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Abstract  
The purpose of this study is to clarify the enhancement in self-compactability of self-compacting concrete with en-
trained air with respect to the size of entrained air bubbles. Air bubbles entrained with a simple mixing method in which 
all the materials were poured at once was not suitable for enhancement in self-compactability. The authors developed a 
new mixing method called water-dividing mixing method, which enabled entrained air bubbles to be suitable for en-
hancement in self-compactability. The water-dividing method with excessive dosage of air entraining agent (AE) en-
trained high proportion of smaller air bubbles. The larger total surface area of bubbles due to high amount of fine en-
trained air reduced internal friction of fresh mortar during deformation, resulted in higher level of self-compactability of 
self-compacting concrete. This usefulness leads to the successful achievement of self-compacting concrete (SCC) with 
lower cement content with the air content of approximately 10%. The authors have named the concrete “air-enhanced 
self-compacting concrete (air-SCC).” 
 

 
1. Necessity for low cement content with 
maintaining level of self-compactability 
and air-Enhancement for lower cement 
content and higher aggregate content 

Self-compacting concrete (SCC) was first developed in 
Japan in 1988 in order to improve durability of concrete 
structures (Okamura et al. 1993). It is usually well-
known treated as high performance concrete that can 
flow into every corners of formwork by its own weight 
without any vibration. However, SCC has not been ex-
tensively used because of its high cost due to high unit 
cement content. 

According to “JSCE Recommendation for Self-
Compacting Concrete” (JSCE 1999), the water to binder 
ratio (W/B) in conventional SCC is recommended to be 
in the range of 28-33% by weight in order to ensure that 
segregation will not occur. Sand to mortar ratio (s/m) is 
also limited approximately at 45% by volume. The self-
compactability of SCC is very sensitive to the unit vol-
ume of coarse aggregate in the mix. Accordingly, the 
volume of coarse aggregate is recommended as ap-

proximately in the range of 30-33%. According to the 
limitation of materials amount used for SCC mentioned 
previously, high amount of cement is necessary to 
achieve SCC with sufficient self-compactability. 

The unit cement content in SCC is approximately 2 
times higher than that of ordinary concrete and aggre-
gate content is lower than that of ordinary concrete, as 
shown in Fig. 1. Moreover, low-heat cement which is 
not so common in the market is necessary for SCC if 
cement is to be used as the only powder material in SCC. 
This results in high unit cost of SCC. SCC has been 
mostly used in structures with a confined zone of rein-
forcing bars, to which vibrating compaction is difficult 
or impossible. 

The authors have proposed an Air-enhanced Self-
Compacting Concrete (air-SCC) based on a concept in 
which self-compactability of SCC can be enhanced by 
entraining air. Specific gravity of air-SCC significantly 
depends on air content, especially for air-SCC includes 
air content of 5 to 20%. Self-compactability seems to 
reduce when the specific gravity reduces due to the re-
duction of its gravity force (self-weight). On the con-
trary, air-SCC with air content of 10% exhibited high 
self-compactability evaluated according to Japanese 
standard. The suitable quality of entrained air which 
enables fine aggregate content in the mortar can be in-
creased resulting in a reduction in cement content lead-
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ing to a reduction in the unit cost of SCC. The concept 
of air-SCC was summarized in Fig. 2. Effective en-
trained air produced by effective mixing method en-
hances flowability by trundling sand particles in mortar 
matrix resulting in flowability enhancement of mortar as 
shown in Fig. 3. 

Air-SCC is expected to be used for ordinary rein-
forced concrete structures requiring normal strength. 
The level of self-compactability at fresh state has to be 
kept as that of the conventional SCC. The target com-
pressive strength of air-SCC is similar to that of ordi-
nary concrete of 30N/mm2. Small air bubbles have been 
normally entrained into concrete for achieving freezing 
and thawing resistance of concrete in the cold environ-
ment.  

 
2. Simple test method for friction in mortar 
during deformation of SCC in fresh state 

For developing air-SCC, the degree of friction obtained 
from standard testing method of mortar was used as an 
index for evaluating flowability of mortar. Glass bead 
with 10mm in diameter was used as model coarse ag-
gregate in order to evaluate shear resistance of mortar 
due to normal stress by the approaching of real coarse 
aggregate during concrete deformation as shown in Fig. 
4. The degree of interaction between model coarse ag-
gregate and mortar was set up as an index for indicating 
the correlation between shear resistance of mortar and 
the normal stress occurred by the approaching of model 
coarse aggregate, which represents self-compactability 
of fresh concrete. 

The degree of friction caused by model aggregate ap-
proaching in mortar is represented as (1-Rmb/Rm) ob-
tained from the tested funnel speeds of mortar (Rm) and 
mortar with model coarse aggregate (Rmb). Rm and Rmb 
are defined in equation (1) and (2), respectively, which 
are obtained from mortar funnel test (Okamura and 
Ozawa 1995), as shown in Fig. 5. Finally, the interac-
tion between model coarse aggregate and mortar (1-
Rmb/Rm) could be used as the preliminary index for 
evaluating the appropriacy of mortar for self-
compacting concrete. 

10
m

m

R
t

=  (1) 

10
mb

mb

R
t

=  (2) 

where, 
tm : funnel time of mortar  
tmb : funnel time of mortar with model coarse aggregate 

The index 1-Rmb/Rm is significantly related to the fill-
ing height of concrete box test, which is a representative 
of self-compactability of fresh concrete, as shown in Fig. 
6 (Okamura and Ouchi 2003). Therefore the index of (1-
Rmb/Rm) is capable to be used to preliminary evaluate 
self-compactability of fresh concrete. 

 
3. Reduction in friction of mortar by air 
entrained with simple mixing method 

The purpose of entraining air in this research was to 
reduce friction in mortar in SCC in fresh state during 
deformation. The effect of entrained air on reduction in 
friction was plainly explained by “Ball-bearing effect” 
in which entrained air bubbles in mortar matrix behave 

 
Fig. 5 Mortar funnel test (Okamura and Ozawa 1995).

Fig. 4 Shear resistance of mortar (τ) in accordance with 
normal stress (σ) (Okamura et al. 1993). 
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Fig. 3 Entrained bubbles enhance flowability of mortar.
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like ball bearing to solid particles by trundling, as 
shown in Fig. 7 (Attachaiyawuth and Ouchi 2014). 

