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ABSTRACT

The purpose of this study is to establish a mefoodentraining stable air with a target air
volume. A controllable air entrainment is necesséwy production of air-enhanced

self-compacting concrete. Stable air entrainmemt ggevent errors in concrete strength
design and ensures the self-compactability of feesictrete with the time passed.

Experiments were conducted with fresh mortar tduata the stability of air in fresh stage
resulted from different mixing procedure. Mortar svehosen for experiment instead of
concrete since it is more flexible when variousuatipents of mix-proportion and mixing

procedure was attempted to be conducted. With ma@aples produced by different
mixing procedure, the critical size of bubbleghe stability of air was firstly determined

using air distribution test results at fresh stafjenortar obtained from the air void analyzer
(AVA-3000). To improve the stability of air, it indispensable to minimize the air volume of

coarse bubbles.

It was found that instability in volume of air ireBh mortar was caused by the existence air
bubbles with chord length of mainly over 1 mm aradtly of 0.5 mm to 1 mm due to
unification between air bubbles. To ensure theiliiabf air, the critical size was chosen to
be 0.5 mm to which the air volume of bubble lartpemn this size needed to be minimized.
Different characteristic in entraining air entraiem of different mixing procedure was
influenced by viscosity. Higher viscosity of frestortar during air entrainment in mixing
resulted in higher efficiency in volume of air exitrment. The upper limit volume of fine
entrainment was proportional to the dosage of mtiragning agent. When the upper limit of

fine air was reached by the mixing time passedtase air volume start increasing.
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CHAPTER 1 INTRODUCTION

1.1. Background

1.1.1. Self-compacting concrete

Self-compacting concrete (SCC) is defined as cdadnaving self-compactability, a
capacity of concrete to be uniformly filled and quanted into every corner of formwork by
its own weight without vibration [1]. SCC was pragea byOkamura (1986) to achieve
durable concrete independently of the quality ofstauction workers. Fundamental study on
the workability of SCC and its development werentltenducted byOkamura, Maekawa
andOzawa [2-4]. The prototype of SCC, which was first contptkin 1988, was then named
as self-compacting high performance concrete ferdiftiate its performance from the other
high performance concrete (HPC) [5]. To achievé-canpactability of self-compacting
high performance concret®kamura and Ozawa have limited aggregate content, lowered
water to powder ratio, and used superplasticizeH6wder content includes cement content
and content of fine materials such as fly ash,tiasace slag, and other supplementary
cementitious materials. Superplasticizer (SP)hgya-range water-reducing agent needed to
produce flowable concrete. SP belongs to a groupchemical acting as dispersant
preventing the flocculation of fine particles suah cement thus freeing pocket water and

increasing the flowability of concrete accordingly.

Since the development in 1988, SCC has been uséidutarly in the structural elements
with confined reinforcement or complicated formwoAdvantages for using SCC include
self-compactability, environmental friendly applicam, and reduction in construction time.
However, in spite of these advantages, applicaafdBCC has been limited by its expensive
cost. High powder content usage, which is one oé tkey factor to achieve
self-compactability in conventional SCC, has becanendrance to the application of SCC
in general construction because of the high un#t.cdo lower the unit cost of the
conventional SCC, fly ash has been a well-knownssuion material to replace some

portions of cement content in the mix-proportion.
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In this study, instead of using supplementary cditiens material, the author aimed to
introduce higher entrained air bubbles contentHigher water to cement ratio and fine
aggregate content in mortar in the mix-proportidnS&€C so that the unit cost can be

reduced accordingly.

1.1.2. Conventional air entrainment to concrete
a) Application of air entrainment

Air entrainment to concrete was found beneficiahtprove the freeze-thaw resistance
of concrete exposed to a severe weather condiintraining air to a concrete has become
no exception for concrete serving in the cold-weattountry [7, 8]. Air content required to
ensure the freeze-thaw resistance depends on tkienoma size of the coarse aggregate and
the condition of the weather. According to ACI 3[3, for concrete produced with the
nominal maximum size of coarse aggregate of 25hmatr content required to achieve the
freeze-thaw resistance was 6% and 4.5% for sevevery severe exposure and moderate
exposure respectively. Additionally, other paramsetef the air-void system such as the
spacing factor and specific surface area of airatse important criteria for the freeze-thaw
resistance. The spacing factor is the averagendistaetween individual air bubbles in the
matrix of concrete. The specific surface area pfsathe average surface area of air per unit
volume of air. The critical value for these paraengtwas varied. Usually the freezing and
thawing test was conducted on concrete samplesfefent air-void system to determine the

critical value and to clarify the influence of difent factors on those parameters.

Air entrainment was also reported to reduce blegdimd increase plasticity of concrete [10].
Although, air entrainment was found improving theability of concrete in hardened stage,
the higher content of air reduces the strengtlootrete. Generally, compressive strength of

concrete was reduced around 5% for every perceait cbntent [10].

b) Size of air bubbles in air entrainment

There are two types of air in concrete: entraine@dmd entrapped air. Entrained air is
intentional air incorporated either by air-entragnicement or air-entraining agent (AE).
Entrapped air is accidentally created during mixicmnsolidating or placement of concrete.
Entrapped air can occur with both non-air-entraicedcrete and air-entrained concrete.

