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Abstract. The flexural strength and frost resistance properties of air entrained concrete were tested
in this study. Although the flexural strength of concrete does not change largely with increasing of
air content, it still has a maximum value with air content of 4%. The test results show that the frost
resistance increases with increasing of air content which makes the space parameter decreasing in
the harden concrete. In air entrained concrete, the total air content is not the only factor that affect
the final properties of the concrete, the air void structure parameters, including void size, shape, and
distribution, are key factors as well. It was found that the air void structure and the frost resistance
properties were influenced by the vibration time largely. The optimized vibration time is 30s.

Introduction

Since the air entrainment has been discovered in 1930s [1, 2], it has been regarded as an essential
part for the freeze-thaw durability of concrete. Entrained air not just improves freeze-thaw
durability, but also improves the workability of concrete, reduces segregation and bleeding in
freshly mixed and placed concrete, and increases pump-ability of fresh concrete [3-5]. Therefore, it
leads to the reduction of water to cement ratio, which results in more impermeable concrete and a
better overall resistance to aggressive agents.

The common chemical used is vinsol resin based materials [6]. In recent years, some other air
entraining admixtures, such as protein additives [7], used engine oil [§], were introduced as well.

Although the air entrained concrete has been widely accepted in hydraulic or port constructions,
it was not applied on the roads and bridges in China until recent years. Especially in the cold area,
the frost resistance property is quite important to the durability of the concrete. Since air entraining
agents can improve the freeze-thaw properties largely [9], it was considered being used in roads and
bridges in recent years.

Air entrainment has not come into practice widely even today due to concrete producers
difficulties with air content in concrete, and the factors affecting air entrainment, such as,
temperature, cement chemistry, and supplementary cementing materials, all quite important to the
final properties of the concrete. A fundamental shortcoming of air entrainment today is that only
total air content is typically specified. In fact, the air-void size and distribution are also quite
important to the final properties of concrete, and they were affected by those factors mentioned
above. In this study, the air void structure factors were discussed in detail.
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Experimentals

The air entraining agents used in this study were DH-9 and SJ-2 (trademark), and their main
chemical components were resin soap and triterpenoid saponin [4], respectively. Table 1 gives the
mixture proportion of the concrete. Freeze-thaw test use the fast freeze-thaw test method.

Tablel. Mixture proportion of concrete

Fly Air
Water Cement Fly Ash Sand  Aggregate UNF-5 SJ-2 Slump

No. Ash  W/B 3 ; 3 3 3 content
(kg/m”) (kg/m’) (kg/m’) (kg/m’) (kg/m’) (%) (0.01%) (mm)
(%) (%)
C40-1 15 0.44 188 363 83 627 1155 * * * *
c40-1 15 0.44 171 331 76 644 1184 * * * *
C45-1 15 0.42 150 303 70 634 1263 * * * *
C60-1 15 0.31 157 432 99 614 1141 * * * *

Note: The symbol, *, demonstrates that the content of SJ-2 or DH-9 is changing along with the
requirements of design, and that the content of water-reducing agent is determined when the slump
of fresh concrete reaches at 90mm~110mm. In addition, air content respectively arrives at 1%~8%
with using the SJ-2, and I and II represent respectively Grade I and Grade II Fly Ash.

Results and Discussion

Flexural Strength. The flexural strength of C40 concrete as a function of air content, with 15%
of grade I and grade II fly ash, is shown in Fig.1, as can be seen in this figure, the flexural strength
does not change largely with increasing of air content when it is lower than about 7%. Although the
change is not very obvious, it still can be found that the flexural strength reaches the highest value
when the air content is about 3% - 4%.
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Fig.1 Flexural strength of C40 concrete as a function of air content

