fig. 1). On the other hand, the incorporation of the same dosage
of AEA in mixture F(2)50A did result in an air void system similar
to the reference T(0.45)A. However, with respect to the latter mix-
ture this was achieved by means of a much smaller AEA dosage
(2.0 ml/kg B, Table 1). This difference between the mixtures
F(1)50A and F(2)50A is not in agreement with the similar air con-
tents which were measured in fresh state (5.2% versus 4.9%, Ta-
ble 1). For all non-air entrained concretes, few air bubbles could
be observed.

However, a correct characterization of the concrete’s air void
system cannot be done by just looking at thin sections. Conclusions
drawn from these merely visual observations are qualitative and
should be supported by a quantitative study of all relevant param-



0

3

6

9

12

15

T(0.45) T(0.45)A F(1)50 F(1)50A F(2)50 F(2)50A

T(0.45) T(0.45)A F(1)50 F(1)50A F(2)50 F(2)50A

A
ir

 c
on

te
nt

 (
%

) 28 days 28 days (-2) 91 days 91 days (-2)ACI 202.1R
NBN B15-001
NBN EN 206-1

(a)

0

100

200

300

400

500

600

S
pa

ci
ng

 f
ac

to
r 

(µ
m

)

28 days 28 days (-2) 91 days 91 days (-2)NBN B15-001
ACI 201.2R

(b)

0

10

20

30

40

50

60

70

80

S
pe

ci
fi

c 
su

rf
ac

e 
(m

m
-1

) 28 days 28 days (-2) 91 days 91 days (-2) ASTM C457

(c)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

A
ve

ra
ge

 c
ho

rd
 le

ng
th

 
(m

m
)

28 days 28 days (-2) 91 days 91 days (-2)

(d)

B (kg/m³) 340 340 450 450 450 450 

AEA (ml/ kg B) 0.0 2.0 0.0 A:5.0/A-2:7.0 0.0 A:5.0/A-2:7.0

Air content (%) 2.8 6.8 2.6 A:5.2/A-2:6.9 2.8 A:4.9/A-2:7.3

T(0.45) T(0.45)A F(1)50 F(1)50A F(2)50 F(2)50A

T(0.45) T(0.45)A F(1)50 F(1)50A F(2)50 F(2)50A

Fig. 2. Influence of AEA use on the air content (a), the spacing factor (b), the specific
surface (c) and the average chord length (d) of the reference and the HVFA mixtures
as obtained from automated air void analysis after 28 and 91 days of curing.
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eters with respect to this air void system. This was done with auto-
mated air void analysis.

3.3. Air void analysis

The total air content is the parameter usually specified since it
is easily measurable in the field [6]. Although the minimum air
contents mentioned in Section 2.1 normally apply to the air con-
tent in the fresh state, the values obtained for the hardened con-
crete were evaluated according to the same criteria (Fig. 2a).
Compared to T(0.45), the air entrained reference T(0.45)A was
characterized by a much higher air content (7.5–8.0%). Note that
the higher values for the T(0.45)A reference mixture are somewhat
different from its initial air content (6.8%, Table 1) in the fresh
state. Moreover, it was observed that in addition to the presence
of the smaller regular shaped air voids due to air entrainment, all
sample surfaces of T(0.45)A contained some larger – more than
1 mm in cross-section – irregular shaped air voids, likely entrapped
as opposed to entrained air. There may be two possible explana-
tions for the difference between the air content in fresh and hard-
ened state. Either the entrapped air has evolved after the initial air
content measurements, or it was removed more effectively from
the fresh concrete that was used for the air content measurements
than from the concrete used to cast the concrete specimens
(Section 2.2).