Entrained air and entrapped air can be distingdighethe size and shape of air bubbles.

2 RATH Sovannsathya



Entrained air bubble has a typical diameter of ae pum [11] (between 10um and
100pumin majority [10]). The size of entrapped adidvis usually 1000um or larger with
irregular shape. It is said that entrained air ocaprove the workability of concrete. To
achieve the similar workability, air-entrained coate requires significantly less water and
fine aggregate content comparing to non-air-endchinconcrete. With the same
mix-proportion, the workability of concrete will bgignificantly improved by increasing

entrained air content.

¢) Instability of air entrainment

Entrained airs are created by the mixing action] Bile AE agent has roles to
facilitate entraining action and mainly to stakeliair bubbles in the paste [13]. Air
entrainment is affected by some factors includmgrhixing procedure, mix-proportion, fine
and coarse aggregate characteristics, physicakchechical properties of portland cement,
water content and quality, dosage and propertieAEbfagent, other chemical admixtures,

supplementary cementitious materials, and otharpeters [7, 14-17].

In SCC, due to the self-compactability, obtainimgaalequate air entrainment is a difficult

task [18-20]. The unstable air entrainment in SC& wlue to the high flowability which

allowed air bubbles to move more freely thus resuih floating of large air bubbles, fading

of air bubbles diameter less than 100um, and coates of air bubbles [21]. According to

Fagerlund [22], mechanisms of instability of aibbles included:

1. Large bubbles move upwards or toward the side whWwrk by buoyancy force and
then are lost, during transporting and compactingpacrete.

2. The collapse of bubbles by pressure arising fromfasa tension thus causing air
bubbles dissolved in the water. This mechanism &@agg mostly with the smallest air
bubbles explaining reason of the frequent absehedr ®ubbles diameter smaller than

10um.

1.1.3. Air enhanced self-compacting concrete

Workability of concrete is defined as the propetstermining the effort required to
manipulate a freshly mixed quantity of concretehwminimum loss of homogeneity,
according to ASTM dictionary of engineering sciereal technology [23]. To enhance the

workability of normal strength concrete, the selfnpactability characteristic was aimed to
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imply to the ordinary concrete producing a new tyjfeconcrete named as air-enhanced
self-compacting concrete (air-SCC). air-SCC is ama strength concrete having

self-compactability as shown kig. 1.1

Compressive strength
N

High High Strength Conventional
Concrete SCC

Ordinary Air-SCC

Self-compactability

S

Fig.1.1 Target for air-enhanced self-compacting camete (air-SCC) to use in general

construction

Comparing to conventional SCC, which is the higlrergjth concrete having
self-compactability, the unit cost of air-SCC vk considerably lower. The high unit cost of
conventional SCC has been the obstacle for dedadagplying SCC in various kinds of
construction. On the other hand, air-SCC will beedab expand the demand for SCC in the

general construction.

To provide self-compactability to the ordinary coete or to produce a normal strength SCC,
adjustment on the volumetric mix-proportion wasdaweted on the conventional SCC. First
of all, the coarse aggregate content was kept nemgnas in case of the conventional SCC.
Then the volumetric mix-proportion of mortar needede adjusted by lowering the cement
content and increasing the fine aggregate contemidans of introducing higher content of

air entrainment.

In this study, air-SCC was aimed produced withwia¢er to cement ratio (W/C) of 45% by
weight, the fine aggregate to mortar ratio (s/mp5¥% by volume, and the target air content
of about 10%. A comparison in volumetric mix-projam between ordinary concrete,

conventional SCC, and air-SCC is showtfrig. 1.2
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. ) Fine Coarse
Ordinary Concrete |Arr Water |Cement| o aggregate
) ) Fine Coarse
air-SCC Air | Water |Cementl 0 qqate aggregate
Conventional SCC |Air| Water |Cementt Fine L oo
aggregate aggregate

Fig.1.2 Difference in volumetric mix-proportion of ordinary concrete, conventional SCC
and air-SCC

By comparing the volumetric mix-proportion of aiGS to conventional SCC, the cement
content was significantly reduced thus the unitt @sSCC could be reduced accordingly.
By comparing the volumetric mix-proportion of ai€6 to ordinary concrete, the cement
was similar which indicated that the cost of air€SCould be similar to that of ordinary

concrete.

The mix-proportion by weight and by volume portioh ordinary concrete, conventional
SCC, and air-SCC are shown respectivelyTable 1.1 and Fig. 1.3 Unit cost of each
material for concrete, currently used in this studyshown inTable 1.2 The estimated unit

cost of ordinary concrete, conventional SCC, an&8&iC is shown iffable 1.3

Table 1.1 Example of mix-proportion for 1nt of ordinary concrete, conventional SCC,
and air-SCC

(kg/1n? of concrete volume)

Air WiIC s/m

(%) (%) (%) Water* Cement
aggregate aggregate

Fine Coarse

Ordinary concrete 5 55 50 181 329 764 1018
Conventional SCC 5 30 40 194 646 713 764
air-SCC 10 45 55 166 369 929 724

