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THE  INFLUENCE  OF  MORTAR  AIR  CONTENT  AND  FLUIDITY  ON  SURFACE  VOID

 CHARACTERISTICS  IN  SELF-COMPACTING  CONCRETE

(Translation from Proceedings of JSCE,No.711 /V-56,August 2002)

                              Kazuo ICHIMIYA                  Takashi IDEMITSU              Takehiro YAMASAKI

With the aim of reducing surface voids in powder-type self-compacting concrete, this paper presents a discus-
sion of the effects of air content and fluidity, as well as the various types of form-release agent.   Two combina-
tions of superplasiticizer(SP) and air-adjusting agent are used in this research.   One is a naphthalene-based SP
with an added air-entraining agent, and the other is a polycarboxylic acid SP with an added defoaming agent.
The settling behavior of coarse aggregate and the rising of air voids are explained in terms of the equilibrium
among the forces of buoyancy, gravity, and fluid resistance.   Coarse aggregate particles and internal voids are
assumed to be spherical solid bodies.   The fluid resistance of mortar is expressed in terms of rheological
constants (yield value and plastic viscosity).   Using this equilibrium-based approach, and taking account of
adhesion to the form, it is shown that the separation of surface voids from the form can be explained.
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1.   INTRODUCTION

The use of self-compacting concrete eliminates much of the noise and vibration caused by concrete placing,
while also achieving labor-saving in construction work.   The concrete can be easily placed anywhere within
form containing complex reinforcement arrangements without the need for compaction[1][2].   However, air
entrapped in the concrete during mixing and placing appears in the form of voids at the surface as a result of the
concrete’s high viscosity.   These ”surface voids” cause certain problems, such as reduced commercial value
resulting from the degraded appearance.   Further, in a freeze-thaw environment, surface voids contribute to
deterioration and durability is reduced[3].

Surface void generation is affected by (a) the concrete itself, (b) the chemical admixtures used, (c) the form-
release agent, and (d) the placing method.   Each involves several possible factors, such as (a) the materials
used, the mix proportion, and the physical properties of the concrete (slump flow and air content), (b) the
surface tension of the chemical admixture, the form-release agent, the amount of defoaming agent used, (c) the
type of form-release agent and surface-active agent, and (d) the form shape and material, the height and rate of
placement, and the use of low-frequency vibration for compaction[4].

In this research, concrete air content and fluidity are chosen from among these factors for a focused study of the
relation between them and the generation of surface voids.   The relationship between air content and surface
voids is examined by measuring the size and quantity of surface voids, which are influenced by the type and air
entraining action of superplasticizer (SP).

Slump flow, a measure of concrete fluidity, heavily influences the generation of surface voids; the greater the
slump flow, the lower the density of surface voids becomes[5][6][7].   However, the migration characteristics
of voids in concrete cannot be explained theoretically because slump flow depends on other technical param-
eters.   Therefore, in this work, concrete fluidity is expressed in terms of the rheological constants yield value
(τ

y
) and plastic viscosity (η

p
)[8].

Before attempting to explain the migration of surface voids, the migration characteristics of coarse aggregate
particles and internal voids are explained in terms of the equilibrium of forces acting on each particle.   These
forces include gravity, buoyancy, and fluid resistance all rheological constants of the mortar.   Next, in order to
explain the theoretical relationship between mortar fluidity and the maximum surface void diameter, the migra-
tion of surface voids is explained in terms of the equilibrium among gravity, buoyancy, fluid resistance, and
adhesion to the form.

Concrete surface tension is expressed throughout in terms of the surface tension of the paste, because aggregate
is known to not have an influence.   Moreover, in the theoretical consideration, the inclination of the form was
assumed to be zero degrees (upper surface of form horizontally set up), while experiments were carried out
with a form inclined at 90 degrees (form vertically set up).   In past research, the authors have found that the size
and quantity of surface voids generated is almost the same for inclination angles from 0 to 110 degrees[9].