The reduction in the funnel speed of mortar with 
glass beads (ΔRmb) due to entrained air was employed as 
an index for effect of entrained air on the flowabiltity of 
glass beads in mortar. This reduction means the mitiga-
tion in reduction of Rmb by entrained air which was cal-
culated from the difference of Rmb between mortar with 
entrained air and without entrained air. Once entrained 
air was incorporated into the mortar, there were two 
effects affecting Rmb which were water retention and 
ball bearing effect. Water retention reduced Rmb because 
of the loss of free water and ball bearing effect in-
creased Rmb because of flowability enhancement. The 
combination of those two effects caused the different 
value of (ΔRmb). This reduction in Rmb (ΔRmb) repre-
sented flowability of mortar that low reduction in Rmb is 
equivalent to high flowability of glass beads. On the 
other hand, high reduction of Rmb is equivalent to low 
flowability of glass beads as shown Fig. 8. 

Air entraining agent is liquid material, thus it is added 
to mix proportion concurrently with water and super-
plasticizer. Cementitious materials is ordinary portland 
cement. Fine aggregate is crushed limestone sand which 
is produced in Japan. In fact, air bubbles become 
stronger in terms of resistance to collapse due to com-
pression force by aggregate during concrete flow when 
viscosity of mortar increase. Therefore a new type of 
superplasticizer (SP2) which is a superplasticizer 
blended with a viscosity agent was introduced for in-
creasing viscosity of mortar. However, a conventional 
superplasticizer (SP1) was still used for comparison  in 
this series.  Materials in use are listed in Table 1. 

To clearly compare ball bearing effect by entrained 
air, sand to mortar ratio (s/m including air) was kept 
similar for all tested mixtures. The target s/m including 
air was 45% and 49%. In fact, s/m including air could 
not be exactly the same as target amount because air 
content was very sensitive to mix proportion. It could 
not be fixed at a certain number but was slightly differ-
ent from the target amount.  

Figure 9 a) shows the tested funnel speed of mortar 
with glass beads (Rmb) of mortar using conventional 
superplasticizer. It can be seen that Rmb slightly reduced 

due to entrained air in mortar with s/m of approximately 
45%. This reduction was affected by water retention by 
entrained air. Although, ball bearing effect by entrained 
air could increase funnel speed, it’s not sufficient to 
overcome water retention. On the other hand, Rmb 
slightly increased in mortar with s/m of approximately 
49%. In this case, ball bearing effect overcame water 
retention by entrained air resulting in higher funnel 
speed. Figure 9 b) shows the reduction of funnel speed 
of mortar with glass beads due to the presence of en-
trained air (ΔRmb). It was calculated by the different 
value between Rmb of mortar with entrained air and mor-
tar without entrained air. In fact, funnel speed of mortar 
with glass beads (Rmb) significantly reduced due to the 
presence of entrained air because of water retention ef-
fect. This resulted in the reduction of funnel speed of 
mortar. Accordingly, the reduction of Rmb due to en-

Table 1 Materials used in this study. 
Material Details 

Cement Ordinary portland cement (3.15 
g/cm3) 

Fine aggregate Crushed limestone sand (2.68 
g/cm3, F.M. 2.72) 

Model coarse aggregate Glass beads (2.55 g/cm3, uniform 
diameter of 10 mm.) 

SP1 Conventional type of superplasti-
cizer (1.044 g/cm3) 

SP2 New type of superplasticizer (1.044 
g/cm3) 

AE Alkyl ether-based anionic surfac-
tants 
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Fig. 8 Reduction of Rmb of mortar due to entrained air.
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Fig. 7 Ball bearing effect by entrained air (Attachaiy-
awuth and Ouchi 2014).

Fig. 6 Relationship between 1-Rmb/Rm and filling height 
of concrete box test (Okamura and Ouchi 2003).



A. Attachaiyawuth, S. Rath, K Tanaka and M. Ouchi / Journal of Advanced Concrete Technology Vol. 14, 55-69, 2016 58 

 

trained air represents the effectiveness of entrained air 
on flowability of glass beads in mortar. Low reduction 
of Rmb means effective entrained air. There were 2 types 
of mortar which were mortars with s/m including air of 
approximately 45% and 49%. It can be seen in Fig. 9 b) 
that the reduction of Rmb was not high which was ap-
proximately 24% and -6% of mortar with s/m including 
air of approximately 45% and 49%, respectively. This 
means that entrained air was effective for enhancing 
flowability of glass beads. In case of mortar using con-
ventional superplasticizer, it can be said that entrained 
bubbles was effective for increasing flowability of glass 
beads in mortar with low and high s/m. 

The Rmb and ΔRmb regarding s/m including air of mor-
tar using new type of superplasticizer are shown in Figs. 
10 a) and 10 b), respectively. Mortar with s/m of 49% 
exhibited lower funnel speed (Rmb) than that of mortar 
with s/m of 49% due to high amount of solid particles in 
matrix. Rmb slightly reduced due to the presence of en-
trained air in mortar with s/m of approximately 45% 
because of effective ball bearing effect as shown in Fig. 
10 a). On the contrary, it apparently reduced in mortar 
with s/m of approximately 49%. Entrained air was not 
efffective in mortar with high s/m (49%) and water re-
tention reduced funnel speed due to the loss of water 
inside mortar matrix. The reduction of Rmb of mortar 
using new type of superplasticizer is shown in Fig. 10 
b). In case of mortar with s/m including air approxi-
mately 45%, the reduction of Rmb was low which was 
approximately 7%. Entrained air was effective for en-
hancing flowability of glass beads in mortar with low 

s/m. In case of mortar with s/m including air approxi-
mately 49%, the reduction of Rmb was very high which 
was approximately 76%. Therefore, entrained air pro-
duced in mortar with new type of superplasticizer was 
not suitable for enhancing flowbility of mortar with high 
s/m (s/m∼49%) because mortar became high viscous 
due to viscosity agent in superplasticizer and short dis-
tance between sand particles resulting in ineffective 
entrained air. 