*including SP and AE
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Air Water Cement Flne aggregate Coarse aggregtae
- T Tt .u.:*g‘z*l

v i ;
> ’i ,‘5&1_, _ s =

0.05 0.18

0.10

0.05

Conventloal SCC

OAir content @Water mCement Fine aggregate @ Coarse aggregate

Fig.1.3 Comparison of mix-proportion by volume betveen ordinary concrete,

conventional SCC, and air-SCC

Table 1.2 Unit cost of each material used for conete

_ Cement Fine aggregate  Coarse
Materials SP AE
(9] (S) aggregate (G)

Unit cost (JPY/kg) 15 2-3 2-3 400 310

Table 1.3 Comparison of unit cost of ordinary conagte, conventional SCC, and air-SCC

Cost of each material in 1%woncrete (JPY) Total cost

Types of concrete

C S G SP AE (JPY)

Ordinary concrete 4,928 1,910 2,546 0 20 9,404
Conventional SCC 9,693 1,782 1,910 2,585 40 16,009
air-SCC 5,541 2,322 1,809 1,478 92 11,241

With a large reduction in the cement content iRSC, the unit cost was considerable lower
than that of conventional SCC. The unit cost ofSC was slightly higher than that of
ordinary concrete. By including the expense foratete handling when using ordinary
concrete, the final unit costs of air-SCC and aadiconcrete were comparable. With
self-compactability, air-SCC will become more rbl@ in concrete handling for various

kinds of construction projects.
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1.2. Loss of Air Content from Fresh Mortar of air-SCC
Experiment was conducted with fresh mortar of &€CSto measure air content just
after mixing and in 2 hours after the first contattthe cement and water. A relationship

between initial air content and air content in 2tsas shown irFig. 1.4

25
S

20 e A
% # AE-typel
i 15 b BAE-type2
c % XAE-type3
210 [ ,"Q\ ——————————— ® AE-type4
= - AE-type5
o
© 5 |- i | .
5

O T 1

0 5 10 15 20 25
Initial air content (%)

Fig.1.4 Loss of air content in 2 hours in fresh mdar of air-SCC by using conventional

mixing procedure

According to Standard Specifications for Concretei@ure of JSCE [24], the maximum
allowable time from the completion of mixing to thempletion of placement of concrete
should be 2 hours. It is indispensable to evaltla¢equality of concrete production just
before handling at construction site and that iy Wie air content at 2 hours was evaluated
in this study. With high air content in concretesimore difficult task for concrete producer
to estimate the variation of air from the initiglhge until the completion of concrete
placement. To minimize this concern, an adequatalgy of air bubbles in concrete mixture
needs to be ensured.

This experiment was conducted by using a conveatiomxing procedure of mortar in
which after the fine aggregate and the cement wexed for 30 seconds, the mixing water,
SP and AE were added and mixed for another 120ndscd-ive types of AE were used.
AE-typel, AE-type2, and AE-type3 produced highetiahair content when dosage of AE
was increased. AE-type4 could not produce initinkcantent as high as the other types of
AE even with the high AE dosage. Regardless oftype of AE, higher initial air content
resulted in larger loss of air content in 2 ho@ice the coarse aggregate content is limited
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to about 30% of concrete volume and target airerunin air-SCC is about 10%, target air
content needed in mortar is about 15%. From theelkaperimental results, the loss of air
content in 2 hours around this target air contesd l@rge and not acceptable. This result also
explained that achieving adequate stability of aibbles in air-SCC could not be done
simply by increasing the dosage of AE nor altentathe types of AE. Another approach
needs to be established.

1.3. Stability of Air Bubbles

Stability of air bubbles refers to the resistantaiobubbles to deterioration. Adequate
stability of air bubbles means a system of air @ntment in which air content does not
increase or decrease over time. As described altbgetarget air content for air-SCC is
about 10% so the stability of air bubbles needset@ontrollable. The unpredictable loss of
air content may cause a failure in the concretggde3 he difficulty in assuring the stability
of air bubbles in air-SCC could be partially causgdthe employment of both the SP and
AE at the same time in the concrete mixture. Prevstudies [25-27] have reported the side
effects of using SP in combination with AE incluglithe reduction in initial air content and
the unstable air entrainment. The presence of thesetypes of chemical admixtures in
air-SCC could be the main factors affecting théisitation of air bubbles and may hinder
the workability of fresh concrete especially whéey are added at the same time. The
timing of the discharge of AE into the mixer is iofportance so as to ensure a uniform

distribution and adequate mixing for the formatadrihe air bubbles [11].

To ensure the stability of air in concrete is a pboated task especially with highly
flowable concrete as SCC since the bubbles coulddemaore freely causing the loss of air
by either rupturing or collapsing. In SCC, the camation of SP and AE makes the
mechanism of air entrainment even more complictitad that of the normal concrete. To be
able to choose a better choice for improving thabisty of air for SCC, basically

understanding on mechanism of SP and AE is unab@ddhe mechanism of SP and AE
working individually or together is described inetHollowing section. Then mixing

procedure was modified to improve the stabilityaof
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1.4 Mechanism of Superplasticizer and Air Entraining Agent

1.4.1. Mechanism of SP and AE acting individually in cement paste

SP is a high-range water-reducing agent workingcasent dispersants through
electro-steric repulsive force. Electro-steric éigon is a combination of electrostatic and
steric dispersions. According to Daimon and Roy],[28lsorption of SP on the hydrating
cement hinders flocculation in three ways. Thd fssan increase in the zeta-potential which
increased the dispersing particles (electrostagpeision). The second is an increase in
solid-liquid affinity. When the particles are ma@t&ongly attracted to the liquid than to each
other, they tend to disperse. The third is stemctance (steric dispersion) which is long

side chain non-ionic polymer and hinder the atioamcbetween solid particles.