According to St. John et al. [31] the maximum diameter of an
entrained air void is 1 mm. This criterion could be used to separate
the entrained from the entrapped air. Now, the air void analysis
technique enables the determination of an air content based on
all chord lengths traversed during the analysis and an air content
solely based on the traversed chord lengths <1 mm. Although look-
ing at the latter air content will obviously result in an overestima-
tion of the actual entrained air content (it considers all traversed
chord lengths of the voids and not just the diameters), it provides
a first rough estimation of the entrained–entrapped air propor-
tions. The total air content of the non-air entrained reference
T(0.45) was found to consist of 52–55% for air voids with chord
lengths <1 mm. For T(0.45)A this value increased to 92–93% (Ta-
ble 3). Thus, despite the presence of some larger entrapped air
voids, the artificial entrainment of air voids was quite effective
after all. It also means that an explanation for the difference be-
tween the air contents in fresh and hardened state must be sought
elsewhere (Section 3.7.1).

Regarding the HVFA compositions, air entrainment resulted in
an increase of the air content, though the values obtained were
lower than 6–7%. Compared to F(1)50 and F(2)50, the average
hardened air contents of F(1)50A and F(2)50A were increased by
only 1.8% and 1.5%, respectively. The air contents in hardened state
were more or less in accordance with the measured air contents in
the fresh state (F(1)50A: 4.9%, F(2)50A: 5.2%). When looking at the
ratio between the air contents calculated from the traversed
chords <1 mm and those calculated from all chords traversed, the
following conclusions can be drawn. With the use of fly ash F(1),
adding 5.0 ml AEA/kg binder to the concrete resulted in an increase
of this ratio from 62–63% to only 74–75%. With the use of fly ash
F(2) and the same AEA dosage, this ratio increased from 55–58%
to 73–78%. Thus, in contrast with the 92–93% air content ratio of
mixture T(0.45)A, the corresponding values of the two air en-
trained HVFA mixtures are considerably lower. From both the dif-
ferences in total air content and entrained–entrapped air content
proportioning, it can already be observed that the artificial air
entrainment of mixtures F(1)50A and F(2)50A was less successful
despite an AEA dosage of 5.0 ml/kg B.

Not only a sufficient total air content is of importance, but also
an adequate distribution of the artificial air bubbles. In other
words, their spacing should be close enough to prevent the devel-
opment of pressures from freezing which would fracture the con-
crete. The fulfillment of this requirement is usually evaluated
through the calculation of a spacing factor LS for the concrete. This
is the maximum distance from any point within the concrete ma-
trix to the edge of the nearest air bubble. A LS of 200 lm is recom-
mended as the maximum for concrete exposed to freeze/thaw
attack [5,6]. The spacing factors of all air entrained concrete com-
positions (T(0.45)A, F(1)50A, F(2)50A) do not exceed this maxi-
mum value after both 28 and 91 days of curing, although the
HVFA mixtures are characterized by somewhat higher values
(Fig. 2b: 100–200 lm) when compared with the OPC reference
(Fig. 2b: ±100 lm). Without air entrainment, the spacing factors
of T(0.45), F(1)50 and F(2)50 range between 250 and 350 lm.

Besides the spacing factor LS, the specific surface a also charac-
terizes the distribution of the air bubbles (Fig. 2c). The higher the
value for a, the more the air void system consists of finer pores
which contribute to the salt scaling resistance. For air entrained
concrete designed in accordance with ACI 201.2R the specific sur-
face a is usually in the range 25–45 mm�1 [6]. All air entrained
concrete mixtures (T(0.45)A, F(1)50A and F(2)50A) exhibited a



Table 3
Difference between the air contents calculated from all traversed chords and the air contents calculated from the traversed chords <1 mm during an automated air void analysis.

A (%) T(0.45) T(0.45)A F(1)50 F(1)50A F(2)50 F(2)50A

28 days
All chords 2.7 ± 0.6 8.0 ± 0.4 3.5 ± 0.6 5.2 ± 0.9 3.0 ± 0.7 4.6 ± 0.6
Chords <1 mm 1.4 ± 0.2 7.5 ± 0.5 2.2 ± 0.5 3.8 ± 0.6 1.7 ± 0.3 3.6 ± 0.5
Ratio (%) 52 93 63 73 57 78

91 days
All chords 3.1 ± 0.5 7.6 ± 0.5 3.4 ± 0.6 4.5 ± 0.8 3.1 ± 0.9 4.4 ± 0.5
Chords <1 mm 1.7 ± 0.3 7.0 ± 0.4 2.2 ± 0.5 3.3 ± 0.1 1.8 ± 0.3 3.2 ± 0.2
Ratio (%) 55 92 65 73 58 73