2.   BASIC THEORY

(1)  Influence of type and air-entraining action of SP on surface void characteristics

When a polycarboxylic acid SP is used, a defoaming agent is also added to the mix to compensate for the
increased air content, because the SP has an air-entraining ability[10].   However, the defoaming mechanism is
unclear, and there is no standard method of evaluating the performance of defoaming agents.   In general, the
defoaming agent does not influence the overall characteristics of the concrete (fluidity, strength, and deforma-
tion), because it is a trace component (0.0001-0.1% of the cement mass).   However, there has until now been
no investigation of the influence of defoaming agents on surface voids[11].

Moreover, naphthalene-based SP, which have no air-entraining ability, are also used in concrete production.
These are advantageous because air voids expand with the heat of steam curing, yet lower air content is desired
in concrete production.   However, if the air content is increased to 3-6% using an air-entraining admixture,
resistance to freeze-thaw action must be improved.
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Thus, the surface void characteristics will be influenced by
the type of SP, the type of air-entraining admixture, and
their combination.

(2)  Influence of paste surface tension on diameter of inter-
nal and surface voids

The internal forces acting on a void in self-compacting con-
crete are illustrated in Figure 1.   The differential pressure
between outside and inside of an internal void (internal pres-
sure difference), the paste surface tension, and the diam-
eter of internal voids are expressed by the symbols ∆p, γL,
and dv respectively.    Here, dv can be calculated using Ex-

pression (1), which is a transformation of the balance
between the resultant of internal pressure differential
{(πdv

2/4)∆p} and the resultant of surface tension acting on
the circumference at the cutting plane, πdvγL, as shown in
Figure 1[12].

where;
∆p: internal pressure differential of internal void (Pa)
γL: surface tension of paste (N/mm)
dv: diameter of internal void (mm)

On the other hand, the diameter of a surface void (dsv) is
calculated using Expression (2), which is a transformation
of the balance between the resultant of internal pressure
differential and surface tension.   That is, a surface void
adheres to the form as a result of its surface tension with
contact angle (θc).   In other word, the lower the value of γL,
the smaller dsv becomes.

Table 1 gives values of dsv calculated using Expression (2)

using the following data substitutions: θc=90 degrees, γL=73,
55, and 35 N/mm (values approximately equal to the sur-
face tension of distilled water, the polycarboxylic acid SP,
and the air-entraining agent, respectively).   This table also
shows that γL decreases when the SP and air-entraining agent
(AE agent) are used.   Eventually, dsv also becomes smaller.
Moreover, the decreasing length of the larger surface di-
ameter of void which influence on appearance is longer than
the smaller surface void.

(3)  General conditions governing the movement of coarse
aggregate and internal voids in self-compacting concrete

The settling of coarse aggregate particles in self-compact-
ing concrete is explained in terms of the rheological con-
stants: yield value(τy) and plastic viscosity (ηp).   Certain
assumptions are also made: coarse aggregate particles are
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assumed to be spherical solid bodies, the mortar in self-compacting concrete is taken to be a Bingham fluid, and
bleeding is assumed to not occur.   The forces acting on coarse aggregate particles are shown in the left-hand
chart in Figure 3.

The forces acting on coarse aggregate particles are gravity (FG), buoyancy (FB), and fluid resistance (FR).   These
forces are calculated by using Expressions (3)-(6).

where; FG: gravity (N), FB: buoyancy (N), FR: fluid resistance (N), dg: diameter of coarse aggregate (mm)
ρm: density of mortar (g/mm3), ρg: density of coarse aggregate (g/mm3), vg: settling velocity of coarse aggregate
(mm/s), ηp: plastic viscosity of mortar (Pas), τy: yield value of mortar (Pa)

Expression (5) is Ansley’s expression, and it explains the fluid resistance when a sphere of diameter dg moves
in an incompressible Bingham fluid at velocity vg.   The numerical value of Expression (5) is a function of the
Bingham number {Nb= (dg/vg) (τy/ηp)}, and the average value of an ideal Bingham fluid is α=7π/24.   Expres-

sion (6) is obtained by substituting this value into Expression (5).   This relationship forms the principle of
measurement of a ball-pulling viscometer, and can be used to accurately calculate the rheological constants of
low-consistency paste, mortar, and concrete[13].

On the other hand, the rising of internal voids can be explained using the same assumptions as adopted for the
coarse aggregate, simply substituting the coarse aggregate diameter (dg) in Expressions (3), (4), and (6) with
the diameter of the internal voids (dv).   Since FG can be neglected because the density of air (ρa) is extremely
small compared to ρm, the forces acting on internal voids are FB and FR, as shown in the right-hand chart in
Figure 3.