SP of polycarboxylate based type (which was useithigistudy) is composed of polymers
having a main carbon chain with carboxylate grouegectrostatic repulsion) and
polyethylene oxide side chains (steric hindrandé)].[ The mechanism of SP on cement

paste is shown iRig. 1.5

(o Polyethylene oxide
NIl ;4.';'.}}/,;;:,, A (steric hindrance)

oH Cement

O 4 A Ji< Polyethylene
P\ x ot~ YO Ok = ETe rEf T oXxide (electrostatic

, ':,/"v';;":’;':,"('ij,l 7O (TN repulsion)

Fig.1.5 Mechanism of SP acting in cement paste

The polar chain is absorbed to the solid-waterfate and imparts a slight negative charge
causing the cement grains to repel one another.ld@rge side chains (polyethylene oxide)
physically hold the cement grains apart and keemec¢ dispersed when electrostatic

repulsion dispersing effect wears off due to cenfwdtation [29].

AE is a group of surfactants which reduce the serféension at air-water interface
encouraging the formation of air bubbles. AEs tetbilizing the micro air bubbles formed
during the mixing process. The basic chemical matfr surfactants is composed of two
main parts: hydrophilic head and hydrophobic tahe hydrophobic end of AE (tail) is
attracted to the air and the hydrophilic end (headally possessed negative charges) orients

itself towards the water. This action form a watgelling film on air bubbles and the
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negative charged disperse air bubbles from eachr.offhe surfactant molecules of AE
adheres itself to the surface of cement partictesying air bubbles to attach to the surface

of cement particles. The mechanism of AE actingegment paste is shown kig. 1.6

Hydrophilic head

Hydrophobic tail

Fig.1.6 Mechanism of AE acting in cement paste

1.4.2. Mechanism of AE and SP acting together in cement paste

With the present of SP, the air content tends tadueiced. When SP and AE are
poured and mixed at the same, the mechanism oé thnas admixtures may become more
complicated. To some level, the admixtures mayudisthe effectiveness of each other
resulting in both poor workability of a mixture andstable air entrainment. By considering
these phenomena, the author had proposed a hyothashich by firstly introducing SP
and mixing before introducing AE, is beneficial abow SP to disperse the particles and
lower the viscosity of the mixture. Thereafter pogrand mixing AE, a lower initial air

content may be obtained but with an improvemergtabhility of air entrainment.

1.5. Preliminary Experiment: Introduction to Different Mixing Procedure on
Enhancing Stability of Air

The first experiment in this chapter was to detesman effective mixing procedure
which is able to enhance the stability of air bebbs much as possible. Adding to the
discussion in the sectidh4, according to Flatt and Houst [30], behavior ofésléed to the
mixture is divided into three components. The fipstrt is consumed by intercalation,
coprecipitation or micellization within the hydnagy cement minerals which means this part
of SP is no longer available for dispersing floetetl particles. This chemical reaction is

significant in the first minutes after addition 8P when the precipitation rate of AFt
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(alumina, ferric oxide, tri-sulfate or ADs;-FeOs-tri) is highest. The second part is available
for adsorption to the surface of cement particlé®neng the dispersing action (effective
portion of SP). The third part of SP remains digsdlin the aqueous phase and may play a

part in dispersing cement particles.

In the first set of experiment, the mixing proceslwwvas modified by dividing the mixing
water into two portions. The first portion was addeth SP and the rest portion was added
with AE. Less amount of water would reduce the ease the effective of SP molecules in
dispersing the particles in the mixture. The efi@cthis modified mixing procedure on the
stability of air bubbles will be clarified and coamed to that of the simple mixing procedure.

The dividing mixing water in the mixing procedurendifying above caused complicated
tasks to the ready-mixed concrete plant even thoagbtording to the imagination above,
this mixing procedure could have produced the mdsfuate stability of air bubble. In the
second set of experiment, the mixing procedurehef effective mixing procedure was
simplified by considering not dividing the mixingater. If this latest mixing procedure was
effective enough to enhance the stability of ainkida, it would be recommended for using at
concrete plant and would be chosen for further owpment. The target of this experiment
was to seek for an effective and efficient mixingthod for adequate stability of air bubbles
with conveniently applicable mixing procedure. Hetige term “effective” is referred to

mixing procedure which is able to produce satisfedbility of air bubbles. The term

“efficient” is referred to mixing procedure whicls iconvenient and applicable for the

ready-mixed concrete plants.