F(1)50A-2 F(2)50A-2

28 days
All chords 7.2 ± 0.7 7.9 ± 0.2
Chords <1 mm 6.1 ± 0.6 7.2 ± 0.1
Ratio (%) 85 91

91 days
All chords 6.7 ± 0.8 7.4 ± 0.6
Chords <1 mm 6.2 ± 0.4 6.8 ± 0.8
Ratio (%) 93 92

Table 4
Influence of the binder type on the evolution of the air content with time, as
measured after 15, 60 and 120 min, for the applied AEA and SP dosages. When
comparing the two HVFA mixtures, note that it is easier to obtain and maintain a high
air content (6–7%) in mixture F(2)50A(-2).

Time (min) Parameter T(0.45)A F(1)50A F(2)50A
2.0 ml AEA/kg B 5.0 ml AEA/kg B 5.0 ml AEA/kg B
4.0 ml SP/kg B 4.0 ml SP/kg B 4.0 ml SP/kg B

15 Slumpa S5 S2 S5
Air content 6.8% 4.6% 4.0%

60 Slumpa S3 S1 S1
Air content 9.5% 3.8% 7.2%

120 Slumpa S1 S1 S1
Air content 7.8% 4.0% 6.6%

F(1)50A-2 F(2)50A-2
7.0 ml AEA/kg B 7.0 ml AEA/kg B
4.0 ml SP/kg B 4.0 ml SP/kg B

15 Slumpa S1 S2
Air content 6.9% 7.3%

60 Slumpa S1 S1
Air content 5.1% 7.7%

120 Slumpa S1 S1
Air content 4.4% 7.7%

a S1 (10–40 mm), S2 (50–90 mm), S3 (100–150 mm), S4 (160–210), S5
(P220 mm).
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higher specific surface than the non-air entrained compositions
(T(0.45), F(1)50 and F(2)50). Since a higher value for the specific
surface indicates the presence of finer pores, the air entrained con-
crete mixtures should have average chord lengths that are consid-
erably lower than the ones recorded for the non-air entrained
compositions. This was indeed the case (Fig. 2d).

Increasing the AEA dosage from 5.0 ml/kg B to 7.0 ml/kg B, re-
sulted in a more adequate air void system in hardened state for
HVFA concrete. The total air contents measured for F(1)50A-2
and F(2)50A-2 (Fig. 2a) slightly exceeded the 6–7% criterion recom-
mended by the ACI 201.2R guideline [6]. 85–93% of the total air
content consisted of the air content calculated from traversed
chord lengths <1 mm (Table 3). Spacing factors decreased to values
around 100 lm cf. T(0.45)A (Fig. 2b). The compositions were char-
acterized by the highest specific surfaces (Fig. 2c: ±55 mm�1) and
the lowest average chord lengths (Fig. 2d: ±0.075 mm).

In conclusion, compared to T(0.45)A, the air entrained HVFA
mixtures F(1)50A and F(2)50A are characterized by a lower air con-
tent and a somewhat higher, yet still acceptable spacing factor. As
a consequence, the mixtures with fly ash may be more susceptible
to salt scaling. On the other hand, specific surface and average
chord length recordings indicate that the air void systems of
F(1)50A and F(2)50A contain more small air bubbles which may
improve the resistance to salt scaling. Note that with a high value
for the specific surface a, a suitable spacing factor LS can still be ob-
tained even when the air content is lower. However, in order to ob-
tain an air void system that has both the volume capacity and the
geometric parameters necessary to protect saturated mature ce-
ment paste during exposure to freezing, it is important to obtain
concrete with an acceptably high air content and a low enough
spacing factor [32]. To obtain this sufficiently high air content a
further increase of the AEA dosage (from 5.0 ml/kg B to 7.0 ml/kg
B) for the studied HVFA compositions was imperative. This inter-
vention turned out to be beneficial for the four parameters charac-
terizing the hardened air void system (air content A, spacing factor
LS, specific surface a and average chord length lm). The actual im-
pact of these properties on the salt scaling resistance has been
investigated in Section 3.4.
3.4. Salt scaling resistance