(4)  Relationship between yield value of mortar and movement of coarse aggregate and internal voids

For coarse aggregate that remains stationary in the concrete, the settling velocity is 0 mm/s in Expression (6).
Then FR is given by Expression (7) because it is only influenced by the yield value.   Consequently, the coarse
aggregate and mortar separate when FG>FB+FR.

There is a strong correlation between the mortar yield value and slump flow in self-compacting concrete,and
the range of slump flow is 550-700 mm since,  the yield value of mortar is restricted within limits.

The mortar yield value (τy) is estimated from the yield value of concrete (τyc), which is calculated from the
slump flow.   Here, τyc is determined using Expression (8) referring to research by Kokado and others[14].

(3)

(4)

(6)

F
d

gG

g

g= ⋅π ρ
3

6

F
d

gB

g

m= ⋅π ρ
3

6

(5)

F d
v

d
p y

R g
g

g
=

⋅
+

⋅





3
7

24
2π

η π τ

F d
v

d
p

yR g
g

g

=
⋅

+






3 2π

η
ατ

(7)F
d y

R

g=
7

8

2 2π τ

(8)τ ρ
πyc

gV
S

= 15
4

2 2

2 5
c

f



- 101 -

Where; τyc: yield value of concrete (Pa), ρc: concrete
density (g/mm3), g: gravitational acceleration (mm/s2)
V: capacity of slump cone (mm3), Sf: slump flow (mm)

This gives yield values of concrete of τyc=70.0, 35.0,
and 20.0 Pa corresponding to Sf=550, 630, 700 mm;
the ratio of these yield values is 2:1:0.57, based on
Sf=630 mm.   Next, the yield value of mortar with
Sf=630 mm is assumed to be τy=5.0 Pa, and the yield
value of other mortars is calculated using the same
ratio of τyc, resulting in τy=10.0 Pa, 5.0 Pa, and 2.9 Pa.
These estimated values of τy are lower than the usual
value of τy=2.2-22.0 Pa[15].   Since these are apparent
yield values measured with a rotational viscometer or
similar, the true yield value needed to explain the mi-
gration of coarse aggregate and internal voids is smaller
than the apparent value[16].

Figure 4 shows the relationship between coarse ag-
gregate, internal voids, and the forces acting on each
particle with respect to τy, with substitutions made for
ρm=2.3×10-3 g/mm3 and ρg=2.67×10-3 g/mm3.

For τy=2.9Pa in Figure 4, the coarse aggregate does
not settle because acting force is FG-(FB+FR)=0 when
dg<10mm.   On the other hand, the coarse aggregate
sinks when dg>10mm because FG-(FB+FR)>0.   More-
over, coarse aggregate remains suspended in the mor-
tar when τy=5.0 Pa and τy=10.0 Pa, and material seg-
regation is not observed.   These calculated results
clearly reflect  the overall characteristics of self-com-
pacting concrete: coarse aggregate and mortar segre-
gate when the slump flow is particularly high.

Internal voids rise regardless of τy when dv>7 mm.
However, when dv<7 mm, rising depends on τy.   Fig-

ure 5 shows the minimum value of dv at which rising
results from FB; τy is proportional to dv.   As noted
above, the apparent yield value is τyc=20.0-70.0 Pa in
concrete, and τy=2.2-22.0 Pa in mortar.   Actually, the
maximum diameter of internal voids in self-compact-
ing concrete is around dv=10.0 mm.   In other words,
if the yield value of mortar is τy=2.9-10.0 Pa, the maxi-
mum diameter of internal voids can be estimated.   As
already noted, the migration of coarse aggregate and
internal voids can be explained if the yield value of
mortar is assumed to be τy=2.9-10.0 Pa.

(5)  Relationship between plastic viscosity of mortar
and migration rate of internal voids

Internal voids rise in mortar when FB>FR, and the rise
speed vv is given by Expression (9) which is derived
from the equilibrium between Expressions (4) and (6).
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Figure 6 shows the relationship between ηp and vv for each τy.   It is clear from this figure that vv is greatly
influenced by variations ηp, the plastic viscosity of mortar (ηp=1.5-12.0 Pas)[15].  Moreover, vv fluctuates
greatly when τy and dv vary, even if ηp remains constant.