This phenomenon is resulted from the air voids distribution in the fresh concrete. In general, the
mechanical properties of the porous materials can be predicted by the following equation [10]:

o = o, exp(—ab) (1
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As expressed in this equation, the mechanical properties of the porous materials should be
decreased with increasing of air content. However, this is not observed in air entrained concrete
when the air content is lower than about 7%. In the air entrained concrete, a small quantity of air
bubbles will lead to more homogeneous distribution of aggregates and decrease bleeding and
segregation in concrete, and some air bubbles occupied water position in the interfaces, which
results in the increasing of the flexural strength. On the other hand, under the condition of the
flexural load, cracking in interior concrete is gradual growth process. When growth of cracking is
coming across an air void, its energy will be weakened slightly. Therefore, air entraining process
makes the specific surface increasing greatly, which increases the susceptibility to resist cracking.
However, the compressive strength plays an important role in flexural strength; the more air content,
the more compressive strength is declining, so that the flexural strength takes on a downward
tendency.

Frost Resistance. The freezing and thawing cycles as a function of relative dynamic elastic
modulus with different air content of C45 and C60 concrete are shown in Fig. 2. As demonstrated in
this figure, the C45 concrete specimen without air entrainment fractured at the 100 freeze-thaw
cycles, relative dynamic elastic modulus was 90%. But in the test, the C45 concrete specimen
fracture at 100 freeze-thaw cycles, and the C60 concrete specimen did not fracture until 300
freeze-thaw cycles. After the air was entrained into the concrete, the freeze-thaw property improved
largely. The C45 concrete with air entrainment did not fracture after 300 freeze-thaw cycles. The
C60 concrete with air content of 4.1% did not fracture until cycled 1,000 times. For the specimen
with air content of 6.5%, the relative dynamic elastic modulus was 96% after 1,086 freeze-thaw
cycles.

&\0/ 100 < » i Q\i 100
w2 C > [22]
2 5 5 E
= ¢ E% =
g %‘ -8 N
= 90r 8 =
Q Air Content 8 60
Z ——12% ks
m 80l —e3.3% i f Air Content
- ——42% E 1 —=—1.3%
< 0 = ——4.1%
g, e =) —a 6.5%
&1 5% ] s T =7
2 ——T7.0% S
= —_— 0 L L L L L
= 6 - - A - - s © 0 200 400 600 800 1000 1200
R~ 50 100 150 200 250 300 Freeze-thaw Cycle (Times)
Freeze-thaw Cycle (Times)
a) C45 concrete b) C60 concrete

Fig.2. Relative dynamic elastic modulus as a function of freeze - thaw cycle times

Table 2 lists the durability parameters of C45 concrete. As shown in this table, although the
compressive strength decreases with increasing of air content, the frost resistance property
improved largely. Generally, the durability parameters increase with increasing of air content, and
decreasing of bubble space parameter. The bubble space parameter (spacing factor) decreased from
0.279mm to 0.197mm with the air content increase from 3.58% to 6.74%, and the durability factor
increased from 92.2% to 98.7%. The durability factor can obtain values over 90% since the air
content is higher than 3.3%. While the air content is considerable, the concrete has the ability to
sustain somewhat the expansion bringing by freezing water in the concrete.
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Table2. Durability parameters of C45 concrete

air content(%) 1.2 33 4.2 5.1 5.7 7.0

air content after cured(%) 1.74 3.58 4.12 4.74 5.4 6.74
air bubble space parameter (mm) 0.567 0.279 0.253 0.234 0.199 0.197
durability parameter(%) 30.2 92.2 95.2 96.6 98.1 99.8

28d compressive strength (MPa) 48.8 44.1 42.7 404  38.1 36.5

Vibration Time. In the air entrained concrete, the air void structure is another important factor
that affects the final properties of the concrete. The pore structure parameters are pore size, shape,
and distribution. The final properties of the air entrained concrete were different even with same air
content but different air void structures. In porous materials, the pore structure can be affected by
the temperature, humidity, chemical compositions or some other factors. In this study, different
vibration time was used to change the pore structure factors.