From Fig. 3 it is clear that ordinary Portland cement concrete
does not necessarily require air entrainment to ensure limited salt
scaling. After 28 days of curing, the total amount of scaled off
material at the end of the test is lower than 1 kg/m2. After 91 days,
the mean mass loss per unit area Dm is only slightly higher than
the maximum value. The acceptable mass loss per unit area for
T(0.45) supports the choice of this concrete composition as a refer-
ence concrete type for an XF4 environment in NBN B 15-001 [5].
Secondly, the addition of a limited amount of AEA (2.0 ml/kg B)
to the same OPC concrete mixture was found to be very effective,
since Dm was negligible after both 28 and 91 days of curing.

In contrast with reference mixture T(0.45), the performance of
the non-air entrained HVFA mixtures subjected to the same exper-
iment was far from acceptable. On average, Dm was more than
twice the maximum mass loss allowed. Again, using an AEA signif-
icantly improved the salt scaling resistance. However, the effec-
tiveness of the admixture was less than in reference T(0.45)A.
Although the AEA dosage was more than doubled (5.0 ml/kg B ver-
sus 2.0 ml/kg B), higher mass losses per unit area were recorded for
the HVFA mixtures F(1)50A and F(2)50A. The mean Dm value of
HVFA mixture F(1)50A slightly exceeds the 1 kg/m2 criterion at
ages of 28 and 91 days. On the other hand, HVFA mixture
F(2)50A performed very well after 28 days since the mass loss
per unit area is only 0.4 kg/m2. After 91 days, this amount in-
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creased significantly to 1.4 kg/m2. For all tested air entrained con-
crete mixtures, a small reduction in salt scaling resistance was ob-
served between 28 and 91 days. Statistical analysis (Independent
Sample T test, Significance level = 0.05) showed that only for mix-
ture F(2)50A this difference was significant.

A reduction of the concrete’s surface strength due to carbon-
ation can be an explanation for the less than satisfactory salt scal-
ing resistance after 91 days. This negative effect has already been
reported for concrete containing blast-furnace slag [33]. Since
HVFA concrete is also quite susceptible to the carbonation phe-
nomenon, the same explanation could be valid. Now, possible car-
bonation of the concrete surface was not evaluated just before the
salt scaling tests after 28 and 91 days of curing. This was done only
afterwards for the air entrained HVFA mixtures. 10 mm thick slices
were cut from 3 cubic F(2)50A concrete specimens (side length:
100 mm), and this after being stored in the curing room at 20 �C
and 95% relative humidity for more than 1.5 years. Phenolphtha-
lein was sprayed onto the slices to visualize and measure the car-
bonation front. The average carbonation depth equaled
2.0 ± 0.3 mm. The outcome of an additional salt scaling experiment
done on the same concrete again showed that the amount of salt
scaling (Dm = 1.6 ± 0.5 kg/m2) exceeded the 1 kg/m2. However, this
does not necessarily mean that carbonation is the sole cause for in-
creased salt scaling of this concrete. It must be said that its air con-
tent in the hardened state was below the required minimum of 6–
7%, as prescribed by ACI 201.2R [6]. Logically, it is difficult to assess
the effect of carbonation on the salt scaling resistance of a concrete
with an inadequate air void system. Therefore, we chose to do this
evaluation only for HVFA mixtures F(1)50A-2 and F(2)50A-2 with
the increased AEA dosage.