1.5.1. Experiment for determining the effective mixing procedure for the stability of
air bubbles
(a) Mixing procedure for mortar
Two different types of mixing procedure conductadhis section are simple mixing

procedure (simple) and water-dividing mixing proeed(\W. D.) as shown iRig. 1.7.
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c+s | | w+SP+AE
Simple: \l/ 30 Sec>\l/ 120 sec S
c+s || wi+sp Wo+AE

Fig.1.7 Simple mixing procedure and water-dividingmixing procedure for mortar

In the simple procedure, the fine aggregate ande¢hgent were firstly mixed for 30 seconds.
Then, the mixing water, SP, and AE were pouredraix@d for another 120 seconds. In the
W.D. mixing procedure, the mixing water was dividatb two portions in which the first
portion was corporate with SP and the rest partwids AE. The dividing water was based
on the explanation above. In his mixing procedafter the fine aggregate and the cement
were mixed for 30 seconds, the first portion of imgxwater and SP were poured and mixed
for 60 seconds. And finally, the rest portion okimg water and AE were poured and mixed
for another 60 seconds. The first portion of mixiwgter was primarily fixed at 20% of
cement weight to keep the same characteristic eofritxture before adding AE even when
the dosage of AE was varied. 20% of cement weighd around half of the total mixing
water since the W/C was 45% by weight (W meansmatbuding SP and AE).

(b) Materials and mix-proportion

A mixer with a rotation speed of 1405 rpm was uldnixing mortar for the tests in
this whole study. The materials used in this chagte shown imable 1.4

Table 1.4 Materials used for mortar experiment

Cement (C) Ordinary Portland cement (3.15¢)cm

Fine aggregate (S) Crushed limestone sand (2.68gFeril. 2.73)

SP.  Polycarboxylic based with viscosity agent

Superplasticizer (SP) : — : :
Polycarboxylic based with viscosity agent and ehtag type

. o Alkyl ether-based anionic surfactants
Air entraining agent AE;

(AE: water concentration is 1:99)
(AE)

AE; Vinsol resifAE: water concentration is 1:24)
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In this chapter, the W/C and s/m were fixed at 46Yoweight and 55% by volume
respectively. The mix-proportion for the first sdtexperiments in this chapter is shown in
Table 1.5

Table 1.5 Mix-proportion of mortar for two differen t types of mixing procedure

wi/C s/m SPkyJ/C AE/C Mixing
(% by weight) (% by volume) (%) (%) procedure
45 55 1.4 0.005 to 0.030 (AE  Simple
45 55 1.4 0.016 t0 0.120 (AE  Simple
45 55 1.4 0.005 to 0.050 (AE ~ W. D.
45 55 1.4 0.016 to 0.200 (AE ~ W. D.

The dosage of SP was 1.4% of cement weight fomalkes. In the case of simple mixing
procedure, the dosage of AE was varied from 0.065%030% of cement weight and from
0.016% to 0.120% of cement weight in case ofate AE respectively. In the case of W. D.
mixing procedure, the dosage of AE was varied ffb605% to 0.060% of cement weight
and from 0.016% to 0.240% of cement weight in cds%E; and AE respectively.

1.5.2. Experiment for determining the effective and efficient mixing procedure for
the stability of air bubbles
(a) Mixing procedure for mortar
The first mixing procedure was the simple mixin@gedure (named here as mixing
procedure A) and the second mixing procedure was\thD. mixing procedure (named here
as mixing procedure B). The third mixing procedwas mixing procedure C, as shown in
Fig. 1.8
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C+S W+SP+AE

A \l/ 30 sec>\l/ 120 sec
C+S W,+SP W,+AE

B: \l/30 sec)xl/ 60 sec >\l/ 60 sec
C+S W+SP AE

C: \1/30 sec>\l/ 60 sec )\l/ 60 sec

Fig.1.8 Different types of mixing procedure for motar

In this latest mixing procedure, SP and AE wererediseparately from each other but the
mixing water was not divided. First of all, the acamhand the fine aggregate were mixed for

30 seconds. Then all the mixing water and SP weuegal and mixed for 60 seconds. Finally,

AE was poured and mixed for the last 60 seconds.

(b) Materials and mix-proportion

The materials used in this section can be fount@iaile 1.4 The mix-proportion for

the second set of experiments in this chapteras/shin Table 1.6

Table 1.6 Mix-proportion of mortar for three differ ent types of mixing procedure

w/C s/m SR/C AE,/C Mixing
(% by weight) (% by volume) (%) (%) procedure
45 55 1.2 0.005 to 0.100 A
45 55 1.2 0.005 to 0.100 B
45 55 1.2 0.005 to 0.100 C

The dosage of SP was 1.2% of cement weight fomadés. The dosage of AE was varied

from 0.005% to 0.100% of cement weight for eachingprocedure.
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1.5.3. Effective mixing procedure: water-dividing mixing
The relationship between dosage of AE and initiatantent produced by the simple
mixing procedure and the W. D. mixing procedurshewn inFig. 1.9

®AEl Simple  @AE1_W.D.
BAE2_Simple  BAE2_W.D.

—~~ 35 T T T T T

o 1 1 1 1 1

Bl B R, S S S

S 25 |----- L..--! ..... ® - R

= 2 o : :

s 20 [ m T TR ERR A

e 15 }---- [ F— SR L - P

& — A o 8

= 10 -f ERRRREEEEEE S P

T 5 BT SRR

0 I I

0 001 002 003 004 0.05 0.06%
Dosage of AE (% of cement weight)

Fig.1.9 Effect of water-dividing mixing procedure (V. D.) on initial air content

(*dosage of AE X4 in case of AE,)

The W.D. mixing procedure produced considerablydoiitial air content than that of the
simple mixing procedure regardless the types of Hiis result was in accordance with the
hypothesis mentioned above. In case of the W. Xingi procedure, due to lower in

viscosity, less air bubbles were able to be geadraks a result, initial air content obtained
with the W. D. mixing procedure was lower than tlétained with the simple mixing

procedure. It can be seen that, to reach same @irgmntent, the dosage of AE required in
case of W. D. mixing procedure was significantlgher than that required by the simple
mixing procedure. The requirement of AE dosage c¢cdag¢ an important factor for W. D

mixing procedure in entraining finer air size disition.