In general, voids rise with a motion that avoids the coarse aggregate, which typically accounts for 30-35% of
the volume of self-compacting concrete.   Consequently, the apparent rise speed is less than this calculated
value indicated in Figure 6.   In other words, the quantity of voids in self-compacting concrete is influenced not
only by the viscosity of the mortar but also by the bulk and shape of the coarse aggregate.   Rise speed of the
upper surface of the concrete (vc) must be less than vv so as to discharge voids effectively.   Figure 6 also shows
that an internal void with dv>10 mm is discharged regardless of τy in a normal self-compacting concrete placed
at a rate of vc=5.0 mm/s in the factory[17].   Moreover, with τy=2.9 Pa or less, internal voids with dv>5 mm are
discharged regardless of dv.   On the other hand, internal voids with dv<5 mm may be 1) discharged immediately
after placing or 2) remain in the mortar, rising thereafter according to Expression (9).

dv

The outer forces acting on the surface 

void, and the adhered void

ρm

Fig.7

FB

ρa

θc

FR

FS

d svm

h svm θc
d m

0

5

10

15

20

0 10 20 30 40

The relationship between vv and ηp for each τy

v v
 (

m
m

/s
)

Fig.6

(c) τ y =10.0Pa
ηp (Pas)

0

5

10

15

20

0 10 20 30 40

v v
 (

m
m

/s
)

(b) τ y =5.0Pa

ηp (Pas)

0

5

10

15

20

0 10 20 30 40

dv=20mm
dv=10mm
dv=5mm

v v
 (

m
m

/s
)

(a) τ y =2.9Pa

ηp (Pas)

The dimensions of a surface voidFig.8

d sv

dsvm

hsv

hsvm

d
d m



- 103 -

(6)  Condition for surface voids separating from form

Surface voids adhere to the form as a result of the surface tension of the cement paste, so adhesion (FS) depends
on contact angle (θc) in addition to FB and FR, as shown in Figure 7.   The dimensions of a surface void are
defined in Figure 8.   A surface void separates from the form when the void volume is such that FB>FR+FS is
satisfied.   Moreover, surface void volume depends on τy and θc.   The diameter of the opening (the diameter of
the void at the surface) also has an upper limit for each τy and θc.   The maximum diameter of a void at the
surface is expressed as dsvm, and is calculated under the following conditions:  1) the volume of a separated void
(Vv) immediately after separation is equal to the volume of the surface void (Vsvm), or Vv=Vsvm; and  2) the
equilibrium of forces applies to the surface void (FB=Fb+FS).

Expressions (10)-(16) are used to calculate dsvm.

First, Vv 
is calculated using Expression (10) and Vsvm is

obtained with Expression (11).   At the point when a sur-
face void separates from the form, the relationship be-
tween dsvm, dm, and θc at Vv=Vsvm is given by Expression

(12), because dsvm=dmsinθc, and hsvm=dm(1+cosθc)/2.   Fi-
nally, FB, FS, and FR calculated using Expressions (13),
(14), and (15) are transformed into Expression (16) be-
cause of the equilibrium of these three forces.

The relationship between dsvm and τy for each θc is calcu-
lated using Expressions (12) and (16), as shown in Fig-

ure 9, in which substitutions are made for ρm=2.3×10-3

g/mm3, g=9,800 mm/s2, and γL=73 N/mm.      As dsvm in-
creases, so τy also becomes larger, and this tendency is
clear when θc is large, as shown in the figure.   Moreover,
the diameter of surface voids is dsvm>0 at τy =0.0 Pa, cor-
responding to a Newtonian fluid.   In other words, there
is a limit to the size of surface voids that adheres to the
form at τy =0.0 Pa.
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The surface void contact angle in specimens fabricated by the authors was θc<90.   Moreover, when τy=10.0 Pa,
reflecting the minimum slump flow of Sf=550 mm at which filling is possible without compaction, the maxi-
mum surface void diameter is dsvm=17.0 mm in Figure 9.   This is the actual maximum value of surface void
diameters.   The maximum diameter can be explained in this way because of the equilibrium of the forces acting
on surface voids by which the yield value of mortar is considered.