The degree of interaction between model coarse ag-
gregate and mortar was calculated by 1-Rmb/Rm as men-
tioned in chapter 2 which indicated internal friction of 
mortar on flowability. High and low values mean high 
friction and low friction, repectively. This index is the 
relative funnel speed of mortar before and after adding 
glass beads (Rm and Rmb). 1-Rmb/Rm of mortar using con-
ventional superplasticizer is shown in Fig. 11 a). It can 
be seen that 1-Rmb/Rm slightly reduced due to entrained 
air in mortar with low s/m (s/m of approximately 45%). 
Negative result on flowability has been found in mortar 
with high s/m (s/m of approximately 49%). 1-Rmb/Rm 
increased from 0.41 to 0.46 due to entrained air because 
air bubbles could not enhance flowability by reducing 
internal friction in mortar. Fig. 11 b)  shows the degree 
of mitigation of interaction between model coarse ag-
gregate and mortar Δ(1-Rmb/Rm) which was the different 
value of 1-Rmb/Rm between mortar with entrained air and 
without entrained air as shown in equation (3).  

(1 / ) (1 / )
(1 / )

mb m mb m mortar with air

mb m mortar without air

R R R R
R R

Δ − = −
− −

 (3) 
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Fig. 10 Results of Rmb of mortar using new type of superplasticizer. 
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Fig. 9 Results of Rmb of mortar using conventional superplasticizer. 
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This index represents the reduction in internal friction 
of mortar by entrained air. In case of s/m of approxi-
mately 45%, the degree of mitigation of (1-Rmb/Rm) was 
observed. The degree of mitigation was approximately 
0.03 which was small for increasing flowability of mor-
tar. In case of s/m of approximately 49%, Δ(1-Rmb/Rm) 
was positive value because of the increase in friction. 
Degree of mitigation was approximately 0.05. This 
means that entrained air was not suitable for enhancing 
flowability in mortar with high fine aggregate content. 

In case of mortar using new type of superplasticizer, 
the degree of interaction (1-Rmb/Rm) and degree of miti-
gation of interaction (Δ(1-Rmb/Rm)) due to entrained air 
are shown in Figs. 12 a) and 12 b), respectively. It can 
be seen that 1-Rmb/Rm significantly reduced from 0.33 to 
0.25 due to entrained air in mortar with low s/m (s/m of 
approximately 45%) because of effective ball bearing 
effect as shown in Fig. 12 a).  Negative result on flow-
ability has been found again in mortar with high s/m 
(s/m of approximately 49%) which was similar to the 
result of mortar using conventional superplasticizer. 1-
Rmb/Rm slightly increased according to the increase in 
internal friction.  It can be concluded that ball bearing 
effect by entrained air could not reduce internal friction 
of mortar with high s/m resulting in worse flowability. 
Fig. 12 b) shows the degree of mitigation of interaction 
(Δ(1-Rmb/Rm)) of mortar with new type of superplasti-
cizer. In case of s/m of approximately 45%, Δ(1-Rmb/Rm) 
was 0.08, which was high. On the other hand, Δ(1-
Rmb/Rm) of mortar with s/m of approximately 49% was 
positive with value of 0.003 which was very small. 

Although entrained air could effectively increase the 

flowability of mortar by reducing internal friction, the 
problem of entrained air itself was air stability. It was 
observed that air content reduced approximately 50% in 
30 minutes after mixing. At the 5th minutes, air content 
was approximately 9-10%, then it became approxi-
mately 7-8% before flowability test at the 20th minutes. 
Finally, air content reduced to approximately 5% at 30th 
minutes as shown in Fig. 13. Air content directly af-
fected flowability and it also affected self-
compactability of fresh concrete. Therefore, stability of 
entrained air has to be taken into account. 

 
4. Enhancement in flowability of mortar 
with an effective mixing procedure 

The authors succeeded to increase flowability of mortar 
by employing entrained air with effective mixing 
method called “Water-dividing mixing method”. This 
mixing method was introduced based on the idea that 
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quality of entrained air depends on condition of mortar 
portion before adding air entraining agent. The im-
provement of stability of entrained air and high quality 
of entrained bubbles on reduction rate of Rmb and miti-
gation of (1-Rmb/Rm) were observed. In addition to the 
new mixing method, some mix proportions needed high 
amount of air entraining agent for producing target air 
content which was approximately 10%, and the differ-
ence in dosage of air entraining agent showed different 
results on flowability of mortar in spite of similar air 
content. Furthermore results of mortar experiment were 
verified with concrete experiment in order to confirm 
applicability for practical use. By using this mixing 
method, flowability and stability of entrained air were 
improved simultaneously. Fig. 14 shows procedure of 
water-dividing method in details, it can be seen that half 
amount of total water with superplasticizer was added 
first and mixed for 60 seconds. At this point, mortar had 
wet condition. Finally, AE with another half amount of 
water was added and mixed for 60 seconds. 

Significant result on reduction of Rmb was observed. 
The reduction of Rmb of mortar using new type of super-
plasticizer is shown in Fig. 15. Air content in mortar is 
in the range of 10-13%. High reduction of Rmb due to the 
presence of entrained air was observed in mortar mixed 
by simple mixing method which was approximately 
60%. Low reduction of Rmb which was approximately 
20% was observed in mortar mixed by water-dividing 
mixing method. 

Although air content was approximately controlled in 
the range of 10-13%, dosages of AE were apparently 
different depended on mixing method. Effective bubbles 
for flowability enhancement could be produced by wa-
ter-dividing mixing method with higher dosages of air 
entraining agent. 

To achieve target air content of approximately 12-
14%, dosage of air entraining agent was varied in ac-
cordance with mixing method. Small dosages of AE was 
sufficient for simple mixing method, whereas higher 
dosage was necessary for water-dividing mixing method 
as shown in Fig. 16. When high dosage of AE of 0.15% 
was added to mortar and mixed by simple mixing 
method, air content in the mortar was approximately 
28% which was very high and it could not be applied 
for self-compacting concrete. Moreover, segregation of 
glass beads occurred due to excessive amount of air.  In 
case of mortar mixed by water-dividing mixing method, 
target air content was achieved by adding dosage of AE 
of 0.05%. Saturated point of air content was observed at 
this point. Air content slightly increased from 12% to 
14% by increasing dosage of AE from 0.05% to 0.20%. 
Although target air content could be achieved by wide 
range of AE dosage (0.05-0.20%), there might be effect 
of each AE dosage on flowability of mortar. Accordingly, 
degree of interaction between model coarse aggregate 
and mortar was examined. 