The relationship between dosage of AE and the tiamian air content in 2 hours is shown in
Fig. 1.10
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Fig.1.10 Effect of water-dividing mixing procedure(W. D.) on stability of air bubbles

(*dosage of AE X4 in case of AEy)

Negative value means the air content was redudeel Idss of air content was large in case
of the simple mixing procedure and was not ableeamproved with the increase dosage of
AE. On the other hand, with the W. D. mixing proces] the stability of air bubbles was
considerably satisfied. The improvement of theitatof air bubbles can also be observed
with the increase in dosage of AE. This result pbthat modifying the mixing procedure
effectively influenced the stability of air bubblesd that by adding SP before AE, the

significant improvement of the stability of air balbs could be achieved.

Funnel speed of fresh mortar{(Rs defined from the flow-through time of the \hiuel test

as shown irFig. 1.11and inEqg. 1.

n

Funnel speed of mortar;
R,=10/t,

t,: flow-through time (sec)

Fig.1.11 Test for funnel speed of mortar
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10
R, = t_; Eq. 1
0

where t, is flow-through time of mortar (second)

This index was considered as it is partially aldeirtdicate the viscosity of the mortar
mixture. And interestingly, since the modifying anixing procedure was done by
considering the dispersing action of SP, the furspeled of mortar produced by different
mixing procedure could be significantly different.

The relationship between dosage of AE and funneédpf mortars produced with simple

mixing procedure and W. D. mixing procedure is shamfig. 1.12

35
3.0 frmmmmmm e

<
EE -

-0;_ o5 Joon ~___‘___.___.____. _____ ®AE1l_Simple
2 20 ‘H.!'. _____ @AE1-W. D.
% 15 4L e —— BAE2_Simple
§ 1040 ] "] WAE2_W. D.
LL

I e

0.0

000 001 002 003 004 005 006%
Dosage of AE (% of cement weigth)
Fig.1.12 Effect of dosage and type of AE on funnepeed of mortar (R,) produced with

simple procedure and W. D. mixing procedure

(*dosage of AE X4 in case of AE)

With either type of AE, funnel speed of mortarsqarced with W. D. mixing procedure was
higher than that of simple mixing procedure. Diffier type of AE resulted in different
tendency of funnel speed when AE dosage was inedead/ith AR, with both mixing
procedure, the funnel speed was not significandlsied when AE dosage was increased.
With AE,, with both mixing procedures, the funnel speed desreased when AE dosage
was increased. This result was influenced by thepasition of the AE which determined

different nature to each AE.
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1.5.4. Effective and efficient mixing procedure

The relationship between dosage of AE and initialcantent produced by mixing
procedure A, B, or C is shown ig. 1.13

30
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Initial air content (%)
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|
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® o e

e ®

0.00 002 004 006 008 010 0.12

Dosage of AE (% of cement weight)

BA
@B
¢C

Fig.1.13 Effect of different mixing procedures onnitial air content

At any dosage of AE, mixing procedure A produced lighest initial air content among

these mixing procedures. Based on the hypothesigsealihe mechanism of AE and SP

acting in case of method B or C was in similar wace SP was added before AE. Initial air
content produced by mixing procedure C was slighifjher than that produced with mixing
procedure B. In case of mixing procedure C, SPrdedefor dispersing action was lower
than that in case of mixing procedure B. The d#fere in capacity in entraining air volume

was due to the dispersion between cement partamhelswater resulting in difference in

viscosity in each mixture.

The relationship between dosage of AE and the tiramnian air content in 2 hours produced
by mixing procedure A, B, and C is shownrfig. 1.14
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Fig.1.14 Effect of different types of mixing procedre on stability of air bubbles

Mixing procedure B or C produced better stabilityao bubbles than mixing procedure A.
However, the increase in air content in 2 hours a@sirred in case of mixing procedure B
or C. When the mixture was disturbed by re-mixirefolbe the test could cause extra air
bubbles to be created if the dosage of AE wasaeiffi for stabilizing those newly formed

air bubbles.