An adequate salt scaling resistance was confirmed for mixtures
F(1)50A-2 and F(2)50A-2 with the higher air-to-paste ratios. For
both of them, salt scaling remained far below the 1 kg/m2 criterion
after 28 days (F(1)50A-2: Dm = 0.2 ± 0.01 kg/m2, F(2)50A-2:
Dm = 0.2 ± 0.03 kg/m2). The same goes for mixture F(2)50A-2 after
91 days (Dm = 0.5 ± 0.1 kg/m2. The salt scaling resistance of mix-
ture F(1)50A-2 after 91 days is also still acceptable, although the
mass loss increased to 1.0 ± 0.2 kg/m2 (Fig. 3). The carbonation front
prior to the salt scaling test was assessed on a dummy specimen of
each concrete mixture after 28 and 91 days. The measured carbon-
ation depths were found to be rather limited (max 1.0 mm) and no
significant difference could be observed between the different mix-
tures and curing ages. Since limited carbonation was already ob-
served for the specimens with very little salt scaling after 28 days
(Dm: 0.2 kg/m2), surface weakening due to carbonation cannot be
seen as the main cause for increased scaling at later age.
B (kg/m³) 340 340 450 450 450 450 

AEA (ml/ kg B) 0.0 2.0 0.0 5.0 0.0 5.0 

Air content (%) 2.8 6.8 2.6 5.2 2.8 4.9 

Fig. 4. Influence of the concrete type (OPC or HVFA), the fly ash type (F(1) or F(2))
and the presence of AEA on the 14 days capillary water uptake w (kg/m2) after
28 days (a) and 91 days (b) of curing (n = 3).
3.5. Water penetrability

3.5.1. Capillary water sorption
As can be seen from Fig. 4, there is no significant difference in

capillary water uptake w between the non-air entrained and the
air entrained concrete mixtures after pre-drying at 40 �C. The w
values of the HVFA mixtures were found to be slightly higher than
the ones recorded for T(0.45) and T(0.45)A. Also after oven drying
at 105 �C, no pronounced difference between the non-air entrained
and the air entrained concrete mixtures could be observed. After
91 days of curing, mixture T(0.45)A absorbed significantly more
water than mixture T(0.45). However, after pre-drying at 105 �C
the w values of the former composition have a rather high standard
deviation and should be interpreted with caution.

Note that increasing the pre-drying temperature to 105 �C
somewhat changed the ranking in capillary water uptake between
the OPC concrete and the HVFA concrete made with fly ashes F(1)
and F(2). However, it did not result in an important difference be-
tween the non-air entrained and the air entrained variant of each
concrete type.

3.5.2. Water sorption under vacuum
Addition of AEA always resulted in higher permeable porosities

u (%) for the OPC mixture and the HVFA mixture made with fly ash
F(2). This effect could not be observed for the composition contain-
ing fly ash F(1) (Fig. 5).

After 28 days of curing, the porosities of the non-air entrained
HVFA mixtures are significantly higher than the ones measured
for T(0.45), and this for both drying temperatures (Fig. 5a). The
fly ash type used did not seem to have an important impact. At
the age of 91 days, the differences in porosity with T(0.45) were re-
duced (Fig. 5b).

3.6. Gas permeability

The addition of AEA resulted in higher gas permeabilities for all
mixtures. At the age of 28 days, all air entrained concrete mixtures
are clearly more permeable to gases than their non-air entrained
equivalents (Fig. 6a). After pre-drying at 40 �C, the ka value of
T(0.45)A is at least two times the value of T(0.45). The same con-
clusion can be drawn when F(2)50 and F(2)50A are compared with
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Fig. 6. Influence of the concrete type (OPC or HVFA), the fly ash type (F(1) or F(2))
and the presence of AEA on the apparent gas permeability ka (�10�16 m2) after
28 days (a) and 91 days (b) of curing (n = 3). Note that the differences are very
pronounced after pre-drying at 105 �C and that the differences between F(1)50 and
F(1)50A are small, especially after pre-drying at 40 �C.
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each other. A much smaller difference exists between F(1)50 and
F(1)50A. Pre-drying at 105 �C makes the differences between the
non-air entrained and the air entrained concrete mixtures much
more pronounced. Yet again, the smallest increase in apparent
gas permeability was observed between F(1)50 and F(1)50A. After
91 days of curing, the findings can be considered as similar
(Fig. 6b). Note that the ka values of all HVFA mixtures decreased
with prolonged curing.