3.   OUTLINE OF EXPERIMENT

(1)  Density and surface tension of chemical admixture

According to prior research by the authors, the surface tension of the paste does not change with time after
mixing[18].   However, the relationship between the surface tension of chemical admixtures and the surface
tension of the paste has not been previously clarified.   To clarify this relationship, three types of chemical
admixture, naphthalene-based SP, polycarboxylic acid SP, and an AE agent, were diluted with distilled water
for measurement of the relationship between density of chemical admixture and surface tension.   Surface
tension measurements were made using a dü-Nouy type of surface tension meter.

(2)  Type of SP, air adjusting method, and properties of surface voids

a)  Materials used and concrete mix proportion

The self-compacting concrete contained powder of which 60% by volume was blast-furnace slag.   The target
values for slump flow and air content were 630 mm and 5.0%, respectively.   An air content of 9% was achieved
by using a polycarboxylic acid SP and by adding 1.5%, 5.0%, and 9.0% of the naphthalene-based SP.   The
materials used are shown in Table 2.   The mix proportion for concrete with an air content of 1.5% is shown
Table 3.   An AE agent was used with the naphthalene-based SP to adjust the air content, and an defoaming

Materials

  Cement Ⅰ,Ⅱ    ordinary portland cement, ρc=3.15 g/cm3

  Blast-furnace slag Ⅰ,Ⅱ    blaine specific area=6000cm2/g, ρb=2.91 g/cm3

Ⅰ    sea sand, ρs=2.58 g/cm3, FM=2.80

Ⅱ    sea sand, ρs=2.51 g/cm3, FM=2.90

   crushed stone, Maximum size=20mm, ρg=2.73 g/cm3

   FM=6.77

   crushed stone, Maximum size=20mm, ρg=2.67 g/cm3

   FM=7.01

Ⅰ    naphthalene-based type

Ⅱ    polycarboxylic acid type

Ⅰ    air-entraining agent

Ⅱ    defoaming agent

Ⅰ is a case of naphthalene-based SP,Ⅱ is a case of polycaboxylic acid SP

Table2　Materials used

  Air adjusting agent

Type and physical properties

  Fine aggregate

  Superplasticizer

Ⅰ
  Coarse aggregate

Ⅱ

Max. size Slump-flow Air W/(C+BS) s/a

 (mm)  (cm)  (%) (%) (%) W  C BS S G SP

826 819

804 816

In the column of S and G in the table,the upper and lower part are the cases of naphthalene-based SP and
polycaboxylic acid SP respectively.

20 63±3

Table3   Mix proportion for concrete with an air content of 1.5%

1.5±0.5 31.6 5.9

Unit weight(kg/m3)

51.6 178 236 327
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agent was used with the polycarboxylic acid SP.

b)  Manufacture of specimens

A double-axial mixer of 55 liters capacity was
used to mix the concrete.   Batches of 35 liters
were mixed at one time.   The materials were
added to the mixer in the order aggregate and
powder, then water and SP, and the mixing times
were 30 seconds and 120 seconds.   Steel forms
were used.   Specimens measured 500 mm high,
80 mm thick, and 300 mm wide.   A commer-
cially available non-stick oily-type form-releas-
ing agent (with a principal component consist-
ing of a paraffin-type hydrocarbon) was lightly
sprayed over the form with an atomizer and wiped with absorbent cotton for an hour before placing the con-
crete mixture.   Concrete was dropped freely from the top of the form, and placing took place continuously for
90 seconds starting at the center.

c)  Quantification of surface voids

The area and distribution of surface voids were examined on the vertical surface measuring 300 mm in width
and 500 mm in height by image analysis.   First, the concrete surface was washed with acetone and then spread
with black oily ink.   Surface voids were filled with blast-furnace slag powder, making them stand out for image
analysis.   Pictures were taken of the concrete surface with a digital camera, and the results loaded into a
personal computer(Figure 10).

The measures used to represent surface voids are the surface void area ratio (Asv):the ratio of the area of surface
void to concrete surface area, the maximum diameter of surface void (dmax), and the number of surface voids
(Nsv), having void diameter larger than of 1 mm was considered as circle.