Figure 17 shows the reduction of Rmb regarding to 
AE dosage and mixing method. Dosage of AE of over 

0.05% was necessary for water-dividing mixing method, 
whereas it was only 0.005% for simple mixing method. 
Entrained air was not effective by simple mixing 
method. However, low reduction of Rmb was observed in 
mortar mixed by water-dividing mixing method with 
dosage of AE of over 0.15%. 

0%

20%

40%

60%

0.005 0.05 0.1 0.15 0.2

R
ed

uc
tio

n 
of

 R
m

b

Simple mixing method
Water-dividing method

Dosage of AE (% weight)  
Fig. 17 Reduction of Rmb due to the increase in AE dos-
age in spite of similar air content. 

0
5

10
15
20
25
30

0.00 0.05 0.10 0.15 0.20

In
iti

al
 a

ir 
co

nt
en

t 
(%

 v
ol

um
e)

Simple method
Water-dividing method

Dosage of air entraining agent (% of cement weight)

Exceeded target 
air content

Target air content

Fig. 16 Excessive dosage of AE was necessary to pro-
duce target air content for water-dividing mixing method.

0%

20%

40%

60%

80%

R
ed

uc
tio

n 
of

 R
m

b Simple method
Water-dividing method

Fig. 15 Low reduction of Rmb due to the presence of en-
trained air with water-dividing mixing method in mortar 
using conventional superplasticizer. 

30 s 60 s 

1/2W+SPC+S

60 s 

1/2W+AE 

 
Fig.14 Water-dividing mixing method. 



A. Attachaiyawuth, S. Rath, K Tanaka and M. Ouchi / Journal of Advanced Concrete Technology Vol. 14, 55-69, 2016 61 

 

The optimum dosage of AE was 0.15% that gave the 
lowest value of the reduction rate of Rmb as 22%. It be-
came 29% by increasing dosage of AE to 0.20%. De-
spite the fact that dosage of AE of 0.05-0.20% could 
produce target air content, different result was appar-
ently observed. The variation in dosage of AE might 
result in different characteristic of entrained bubbles for 
flowability and self-compactability enhancement of 
mortar and concrete. Although the reduction of Rmb was 
slightly over 20% by water-dividing mixing method, 
this values was the best among the other mortar mixes.  

The interaction between model coarse aggregate and 
mortar (1-Rmb/Rm) was effectively reduced by entrained 
air produced by water-dividing mixing method as shown 
in Fig. 18. It almost reached 0.4 which was the desirable 
value for mortar that can be mixed with real coarse ag-
gregate to be SCC. On the other hand, it apparently in-
creased by simple mixing method in spite of slightly 
different air content. The preferable characteristic of 
entrained bubbles for flowability of mortar could be 
produced by water-dividing mixing method. 

 
5. Air-enhanced self-compactability of 
fresh concrete 

The effective mixing method was also verifed with con-
crete experiment. The method to test self-compactability 
of SCC referred to Recommendation for Self-
Compacting Concrete issued by JSCE in 1999.  The 

satisfied self-compacting concrete is concrete with fill-
ing height not less than 300 mm. The result was similar 
to that of mortar experiment that level of self-
compactability of fresh concrete could be increased over 
250 mm for obstacle level of R1 specified by JSCE due 
to entrained air of approximately 10% with water-
dividing mixing method as shown Fig. 19. The filling 
height of concrete could not reach more than 200 mm 
by the simple mixing method in spite of air content of 
approximately 15%. Photos of the self-compactabilty 
test of fresh concrete are shown in Fig. 20. 

Figure 21 shows a comparison on the stability of en-
trained air in concrete between the simple mixing 
method and water-dividing method. It can be seen that 
reduction in air was only observed in concrete with 
simple method. On the contrary, air content slightly in-
creased approximately 1% in concrete with the water-
dividing method. This new type of mixing method could 
enhance self-compactability with entrained air and the 
stability of entrained air simultaneously. 

By making use of an effective mixing method for en-
trained air, the mix proportion of air-SCC with high 
level of self-compactability can be created. The ratio of 
fine aggregate in mortar (s/m) and water to cement ratio 
(W/C) could be increased to 55% and 45%, respectively 
by entraining 10% of entrained air as shown in Fig. 22. 
Specific gravity of conventional SCC and air-SCC were 
approximately 2.39 and 2.16, respectively. This resulted 
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Fig. 20 Self-compactability test of fresh concrete. 
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in a significant reduction in unit cement content in mix 
proportion. Accordingly, a new type of self-compacting 
concrete with lower unit cement content by entraining 
air of 10% of concrete volume called “Air-enhanced 
Self-Compacting Concrete (air-SCC) has been suc-
ceeded. The volume fractions of materials in the ordi-
nary concrete, SCC and air-SCC are shown in Fig. 23. 

The unit mass of each material in conventional SCC 
with air content of 4% and air-SCC with air content of 
10% are shown in Table 2. Conventional SCC needs 
cement content approximately of 600 kg/m3. Cement 
content in air-SCC is approximately 370 kg/m3, which is 
lower than that of the conventional SCC owing to the 
increase in s/m in the mix. 

One of the most important properties of concrete is 
compressive strength. Strength of concrete gradually 
decreased due to the increase in air content because of 
the loss of density itself. Figure 24 shows the reduction 
in compressive strength due to the increase in air con-
tent of air-SCC. The target air content of air-SCC is 
10%. It can be seen that compressive strength is ap-

proximately 40N/mm2 with air content of approximately 
10%. Compressive strength of air-SCC is higher than 
compressive strength of normal concrete which is ap-
proximately 30N/mm2. Accordingly, it can be said that 
air-SCC is capable to be used for general reinforced 
concrete structures with moderate compressive strength. 

 
6. Finer air for higher level of self-
compactability 

This section presents the characteristic of entrained 
bubbles in mortar and concrete specimens at hardened 
state and its effect on fresh properties of mortar and 
concrete. To measure characteristic of entrained bubbles 
in specimens, Linear Traverse Method (LTM) was per-
formed in accordance with ASTM C457-08 (ASTM 
2008) which is one-dimensional analysis, as shown in 
Fig. 25. 