3.7. General discussion

3.7.1. Relation: AEA dosage, achieved air void system and salt scaling
resistance

The overall results indicate that it is possible to design a HVFA
composition with an adequate salt scaling resistance under labora-
tory conditions. To achieve this, a lot of attention must be paid to
the applied AEA dosage and the resulting air void system. Although
the fresh air contents of the air entrained HVFA mixtures F(1)50A
and F(2)50A were similar (5.2% and 4.9%, respectively), the air void
system in the hardened state was different. Although the auto-
mated air void analysis did not reveal important differences be-
tween the two mixtures, microscopic analysis on thin sections
clearly showed a much less pronounced air void system for mix-
ture F(1)50A. Apparently, the initially entrained air content could
not be maintained everywhere in the concrete until setting. Time
dependent monitoring of the air content in the first hours after
mixing resulted in the following findings (Table 4):

(i) With an AEA dosage of 5.0 ml/kg B, the air contents of mix-
ture F(2)50A after 15 min, 60 min and 120 min amounted to
4.0%, 7.2% and 6.6%, respectively. Thus, intermittent mixing
(to simulate handling on site) resulted in an important
increase of the fresh air content after 60 min. By the time
of the measurement after 120 min, the air content had only
gradually decreased again. A similar behaviour was observed
during the time dependent air content monitoring of OPC
reference T(0.45)A. Mixture F(1)50A on the other hand was
characterized by a slight decrease of the air content with
time (15 min: 4.6%; 60 min: 3.8%; 120 min: 4.0%).

(ii) The clearly different evolution in air content was also
detected during the time dependent air content monitoring
of the HVFA mixtures with the higher AEA dosage (7.0 ml/
kg B). A slight increase in air content was recorded for mix-
ture F(2)50A-2, while the air content of mixture F(1)50A-2
decreases as a function of time.

All these findings point out that the initial air content in the
fresh state is quite susceptible to changes with time. It immedi-
ately explains why there is almost never an exact match between
the initial air content in the fresh state and the air content in the
hardened state. Literature search shows that many parameters (ce-
ment fineness, presence of finely divided materials, slump, temper-
ature, mixer type, mixing time, transportation, consolidation,
pumping, etc.) can influence the effectiveness of the air entrain-
ment [34,35].

Additional mixing of the concrete normally tends to increase
the fresh air content because it can induce a post-activation of
the fatty acid/polyglycol based AEA (mechanism 1). An additional
air entraining effect may also come from the polycarboxylic
ether-based superplasticizer. This type of SP contains a defoamer
to compensate for the air entraining capacities of the side chains
on the comb like SP molecules. These defoamers are known to be
active for only a limited period of time. As a result, they cannot
prevent additional air entrainment by the SP side chains forever
(mechanism 2). These two mechanisms may very well explain
the evolution in air content for mixtures T(0.45)A, F(2)50A and
F(2)50A-2.
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The question remains why the fresh air content of F(1)50A and
F(1)50A-2 decreased with time. Now, it has been reported that the
presence of finely divided materials such as fly ash can be held
responsible for a reduced air content. According to Dolch [35],
there is a twofold explanation for this. First of all, fine fractions
tend to ‘‘bind’’ more of the mix water because of the fact that it
coats their larger surface areas. As a consequence, the water cannot
be part of the air bubble generating and stabilizing process. Sec-
ondly, increased solid surface area may adsorb molecules of the
AEA and render them unusable in the air entrainment process.
The results obtained in this research indicate that these findings
can also hold true for HVFA concrete, especially when the fly ash
is very fine. The fact that fly ash F(1) (45 lm fineness: 13.2% re-
tained) was much finer than fly ash F(2) (45 lm fineness: 26.6% re-
tained), can explain the better performance of the AEA in
combination with fly ash F(2). According to Du and Folliard [34],
the carbon containing portions of fly ash are also thought to be
highly adsorptive. LOI – an indicator for this carbon content,
although sometimes questioned [36] – was quite similar for the
two studied fly ashes (Table 2: 4.8% and 4.4%). Thus, this phenom-
enon probably does not explain the difference in AEA stability be-
tween F(1)50A and F(2)50A.
3.7.2. Relation: AEA addition, achieved air void system and transport
properties