(3)  Rheological constants of mortar and characteristic of surface void assumed from slump flow of concrete

a)  Materials used and mix proportion of concrete

The materials used are shown in Table 2 and the concrete mix proportion is shown in Table 3.

b)  Fabrication of specimens

The mixing method, specimen size, materials, and form were as described in the previous section.   Three types
of form-releasing agent were used to adjust the contact angle (θc): two oily types and one watery type.   Placing
was carried out with rise speeds vc=5.6, 2.7, and 2.1 mm/s so as to examine the influence of rise speed on
surface voids.

c)  Quantification of surface voids

The area and distribution of surface voids were examined by image analysis as described in the previous
section.   A mathematical model with θc of the surface void was assumed to be a part of the sphere.   The
maximum depth of surface void (hsv) and circle conversion diameter (dsv) was measured using a laser displace-
ment gage and image analysis, then θc was clculated by the inclination of the recurrence straight line (hsv/dsv).

4.   RESULTS AND DISCUSSION

(1)  Density and surface tension of chemical admixture

Figure 11 shows the relationship between density and surface tension of the chemical admixtures.   In the case
of the naphthalene-based SP, the surface tension is almost equal to that of distilled water, γL=73 N/mm, and is

The pictures of surface voidFig.10

Before image analysis After image analysis
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not influenced by density.   On the other hand, with the polycarboxylic acid SP, at densities of 1% or less the
surface tension decreases as density is increased.   However, when the density is 1% or more, the surface
tension remains constant.

In general, the SP content in powder-type self-compacting concrete is 0.5-3.0% of the mass[19].   If powder
content is 550 kg/m3 and the water content 175 kg/m3, the density of the SP is 1.6-9.4% of the water content.
Figure 11 shows the surface tension of a watery solution of SP in the density range of 1.6-9.4%.   This is the
same as the surface tension of the SP.   This means that the surface tension of paste can estimated as equal to the
surface tension of the SP.

Moreover, the surface tension of the AE agent is γL=35 N/mm, the smallest of the three types of chemical
admixture studied in this experiment.   The AE agent is used at ratios of about 10% of the SP content, and even
a small amount reduces the surface tension of the paste remarkably.   Incidentally, the surface tension of a
watery solution of SP with the AE agent has the same surface tension as the AE agent itself, though this is not
shown in the figure.

(2)  Type of SP, method of adjusting air content, and properties of surface voids

a)  Use of naphthalene-based SP together with AE agent

Figure 12 shows the relationship between surface void area ratio (Asv) and maximum diameter of surface void
(dsvm) for each air content.

Even though Asv is 3.8% at an air content of 1.5%, it decreases to 1.8% when the air content is adjusted to 5.0%
with the AE agent.   That is, the surface voids become smaller because γL decreases.   However, Asv when
increased to 5.2% the corresponding amount of AE agent is also increased to adjust the air content to 9.0%.

Moreover, when dsvm=10.7mm, 5.5mm, and 10.7mm to the air contents of 1.5%, 5.0%, and 9.0% respectively,
was minimized at the air content is 5.0% as well as Asv.   Thus, dsvm was reduced by half to 5.5 mm in the case of
concrete with an air content of 5.0% while the dsvm value of plain concrete was 10.7 mm.   This reflects a
decrease in surface tension of the paste from γL=73 N/mm to γL=35 N/mm.   The size of actual surface voids can
be inferred from Expression (2) introduced earlier.

The higher dsvm at an air content of 9.0% is thought to be attributable to a number of factors: 1) the migration of
large voids is hampered by the many fine internal voids;  2) when voids are close together, they begin to
combine;  3) the buoyancy acting on the voids decreases as the density of the mortar decreases.

The distribution of the number of surface voids (Nsv) of each diameter dsv=1.0 mm is shown in Figure 13.   In
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this figure, dsv is clear and no difference depending
on air content is seen when Nsv is 3.0 mm or more.
On the other hand, dsv increases with Nsv when dsv is
3.0 mm or less.   In particular, the rise in Nsv when
dsv=1.0-1.9 mm is quite large when the air content
is 9.0%.   Thus, dsv changes even if the air content
is enhanced using the AE agent and the number of
surface voids 2.0 mm or more in diameter does not
change.