Specimens were prepared according to standard size 
which was 100mm in diameter and 200mm in height for 
mortar specimens and 150mm in diameter and 300mm 
in height for concrete specimens. The depth of speci-
mens prepared for LTM was 50 mm. which was cut 
from cylinder specimens with 100mm and 150mm in 
diameter for mortar and concrete specimens, respec-

Table 2 Mix proportions of conventional SCC and air-SCC. 
Mass of materials (kg/m3) Type of concrete Cement Water Sand Gravel 

Conventional SCC (air ~ 4%) 599 180 810 778 
air-SCC (air ~ 10%) 369 166 929 729 

 

Fig. 25 Linear Traverse Machine. 

0

20

40

60

80

0 5 10 15

C
om

pr
es

si
ve

 s
tre

ng
th

 
(N

/m
m

2 )

Air content (%)

Compressive strength is approximately
40N/mm2 with air content of approximately 10%

*Strength at 28 days

Fig. 24 Compressive strength of air-SCC with different 
air contents. 

0% 20% 40% 60% 80% 100%

Air

Cement

Water

Sand

Gravel

C

C

C

W

W

W

S

S

S

G

G

Ordinary
Concrete G

A

Convenional 
SCC

air-SCC

%Volume

Fig. 23 Volume fraction of materials in concrete. 

0

100

200

300

Fi
lli
ng

 h
ei
gh
t o

f c
on

cr
et
e 
(m

m
)

Conventional SCC
W/C 30%
s/m 45%
Air ∼ 4%
S.G. 2.39

air-SCC with
simple mixing method

W/C 45%
s/m 55%
Air ∼10%
S.G. 2.16

air-SCC with water 
dividing method

W/C 45%
s/m 55%
Air ∼10%
S.G. 2.16

S.G. = Specific gravity

Fig. 22 Mix proportion of air-SCC with high level of self-
compactability. 



A. Attachaiyawuth, S. Rath, K Tanaka and M. Ouchi / Journal of Advanced Concrete Technology Vol. 14, 55-69, 2016 63 

 

tively. In order to measure bubbles diameter on average, 
specimens were cut into 3 pieces representing character-
istic of bubbles in top zone, middle zone and bottom 
zone of specimens. Cutting method of specimens is 
shown in Fig. 26. 

Air bubbles were measured on both sides of each 
piece of specimens. It means that 6 planes were meas-
ured for each specimen. Air content, diameter size of 
bubbles, number of bubbles and specific surface area 
were automatically calculated in accordance with 
ASTM C457 (ASTM 2008) by computer program 
which has been installed and connected to the measur-
ing machine. 

 
6.1 Bubble size distribution in mortar speci-
mens  
Characteristic of entrained bubbles in mortar specimens 
mixed by simple and water-dividing mixing method 
with conventional superplasticizer (SP1) and new-type 
superplasticizer (SP2) were measured. Dosage of AE 
was varied because sufficient dosage for achieving tar-
get air content was different. Target air content in mortar 
was approximately 10%. Details of mortar specimens 
brought to be measured for their characteristic of bub-
bles are listed in Table 3. 

In this study, capillary pore was not considered be-
cause of its very small size (smaller than 5μm). It could 
not be observed by visual observation. Moreover, the 
smallest size which can be detected by this measuring 
method is 10μm. Accordingly, air bubbles counted by 
this machine were entrained air and entrapped air. Di-
ameter size obtained from LTM was average values in 
each group of bubbles size. For example, air content of 
bubbles with diameter in range of 10-50μm will be 
shown as the average diameter size of 25μm. The larg-
est air bubbles were bubbles with 2.5mm in average 
diameter. This size of air bubble was observed only in 
mortar with normal dosage of AE. 

Mixing method and dosage of air entraining agent 
significantly affected the production process of en-
trained air. In spite of similar air content, diameter size 
of air bubbles produced by simple and water-dividing 
method was apparently different. Bubble size distribu-
tions of entrained air in mortar specimens using SP1 and 
SP2 are shown in Fig. 27. 

In case of mortar using SP1, air contents at hardened 
state of mortar mixed by simple and water-dividing 

method were 13.0% and 8.6% respectively. It can be 
seen that water-dividing mixing method produced large 
amount of small bubbles, whereas large bubbles were 
slightly produced. On the other hand, large amount of 
large bubbles were produced by simple mixing method. 
Although air content of specimen mixed by water-
dividing mixing method was 8.6% which was lower 
than that of specimen mixed by simple mixing method 
which was 13%, volume of small air bubbles was close 
to each other. The difference in air volume mainly de-
pended on air volume in zone of large bubbles size. 

In case of mortar using SP2, air content produced by 
simple mixing method and water-dividing mixing 
method were slightly different which were 12% and 
13.4% respectively. Despite the fact that air contents 
were slightly different, bubble size distributions were 
obviously different. Tendency of the distribution was 
similar to that of specimens with conventional super-
plasticizer (SP1) that high volume of small air bubbles 

Table 3 Details of mortar specimens for LTM. 

Mixing method W/C s/m SP AE dosage 
(% of cement) 

SP1 0.006 Simple method SP2 0.006 
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appeared in mortar with water-dividing mixing method. 
And high volume of large air bubbles was observed in 
mortar with simple mixing method. The difference in 
bubbles size distribution of entrained air related to the 
reduction in degree of friction in mortar (1-Rmb/Rm). The 
effective reduction in degree of (1-Rmb/Rm) might be due 
to high amount of small air bubbles that could be seen 
apparently in case of mortar mixed by water-dividing 
mixing method with SP2 and excessive dosage of AE 
(AE 0.15%). 

Large amount of small air bubbles was produced by 
water-dividing mixing method in which air entraining 
agent was added at the last step. Small bubbles could be 
greatly produced in mortar with low friction condition 
by mixing half of water with superplasticizer before 
adding air entraining agent. However, high dosage of air 
entraining agent was necessary to produce target air 
content for new mixing method because of its low in-
side friction especially for mortar using new-type su-
perplasticizer. There might be some part of air bubbles 
destroyed by viscosity agent blended in new-type su-
perplasticizer. 