Adding an AEA to improve the concrete’s salt scaling resistance
can increase the water penetrability and gas permeability of the
concrete. When looking at the capillary sorption behaviour, the
use of the AEA did not seem to have an important effect. When
water is forced into the concrete during the vacuum saturation
test, the porosities obtained for the concrete mixtures with an
AEA inside are substantially higher. Mixture F(1)50A with incorpo-
ration of the finer fly ash is the only exception. Similar trends were
observed during the evaluation of the concrete’s gas permeability
at 2 bar pressure, especially after pre-drying at 105 �C. Apparently,
whenever increased (vacuum or external) pressures are applied to
measure the concrete’s transport properties, air entrained concrete
mixtures can be considered as more accessible to water and O2.
4. Conclusions

HVFA concrete with a total binder content of 450 kg/m3 and a
W/B ratio of 0.35 can have an acceptable deicing salt scaling resis-
tance (Dm 6 1 kg/m2) of the cast surface when subjected to the se-
vere accelerated salt scaling test prescribed by the applicable
European standard after both 28 and 91 days of curing. To achieve
this performance, the necessary AEA dosage in presence of the spe-
cific fly ashes used in this research, must be considerably higher
than for OPC concrete (7.0 ml/kg binder versus 2.0 ml/kg binder).
Even then, the salt scaling resistance still tended to decrease a little
bit with time. Colorimetric carbonation measurements prior to the
start of every salt scaling test showed no increase in carbonation
depth between 28 and 91 days. Thus, carbonation cannot explain
more salt scaling after 91 days. Given this tendency of having a lit-
tle more salt scaling at later age, these HVFA compositions should
also be subjected to the accelerated salt scaling tests at much later
ages for further verification. To see whether this phenomenon also
occurs under natural freeze/thaw conditions, additional field test-
ing would also be needed.

An adequate artificially induced air void system is necessary to
minimize salt scaling. Especially when the fly ash is finer, it was
found that it is more difficult to maintain the initially entrained
air content necessary for an adequate air void system in hardened
state. As a consequence, a sole measurement of the air content in
the fresh state after 15 min is insufficient. It is recommended to
measure the air content again after 60 and 120 min to evaluate
its stability with time for the AEA-fly ash combination under
investigation.

It is also advised to design HVFA concrete compositions in
accordance with the higher air content requirements (min. 6–7%)
imposed by ACI 201.2R [6] instead of the 4% and 5% air contents
proposed by NBN EN 206-1 [4] and NBN B 15-001 [5], respectively.
This way, the paste-to-air ratio necessary for an adequate air void
system (18–20%, cf. [29,30]) is also ensured.

The combined implementation of the time dependent monitor-
ing of the air content and the higher air content requirements
would ensure that the amount of air entrained with an AEA in
the presence of fly ash is enough. However, it remains unsure
whether its applicability is achievable in practice.

With respect to the concretes’ transport properties, it was found
that the presence of the artificial air bubbles increases the perme-
able porosity (as measured with water sorption under vacuum) as
well as the apparent gas permeability coefficient significantly. Both
properties were obtained from an accelerated test that involves an
external pressure. The differences were observed both after sample
preconditioning at 40 �C and 105 �C and they are applicable to the
OPC and HVFA concrete mixtures that were investigated in this re-
search. It indicates that AEA additions can affect the durability per-
formance (e.g. resistance to steel corrosion) of these concrete
mixtures in a negative way. During a natural capillary sorption test
on the other hand, no significant differences in the 14 days capil-
lary water uptake could be observed between the non-air en-
trained and the air entrained batches of each concrete mixture.

Finally, it should be noted that increasing the pre-drying tem-
perature to 105 �C tends to change the ranking between the OPC
and HVFA concrete mixtures with respect to their 14 days capillary
water uptake. Pre-drying at 105 �C also tends to amplify the differ-
ence in apparent gas permeability coefficient between the non-air
entrained and the corresponding air entrained concrete mixtures.
Therefore, we recommend pre-drying at 40 �C instead of at 105 �C.
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