As already noted, when the AE agent was added to
the naphthalene-based SP and the air content was
also adjusted to around 5.0%, the generation of sur-
face voids was suppressed.   The many minute sur-
face voids of dsv =1.0 mm or less generated large
air content, it is necessary to examine a suitable
method of suppressing the appearance of minute
surface voids.

b)  Use of polycarboxylic acid SP together with
defoaming agent

Figure 14 shows Asv and dsvm with respect to air
content for two levels of air content: 1.5% and
5.0%.   In the figure, Asv and dsvm are almost equal
regardless of air content, in contrast with the re-
sults for the naphthalene-based SP.

The Nsv for each dsv=1.0 mm is shown in Figure

15.   In the case of an air content of 1.5% and added
defoaming agent, Nsv for dsv=1.0-1.9 mm is lower.
However, the air adjustment is suppressed and even
if  the defoaming agent  is  added to the
polycarboxylic acid SP, the generation of a big  sur-
face void cannot be suppressed as aimed because
the amount of generation of the surface void of
dsv=2.0mm or more which spoils the appearance
does not change at all.

As mentioned above, AE agent and defoaming
agent were used together with the naphthalene-
based SP and the polycarboxylic acid SP, respec-
tively, to adjust the air content.   The relationship
between air content and surface void generation
was examined.   The generation of surface voids
was found to be independent of air content, but the
number of surface voids decreased as the surface
tension of the paste fell.

(3)  Rheological constants of mortar assumed from
slump flow and properties of the surface voids

a)  Yield value of mortar and the properties of sur-
face void

The relationships between surface void area ratio
(Asv), maximum diameter of surface voids (dsvm),
and yield value of the mortar (τy) are shown in Fig-
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ure 16.   The horizontal axis represents τy which is
assumed from slump flow of the concrete: τy=2.9,
5.0, and 10.0 Pa is equivalent to Sf=700, 630, and
550 mm, respectively.   And, when τy is small, Asv

and dsvm are also small, so the generation of surface
voids is difficult.

The range of slump flows in ordinary powder-type
self-compacting concretes is Sf=500-700 mm.   Be-
cause 70% or more of slump flow of supply is
Sf=600-700mm in general self-compacting con-
crete, which is classified into mixing which the
surface void is not easily generated[16].   If a bet-
ter appearance is required, the only requirement is
for Sf to be 700 mm or more.

Figure 17 shows the relationship between theo-
retical and experimental values of dsvm.   In the
evaluation of θc, the shape of the surface void is
assumed to be a partial sphere, and the inclination
of the approximate straight line (h sv/d sv) is
hsv/dsv=0.44.   To allow easy calculation of the fol-
lowing, θc is assumed to be 90 degrees, though in
the experiment its value was θc=97 degrees, as cal-
culated from hsv/dsv=0.44.

In the same figure, the theoretical and experimen-
tal values of dsvm correspond well.   This means
that dsvm can be determined from the equilibrium
of the three forces acting on the surface void: buoy-
ancy (FB), adhesion (FS), and fluid resistance (FR)
(considered as τy).   In Figure 17, incidentally, the
difference between the theoretical and experimen-
tal values increases when τy=2.9 Pa or less, and
when τy=10.0 Pa or more.   However, the range of
τy in self-compacting concrete is τy=2.9-10.0 Pa,
as already mentioned, so this is not an issue.

In Figure 16, Asv and dsvm are estimated to be
Asv=1.5% and dsvm=5.1 mm at τy=0.0 Pa by expo-
nential approximation.   Surface voids remain
evenly distributed when τy=0.0 Pa of the yield value
of the Newtonian fluid from the above-mentioned
one.   Because the theoretical dsvm (6.2 mm) at τy=0.0
Pa and the experimental value (5.1 mm) are close,
it can be inferred that the assumptions made in the
calculation are valid.

Figure 18 shows experimental values of Asv and
dsvm for each θc, which depends on the type of form-
release agent: one watery type and two oily types.
Along the horizontal axis, θc=60 degrees represents the watery form-release agent, while θc=90 degrees and
110 degrees represent the oily form-release agents, as calculated from hsv/dsv.   At smaller values of θc, Asv and
dsvm also become small, and appearance improves.   Lower values of  θc are associated with reduced surface void
area because surface voids remain inside the concrete.   When a watery form-release agent is used, almost all
surface voids remain invisible because they are covered with a thin layer of cement paste.   This figure repre-
sents only measured surface voids; invisible voids are not included.
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Figure 19 compares theoretical and experimental
values of dsvm for each value of θc.   This figure also
indicates that, even with varying θc, the size of sur-
face voids can be explained by the equilibrium of
forces acting on them.