Furthermore, effect of excessive dosage of air en-
training agent with water-dividing mixing method on 
bubbles size distribution mortar was also studied be-
cause there was significant mitigation in (1-Rmb/Rm) by 
adding various excessive dosage of AE. Figure 28 
shows bubble size distributions of mortars mixed by 
water-dividing mixing method with variation of exces-
sive dosage of air entraining agent. The tendencies of 
size distribution of mortar with excessive dosage of AE 
were almost similar, except mortar with AE dosage of 
0.2%. Although AE dosage was added at 0.2% but vol-
ume of small bubbles was obviously lower than that of 
mixes added with AE dosages of 0.05%, 0.10% and 
0.15%. Moreover, volume of large bubbles was higher 
than that of the other mixes. It was higher than that of 
mortar with AE dosage of 0.15%, although total air con-
tent was lower. This might be the results of adding 
overdosage of air entraining agent to the mix so that the 
applied energy of new mixing method was not sufficient 
for this dosage. It can be said that the optimum dosage 
of air entraining agent was 0.15% of cement weight in 
term of mitigation in (1-Rmb/Rm). 

Air content of mortar with AE dosage of 0.005% was 
only 4.5% which was very low comparing to mortar 
with the dosage of AE of 0.006% with simple mixing 
method. This was also caused by soft condition of mor-
tar before adding air entraining agent. Air content of 
over 10% was difficult to produce in mortar with high 
flowability. Therefore excessive dosage of AE was nec-
essary for achieving target air content which was in 
range of 10-13%. To achieve target air content, AE dos-
age over 0.05% was necessary. Although air content 
increased up to 13.4% by adding AE of 0.15%, it 
dropped to 11.2% by adding AE of 0.20%. In fact, ini-
tial air content of mortar with an added AE dosage of 
0.20% was 14% which was higher than that of the mix 

with an added AE of 0.15% which was 13.6%, however 
air loss during hardening was higher. High amount of air 
loss depended on high amount of large bubbles (larger 
than 0.3 mm)  which is easy to escape in mortar with 
AE dosage of 0.20%. 

The example photos of air bubbles in mortar at hard-
ened state measured by LTM are shown in Fig. 29. It 
can be seen that large bubbles were obviously observed 
in mortar specimens mixed by simple mixing method as 
shown in Figs. 29 a) and b). On the contrary, large bub-
bles were slightly observed in mortar specimens mixed 
by water-dividing mixing method as shown in Figs. 29 
c) and d). 

The mechanism of flowability and self-compactabil-
ity enhancement by entrained air was explained by ball 
bearing effect. The image of the presence of large bub-
bles in mortar is shown in Fig. 30 a). It can be seen that 
there are large gap between air bubbles inside mortar 
matrix. Comparing number of bubbles with the same air 
volume, once diameter of air bubbles become half of 
large bubbles, number of bubbles becomes 8 times ac-
cording to equation (3). Moreover, total surface area of 

            
                       a)                                      b)  

             
                        c)                                      d) 
    a) Simple mixing method with SP1 and AE 0.006%  
    b) Simple mixing method with SP2 and AE 0.006%  
    c) Water-dividing method with SP1 and AE 0.01%  
    d) Water-dividing method with SP2 and AE 0.15%  
Fig. 29 Example photos of air bubbles in mortar speci-
mens. 

0

1

2

3

4

0.
02

5
0.

07
5

0.
12

5
0.

17
5

0.
22

5
0.

27
5

0.
32

5
0.

37
5

0.
42

5
0.

47
5

0.
52

5
0.

57
5

0.
65

0.
75

0.
85

0.
95

1.
12

5
1.

37
5

1.
75 2.
5

A
ir 

co
nt

en
t (

%
)

Diameter size (mm)

Water-div. SP2 AE (0.005%) air 4.5%
Water-div. SP2 AE (0.05%) air 10.3%
Water-div. SP2 AE (0.1%) air 10.9%
Water-div. SP2 AE (0.15%) air 13.4%
Water-div. SP2 AE (0.2%) air 11.2%

Fig. 28 Bubble size distributions of mortar using SP2 
mixed by water-dividing mixing method. 



A. Attachaiyawuth, S. Rath, K Tanaka and M. Ouchi / Journal of Advanced Concrete Technology Vol. 14, 55-69, 2016 65 

 

bubbles will be higher which is one of the important 
factors on flowability and self-compactability enhance-
ment. The image of distribution of small air bubbles in 
mortar is shown in Fig. 30 b). High amount of bubbles 
appeared among sand particles and model coarse aggre-
gate. Furthermore touching points between air bubbles 
and solid particles were high due to large amount of 
bubbles which resulted in effective enhancement of 
flowability of mortar. 

34
3sphereV rπ=  (3) 

where Vsphere: Volume of air bubbles  and r: Radius of 
bubbles. 

Additionally, the behavior of small and large air bub-
bles during deformation was assumed that they behaved 
differently due to the difference of characteristic of bub-
bles itself. By assuming that thickness of surface of 
large and small bubbles was similar, thus the aspect ra-
tio (thickness/diameter) of small bubbles was higher 
than that of large bubbles. It meant that small bubbles 
were more capable to resist or absorb the compression 
forces due to the approaching of model coarse aggregate 
during deformation. Figure 31 shows the behavior of 
small and large bubble when it was compressed by 
coarse aggregate. Shape of large bubbles considerably 
changed attributed to compression forces because of 
low aspect ratio. Therefore, bubbles tried to move away 
from the original position resulting in the collision of 
aggregate and produced friction in mortar matrix. Con-
versely, small bubbles with high aspect ratio effectively 
resisted these compression forces during deformation. It 
slightly deformed due to the approaching of coarse ag-
gregate, thus bubbles with high aspect ratio could resist 
compression forces and also interacted with aggregate 
by introducing rebounding force. This behavior was a 
part of ball bearing effect which enhanced flowability 
and self-compactability of fresh concrete.  
6.2 Bubbles size distribution in concrete 
specimens  
Bubble size distribution of entrained air in concrete 
specimens also depended on mixing method and dosage 
of AE added to the mixes. Figure 32 shows bubble size 
distribution by simple and water-dividing mixing 
method. In case of concrete with AE dosage of 0.005%, 
it can be seen that volume of small air bubbles of con-
crete mixed by simple mixing method was slightly 
higher than that of concrete mixed by water-dividing 
mixing method in spite of lower total air content. This 
resulted in higher filling height of box test. Filling 
height of concrete mixed by simple and water-dividing 
mixing method was 140 mm and 108 mm respectively. 
Despite the fact that air content of concrete mixed by 
water-dividing mixing method was higher which was 
5.4% but volume of effective bubbles on self-
compactability enhancement was slightly lower. There-
fore filling height of concrete mixed by simple mixing 

method was higher than that of concrete mixed by wa-
ter-dividing mixing method. However filling height 
could not reach 250 mm and air content was lower than 
10% which was the target air content, thus excessive 
dosage of AE was added and mixed by both mixing 
methods.  