Figure 3 shows the relative dynamic elastic modulus and mass loss as a function of freeze-thaw
cycle times with different vibration time (vibration frequency 2850Hz/min). This section selects the
C45-1 as the primary object shown in Tablel, and uses the SJ-2 air-entraining agent to control the
6% of air content in the fresh concrete.
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Fig .3 Relative dynamic elastic modulus and mass loss as a function of freeze-thaw cycle times
with different vibration time

As can be seen in this figure, with same air content, the relative dynamic elastic modulus and
mass loss increase with increasing of vibration time. This resulted from the different air void
structures in concrete. The relative dynamic elastic modulus increases and mass loss decreases
when the vibration time increases from 15s to 30s. But the relative dynamic elastic modulus
decreases and mass loss increases sharply if the vibration time exceeds 60s.

During the vibration process, air voids keep changing in the concrete. In the beginning of the
vibration process, the air bubbles start to distribute homogeneously, and this leads to the increasing
properties of concrete after cure, however, with increasing of vibration time, some small air voids
will merge and form bigger voids, and some bigger voids will break and form new smaller voids,
which leads to segregation and breaks the homogeneous state of the concrete.

Table3 gives the air voids characterization parameters after curing 28 days. As shown in this table,
the air voids structure was largely different at the top and the bottom of the specimen with different
vibration time. As for the pore structure of upper section in the concrete, the optimal vibration time
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in the upper concrete is 30 seconds, less than 60 seconds. However, as shown in the specific surface,
the average radium, spacing factor and pore size distribution, the optimal vibration time in the
bottom concrete is 60 seconds beyond the upper section. In sum, the optimal vibration time in the
concrete is 30 seconds, less than 60 seconds.

Table3. Air voids characterization parameters after curing 28 days

vibration test specific average | bubble air bubble di(a nrqneteo/r )d istribution
time position azrea s diameter | space 100~ 200 N“ > ; 00~

(s) (mm“/mm”)| (mm) (mm) 200 500 1000 >1000

{5 top 29.0 0.104 0.121 86.1 11.3 1.7 0.9
bottom 323 0.0930 0.143 88.5 8.5 23 0.7

30 top 32.0 0.0936 0.103 84.4 13.3 2.2 0
bottom 39.6 0.0758 0.126 93.2 5.5 0.5 0.8

60 top 35.1 0.0855 0.127 92.0 6.1 0.9 0.9
bottom 46.0 0.0653 0.103 933 52 0.5 0.7

%0 top 31.7 0.0945 0.142 93.6 4.8 0 1.6
bottom 39.6 0.0758 0.125 94.0 4.1 1.6 0.6

The parameter differences between the top and the bottom increase with increasing of vibration
time. During the vibration process, the bigger bubbles tend to move upwards, displacing small
bubbles, thus, the specific area difference changed obviously, and spacing factor increases from top
to bottom. Since the bigger air bubbles move upward to the surface of the concrete, they will finally
diminish with increasing vibration time, thus, the observed decrease in average air bubble diameter
is reasonable. Vibrating is equivalently doing work on concrete, in other words, energy is added to it.
In this case, some new air voids formed by this energy is coming out in fresh concrete,
simultaneously, many old air void is occurring in the process of mergence and growth, and then
they are collapsing or escaping from the concrete.

Conclusions

1. The flexural strength does not show obvious variation with increasing of air content, however, it
still can be seen that the maximum value was obtained with air content of about 4%.

2. The entrained air improved largely the freeze-thaw property .C45 concrete specimen without air
entrainment fractured at the 150 freeze-thaw cycles, but the C45 concrete with air of 3.3% did not
fracture after 300 freeze-thaw cycles.

3. The C60 concrete with air content of 4.1% did not fracture until cycled 1,000 times. For the
specimen with air content of 6.5%, the relative dynamic elastic modulus was 96% after 1,086
freeze-thaw cycles.

4. In air entrained concrete, the total air content is not the only factor that affects the final properties
of concrete. The air void size, shape, and distribution are key factors as well. Different air void
structures were realized at different durations of vibration. It was found the optimized vibration
time was 30s.
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