The relationship between dsvm and θc for each τy is
shown in Figure 20, which expresses the theoreti-
cal values of Figure 9 and the experimental val-
ues of Figure 18.   This figure also demonstrates
that, when τy is small, dsvm becomes small as long
as θc=60 degrees or more, but as τy becomes larger,
dsvm also becomes increasingly large.

b)  Plastic viscosity of mortar and properties of
surface voids

Surface voids separate from the form in two dif-
ferent ways, as follows.   First, in the case of a
horizontal form, surface voids part from the form
and immediately become internal voids.   Second,
in the case of a vertical form, surface voids rise
along the form until they are eventually discharged
from the surface of the concrete at the placing
plane.   For all forms except horizontal or near-
horizontal ones, plastic viscosity (ηp) influences
the separation of surface voids.   For instance, a
surface void on a vertical form rises along the form
when FB>FR+βFS (where β is a coefficient repre-
senting the influence of the form inclination angle).
The rise speed of a surface void (vsv) in this situa-
tion is calculated using Expression (9).   When ηp

is small, vsv becomes large, and the surface void is
easily discharged at the surface.   In fact, a large
surface void that would have an impact on the ap-
pearance of the finished concrete will be discharged
if the raise rate during concrete placing (vc) is
smaller than vsv, so ηp has little influence.   Figure

21 shows experimental values of Asv and dsvm with
respect to vc.   It is clear that Asv is high when vc is
large.   On the other hand, dsvm falls with vc for vc<2.8
mm/s, and is almost constant for vc>2.8 mm/s.
Thus, if vc is small, the influence of ηp on the gen-
eration of surface voids is smaller than that of τy

and θc.

Further, if the form is subjected to low-frequency
vibration (20-30 Hz), ηp influences the migration
of surface voids.   Fluid resistance (FR) decreases
as τy decreases when the concrete is subject to vi-
bration.   As a result, the migration of surface voids
is activated.   In this case, the surface void rise
mechanism can be explained using Expression (9), and the minimum required vibration time can be calculated
using vsv and the distance to the discharge plane.   This enables the separation of coarse aggregate and mortar to
be minimized while reducing the concentration of internal voids on the mould and shortening construction
time.
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5.   SUMMARY

This research has clarified the following points.

(1)  Adding an AE agent to a naphthalene-based superplasiticizer such that the air content reaches around 5.0%
reduces the surface tension of the paste.   As a result, surface voids are reduced in size and the appearance of the
concrete improves.   On the other hand, the use of an defoaming agent in combination with a polycarboxylic
acid superplasticizer to adjust the air content has no effect on the quantity of surface voids.   Thus the generation
of surface voids depends on the type and combination of chemical admixtures, and cannot be inferred from the
air content alone.

(2)  If internal voids are treated as solid spherical bodies, their theoretical maximum diameter in self-compact-
ing concrete (dvm) is found to be around 7.0 mm from the equilibrium of forces acting on them: buoyancy,
gravity, and fluid resistance.   Moreover, the same treatment can be applied to the segregation of coarse aggre-
gate and mortar.

(3)  When the slump flow is Sf=550-700 mm and the contact angle is θc=30-90 degrees, the maximum diameter
of a surface void (dsvm) can be calculated as dsvm=2.0-17.0 mm from the equilibrium of forces acting on the void
and adhesion to the form due to paste surface tension.

(4)  In case of oily form-release agents, the larger θc and adhesion makes dsvm larger also.   On the other hand, the
θc value when a watery form-release agent is used becomes θc=0 degrees, so almost all surface voids are hidden
by a thin film of cement paste.

(5)  The plastic viscosity of mortar (ηp) influences the rise speed of surface voids (vsv).   When ηp is small, vsv is
higher.    Moreover, if the placement raise speed is less than vsv, ηp does not influence the size of the surface
voids.
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