In case of concrete with AE dosage of 0.15%, bubble 
size distribution was similar to that of mortar specimens 
in such a way that large bubbles were slightly produced. 
Air volume in zone of small bubbles of specimen mixed 
by water-dividing mixing method was higher than that 
of specimen mixed by simple mixing method, resulted 
in higher values of filling height of concrete box test 
which were 250 mm and 185 mm. It can be said that 
self-compactability of fresh concrete could be improved 
by water-dividing mixing method with excessive dosage 
of AE. Eventually, the desirable filling height of SCC 
was achieved by this combination. 

The comparison of bubble size distributions of 
specimens mixed by water-dividing mixing method with 
various dosages of AE is shown in Fig. 33. Dosages of 
air entraining agent were varied at 0.005%, 0.05%, 
0.10% and 0.15%. Bubble size distribution tended to be 
similar. Volume of bubbles with diameter size larger 
than 0.5mm was rarely observed, except specimen with 
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AE dosage of 0.005%. High amount of large bubbles 
was found by adding normal dosage of AE. Although air 
content of concrete with AE dosage of 0.005% was the 
lowest, volume of large bubbles was the highest among 
this group of specimens. In concrete with excessive 
dosage of AE (AE dosage over 0.05%), volume of all 
size of bubbles tended to be levelly increased due to the 
increase in air content. At this point, self-compacting 
concrete with air content of approximately 11% and 
sufficient self-compactability which was over 250mm. 
was achieved. This type of concrete is named as Air-
enhanced self-compacting concrete (air-SCC). 

 
6.3 Total surface area of entrained bubbles in 
mortar specimens  
According to the different diameter size of entrained 
bubbles due to different mixing method considering 
similar amount of air content, total surface area of bub-
bles was calculated because total surface area was obvi-
ously varied due to the change of diameter size. It was 
clear that small bubbles were suitable for flowability 
improvement, thus total surface area was the main fac-
tor on flowability and self-compactability. In this sec-
tion, total surface area was calculated and clarified its 
relationship with flowability of mortar and level of self-
compactability of concrete. 

Figure 34 shows the total surface area of entrained 
bubbles which was separately considered in each size. 
These values were calculated from entrained air volume 
obtained from LTM. It can be seen apparently that the 
effective bubbles that contribute to total surface area 
were small bubbles especially bubbles with diameter 
smaller than 0.3mm. The highest total surface area was 
approximately 415mm2/100mm3 by water-dividing 
method with AE dosage of 0.15%, whereas, it was ap-
proximately 263mm2/100mm3 by simple mixing method 
with AE dosage of 0.006%.  

Although total surface area of bubbles in mortar with 
water-dividing method and SP2 was higher than that of 
mortar with simple mixing method, air content was 
8.1% which was lower than 11.5% in mortar with sim-
ple mixing method. Proportion of surface of bubbles 
with diameter smaller than 0.3mm was approximately 
75% in mortar with simple mixing method and 90% in 
mortar with water-dividing method as shown in Fig. 35. 

In spite of similar air content in mortar, total surface 
area of entrained bubbles was different due to the char-
acteristic of bubbles itself. Figure 36 shows relationship 
between air volume and total surface area of bubbles in 
mortar with different mixing methods. In mortar mixed 
by water-dividing method, total surface area of bubbles 
gradually increased due to the increase in air volume. 
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Fig. 36 High total surface area of bubbles due to water-
dividing method. 
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This relationship was almost linear because the propor-
tion of each size of bubbles was almost similar. Total 
surface area of bubbles in mortar mixed by simple mix-
ing method was apparently different from that in mortar 
mixed by water-dividing method. It can be seen that 
total surface area was approximately 263mm2/100mm3 
with air volume of approximately 11.5mm3/100mm3 in 
mortar mixed by simple mixing method whereas it was 
approximately 343mm2/100mm3 with air volume of 
approximately 10.6mm3/100mm3in mortar mixed by 
water-dividing method. 

Despite the fact that air volume in mortar mixed by 
water-dividing method was lower, total surface area was 
higher because of high volume of small bubbles which 
was main influence on total surface area. Accordingly, 
total surface area of bubbles was considered as the main 
parameter affecting the degree of interaction between 
model coarse aggregate and mortar (1-Rmb/Rm). 

The amount of small entrained bubble was an influ-
ence factor on the reduction in funnel speed of mortar 
with glass beads (Rmb) due to the presence of entrained 
air which significantly related to total surface area of 
bubbles. Figure 37 shows relationship between total 
surface area of bubbles and the reduction of Rmb due to 
the presence of entrained air. It can be seen that the 
reduction of Rmb gradually reduced due to the increase 
in total surface area of bubbles. It was lowest at ap-
proximately 23% in mortar with total surface area of 
bubbles approximately 415mm2/100mm3. This means 
that the funnel speed of mortar with glass beads (Rmb) 
slightly reduced due to the increase in number of touch-
ing point between air bubbles and glass beads resulting 
in preferable movement of glass beads in mortar. On the 
contrary, it was highest at approximately 40% according 
to total surface area of bubbles approximately 
260mm2/100mm3. In this case, the reduction of Rmb was 
high which meant that the movement of glass beads was 
not apparently enhanced by small number of touching 
point between air bubbles and glass beads. 