The relationship between dosage of AE and funne¢dpf mortars produced with mixing

procedure A, B or C is shown kig. 1.15

4.0

35 [g@ @ - ® ‘
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20 - ®B
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05 f--mmmmmm e
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Funnel speed; R,,

0.00 0.02 0.04 0.06 0.08 0.10 0.12

Dosage of AE (% of cement weight)

Fig.1.15 Effect of AE dosage on funnel speed of mar (R,) produced with different

types of mixing procedure
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Funnel speed of mortars produced with mixing praced was significantly higher than
that of mixing procedure A. While the funnel speedd mortar produced with mixing
procedure A or B was not varied with the increassade of AE, the funnel speed of mortar
produced with mixing procedure C accordingly insezhwith the increase dosage of AE. It
was interesting to observe that the funnel speaedarfar produced with mixing procedure C
was similar to that of mixing procedure A at lowsdge of AE and was similar to that of
mixing procedure B at high dosage of AE. At low algs of AE, the total mixing water
firstly poured with SP in case of mixing proced@evas close to that of mixing procedure A
(normally a part of mixing water was used for conticating AE as recommendation from the
producer). The mixing water firstly poured with BRcase of mixing procedure C decreased
accordingly with the increase dosage of AE; theeefat high dosage of AE, mixing
procedure C acted similarly to mixing procedurelBe amount of water firstly poured with
SP was a significant parameter determined the disygeaction of the mixture as well as the

funnel speed.

1.6. Observation on Air Size Distribution in Mortar at Hardened Stage

Measured with Linear Traverse Method

1.6.1. Linear traverse method
a) Significance of test method

Air size distribution of hardened mortar sampleshiis study was tested following the
ASTM C 457 (standard test method for microscopidatermination of parameters of
air-void system in hardened concrete) procedur81A [Linear traverse method consists of
the determination of air volume of the concretesbynming the length traversed across air
bubbles along a series of regularly spaced linethenplane intersecting the sample. The
significance of this method is to enable developata to estimate the likelihood of damage
due to the cycle of freezing and thawing or to akpivhy it has occurred. In this study, data
generated from this test method will enable exphginthe effect of different mixing

procedure and different mix-proportion on the digbof air bubbles.

b) Terminology and calculation

The data gathered in this test method are the tetajth traversed (), the length
traversed through air bubblesy);Tand the number of air voids intersected by thgerse
line (N). The parameters calculated from these ohafade the total air content, the specific
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surface, and the average chord length followingghe2, Eq. 3, andEqg. 4 respectively. The
total air content is defined as the proportionathk volume of the air voids to that of the
mixture; expressed in % by volume. The specificfaig is the surface area of the air
bubbles in a unit volume of air bubble; expressednim? /mm3. The specific surface of air
can be used to evaluate the fineness of air bubbi¢al surface area of air is proportional to

the specific area and the total air content; exg@@sn mm?2/mm?3of the mixture.

Total air content; %

T;.100
A== Eq. 2
T
Specific surface of airmm?/mm3
4
o= 7 Eqg. 3
which [ is called the average chord lengthm
T Ta
[ = y Eq. 4

c) Samples preparation

Mortar samples were casted in the cylinder moldhwiameter of 100 mm and height
of 200mm. The mold was removed 24 hours after cérmed water were first at contact.
Then all the samples were cured in the water befoténg process. Three pieces were
extracted from each mortar sample with the thickrafs50mm as shown iRig. 1.16 All
the pieces were polished and then gently cleantmtebair-voids distribution test by linear
traverse method. The investigated area was 60x60amimthe total traversed length was
2615.9 mm in all measurements. The photos of adsvdistribution of concrete samples

tested by linear traverse method are showrign1.17
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Fig.1.16 Mortar sample preparation for linear traverse method test

0.44mm

Fig.1.17 Photos of air size distribution of concret samples produced by different mixing

procedure and tested by linear traverse method

1.6.2. Observation on correlation between stability of air and air volume at

different border of bubbles size

a) Experimental plan

To observe the influence of air bubbles at diffeire on the stability of air, air size
distribution in mortar were measured firstly bydar traverse method at hardened stage. The
size of air bubbles could be a significant factorthie stability of air because coarse air

bubbles are more likely to be escaped faster tharstnaller ones. The critical size of air
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bubble is defined as the size of air which easilybé escaped and harmfully affects the

stability of air.

The target of this section is to determine a @it&ize of air bubbles to the stability of air.
The total of 21 mortar samples was selected fobabbles distribution test using linear
traverse method. These samples were made withrehffeombination of mixing procedure,
mixing time, dosage of SP or AE, and type of SPA&. The mix-proportion and the
properties at initial stage of these samples awewvshin Table 1.7 The properties of

materials used in this study are showitatle 1.8

Table 1.7 Mix-proportion and properties of mortar samples tested with LTM

Air content (%)

Mixing Flow Funnel
N° SPIC (%) AE/C (%) Gravitic LTM
procedure (mm) speed

Ainitiat  A2n  Anardened  As70qm
1 A SR 14 AE, 0.040 259 2.35 175144 128 3.81
2 A SR 14 AE, 0.200 181 1.56 294246 220 6.19
3 B SP. 14 AE, 0.040 270 3.27 7.0 8.1 7.1 0.99
4 By, SR 14 AE, 0.200 259 3.18 8.9 10.6 8.8 0.45
5 G SR 14 AE, 0.040 268 2.26 9.8 104 10.6 2.71
6 Cu1 SP. 14 AE, 0.200 265 246 113131 120 1.08
7 C SR 14 AE, 0.080 235 2.35 13.1 140 143 3.00
8 GCp SR 14 AE, 0.080 239 2.39 172174 174 2.54
9 G SR 14 AE, 0.080 250 227 21.0204 173 3.13
10 G, SR 14 AE, 0.080 261 2.66 153 16.0 156 2.16
11 Goo SR, 09 AE, 0.080 156 1.32 279214 18.8 5.32
12 Cysp SR 0.9 AE, 0.080 233 2.02 19.0183 153 3.10
13 Ci, SR 09 AE, 0.080 255 2.50 16.2 16.0 14.3 2.17
14 GC,, SR 09 AE, 0.080 261 2.62 173173 16.2 2.48
15 G, SB 05 AE; 0.015 184 2.31 183179 17.0 3.92
16 C,, SR 0.7 AE; 0.015 245 2.82 179181 17.3 0.81
17 C,, SR 08 AE; 0.015 261 2.98 17.017.2 15.9 0.83
18 Ci3 SR 13 AE; 0015 264 3.09 152151 139 1.32
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19 C,, SR 14 AE, 0.060 265 2.63 15.1 155 155 2.72