Figure 38 shows the degree of (1-Rmb/Rm) regarding 
to total surface area of entrained bubbles. (1-Rmb/Rm) 
gradually reduced according to the increase in total sur-
face area. (1-Rmb/Rm) almost reached the desirable value 
of self-compacting mortar which was 0.4 with total sur-
face of approximately 418 mm2/100mm3. To achieve 
high total surface area of bubbles, water-dividing 
method with excessive dosage of AE was necessary. The 
optimum AE dosage was 0.15%, however, total surface 
area reduced to approximately 293 mm2/100mm3 by 
adding AE dosage of 0.20%. Total surface area could 
not be made over 300 mm2/100mm3 by simple method. 
It was approximately 263 mm2/100mm3 with air content 
of 11.5 mm3/100mm3 in this study. 

It can be seen that the relationship between total sur-
face area of bubbles and (1-Rmb/Rm) seem to have linear 
relation. However, point of mortar with AE dosage of 
0.2% was out of the trend. It might be due to the error in 
measuring procedure. Accordingly, air content at hard-

ened state was measured by weight and compared with 
air content measured by LTM. Fig. 39 shows the error 
of measuring air content by LTM. The difference of air 
content measured by weight and LTM of mortar with 
AE dosage of 0.00%, 0.05%, 0.10% and 0.015% were 
small which were lower than 1.0%. Air content of mor-
tar with AE dosage of 0.20% measured by LTM appar-
ently differed from that by weight by approximately 
2.5%. Undetectable bubbles might exist in this case. 
This error resulted in low total surface area of mortar 
with AE dosage of 0.20% that made data out of linear 
relation in Figs. 40 and 41. 
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measured by weight and LTM with AE dosage of 0.2%.
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Fig. 37 Reduction of Rmb with the increase of total sur-
face area of bubbles. 
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6.4 Total surface area of entrained bubbles in 
concrete specimens 
Total surface area of entrained bubbles in concrete de-
pended on mixing method as well and was similar to the 
results of mortar. Figure 40 shows the total surface area 
in each size of bubbles. Total surface area of bubbles in 
concrete with normal AE dosage (0.005%) was small 
because of low air contents, which were 4.8% and 5.4% 
by simple and water-dividing mixing method, respec-
tively, and high volume of large bubbles. By using ex-
cessive dosage of AE with simple mixing method, air 
content was 9.9% with total surface area of 312.8 
mm2/100mm3. Total surface area gradually increased 
from 298.4 to 374.0 mm2/100mm3 due to the increase in 
air content from 7.9 to 10.9% by increasing AE dosage 
from 0.05 to 0.15% in concrete with water-dividing 
mixing method. 

Volume of small bubbles significantly influenced the 
total surface area especially diameter smaller than 
0.3mm as shown in Fig. 41. The proportion of surface 
of bubbles with diameter smaller than 0.3mm was ap-
proximately 70-80% by using normal AE dosage. It was 
approximately 85-90% in concrete with excessive dos-
age of AE mixed by both mixing methods. 

With similar air volume of approximately 10%, high 
total surface area could be produced by water-dividing 
mixing method comparing to total surface area in con-

crete with simple mixing method as shown in Fig. 42. 
Consider similar air volume at approximately 10%, total 
surface area in concrete with water-dividing mixing 
method was 374 mm2/100mm3, and it was 312.8 
mm2/100mm3 in concrete with simple mixing method. 
This resulted in higher level of self-compactability by 
water-dividing mixing method. 

Total surface area significantly related to self-
compactability of fresh concrete as shown in Fig. 43. 
Filling height of concrete gradually increased due to the 
increase in total surface area of bubbles. Level of self-
compactability with filling height of 250mm was 
achieved in concrete with total surface area of approxi-
mately 374 mm2/100mm3 which could be produced by 
water-dividing mixing method with excessive dosage of 
AE. 

 
7. Conclusions 

Based on experimental results and analysis, conclusions 
can be written as follows: 
(1) A simple mixing method in which all the materials 

were poured at once could not entrain suitable 
bubbles for enhancement in self-compactability of 
SCC. 

(2) A New mixing method called “water-dividing 
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method” with excessive dosage of air entraining 
agent (AE) entrained high amount of small air 
bubbles which was suitable for reduction in friction 
in mortar during deformation. 

(3) The larger total surface area of entrained air bub-
bles due to high amount of small air bubbles re-
sulted in the higher level of reduction in friction of 
fresh mortar due to the existence of model coarse 
aggregate, resulting in higher level of self-
compactability of fresh concrete. 

(4) The authors succeeded in developing self-
compacting concrete (SCC) with lower cement 
content with the air content of approximately 10%. 
This concrete was named as “air-enhanced self-
compacting concrete (air-SCC). 

 
Acknowledgement 
All experiments in this research were instructed by Mr. 
Hideo Miyazi, technical instructor at department of in-
frastructure system engineering, Kochi University of 
Technology. Moreover, LTM measurement was per-
formed at BASF Japan. 

 
References 
ASTM C457-08, (2008). “Standard test method for 

microscopical determination of parameters of the air-
void system in hardened concrete.” American Society 

for Testing and Materials, USA.  
Attachaiyawuth, A. and Ouchi, M., (2013). “Factors 

influence the mitigation of the interaction between 
coarse aggregate and mortar in self-compacting 
concrete.” Internet Journal of Society for Social 
Management Systems, 3. SMS13-1175  

Attachaiyawuth, A., and Ouchi, M., (2014). “Effect of 
entrained air on mitigation of reduction in interaction 
between coarse aggregate and mortar during 
deformation of self-compacting concrete at fresh 
state.” Proceeding of the Japan Concrete Institute, 
JCI , 36(1), 1444-1449. 

Attachaiyawuth, A., Tanaka, K., Rath, S. and Ouchi., M., 
(2015). “Air-enhanced self-compactability of fresh 
concrete with effective mixing method.” Proceeding 
of the Japan Concrete Institute, JCI , 37, 1069-1074. 

JSCE, (1998). “Recommendation for Self-Compacting 
Concrete.” Japan Society of Civil Engineers, Japan.  

Okamura, H., Maekawa, K. and Ozawa, K., (1993). 
“High Performance Concrete.” Gihodo Publishing. 
(in Japanese) 

Okamura, H. and Ozawa, K., (1995). “Mix-design of 
self-compacting concrete.” Concrete Library of JSCE, 
25, 107-120.  

Okamura, H. and Ouchi, M., (2003). “Self-compacting 
concrete.” Journal of Advanced Concrete Technology, 
1(1), 5-15. 

 
 