20 Cyi7s Sk 08 AE; 0.013 266 3.10 15.0149 139 1.49

21 G, Sk 1.0 AE, 0.080 268 2.83 153 15.0 135 2.48

In all cases, W/C=45% by weight and s/m=55% by volume

Table 1.8 Materials used for mortar experiments forair size distribution

Cement (C) Ordinary Portland cement (3.15¢jcm
Fine aggregate (S)  Crushed limestone sand (2.68gFcril. 2.96)

Superplasticizer SR Polycarboxylic based with viscosity agent
(SP) SP.: Polycarboxylic based

_ o AE;: Alkyl ether-based anionic surfactants
Air-entraining

(AE: water concentration is 1:99)
agent (AE)

AE:: Vinsol resifAE: water concentration is 1:24)

The mixing procedures using in this section arexshim Fig. 1.18

W+SP+AE
] \1/30 sec\\l/ Y (min) ~
A(Y)- rd 7
W,+SP W,L+AE
30 sec X (min Y (min
- ¢ VX Yo
W+SP
30 sec X (min Y (min
o ¢ V. X(min ¢ )

Fig.1.18 Mixing procedures for mortar conducted inthis section

In mixing procedure f,, after the cement and the fine aggregate weredfoe0.5 minute,
the mixing water, SP and AE were poured and mixedrfminutes. In this section, Y was 2
minutes in case of mixing procedure A. In mixingpgedure By, the mixing water was
divided into two portions. After the cement and fine aggregate were mixed for 0.5 minute,
the first portion of water was poured with SP ariged for X minutes. Then the rest portion

of water was poured with AE and mixed for Y minutésr mixing procedure By in this
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section, X and Y were chosen to be 1 minute anditdteportion of mixing water was fixed
at 20% of cement weight. In mixing procedurg &, after the cement and the fine aggregate
were mixed for 0.5 minute, the mixing water andvfe poured and mixed for X minutes.
Finally, the AE was poured and mixed for Y minutbesthis case with mixing procedure
Cw.v), X was varied at 0, 0.5 minute, 1 minute and 2ut@s. Y was varied at 1 minute, 2
minutes, 3 minutes and 1.75 minutes. The diffepgatedure of mixing could significantly
change the properties of air entrainment systenus;Thy varying the mix-proportion with
different mixing procedures, various group of aitrainment could be collected to evaluate

the critical of air bubbles which is harmful to tsimbility of air bubbles.

b) Results

At fresh stage, air content of each mortar samme measured by gravitic method,
just after mixing and in 2 hours after the firshtact of water and cement. At hardened stage,
air content was determined by linear traverse ntktiibe variation in air content from the
initial stage until hardening for all 21 mortar gales can be found IAPPENDIX A. The
size distribution of air bubbles is indicated with chord length which, according to ASTM

C 457, is assumed to equal 2/3 of its diameters.

The relationship between the stability of air ahd &ir content at hardened stage for each
chord length range (>1Q0m, >300um, >500um, >600um, >700um, >800um, >1000um,

or >1500um) are shown respectively iig.1.19 Among these eight figures, the highest
value of correlation (B was obtained with chord length of air bubbleasfjer than 700 pum,
which is 0.68.
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Fig.1.19 Relationship between the stability of aiin 2 hours and the air content at
hardened stage of chord length (a): >10aAm, (b): >300um, (c): >500um, (d): >600um,
(e): >700um, (f): >800pum, (g): >1000um, or (h): >1500um
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The correlation between the stability of air and #ir content at hardened stage for each

chord length range of air bubbles is showkig 1.20
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Fig.1.20 Correlation between the stability of airm 2 hours and air volume at hardened

stage of different border of bubbles size

The graph explained that the stability of air defeghon the air volume of coarser size
bubbles rather than the smaller ones. The highasewf correlation (B was obtained at
the chord length of larger than 7Qfn. This result indicated that the coarse size @aobles

were not favorable for the stability of the air-#gisystem.

However, these correlations were obtained by usiiegair content measured at hardened
stage which was not totally represented initialvaid system just after mixing. The actual
critical size could be larger than 70t since it was more likely that the coarser airtideb
could escaped faster than the smaller ones duresi fstage and also hardening. This can
explain that some portion of coarser air bubbles wleeady lost before air distribution test
at hardened stage. Anyway, the air distribution #reddetermination on the critical size of
air bubbles on the stability of air will be donethre next chapter at fresh stage by air-void

analyzer which is expected to bring a more prea@salt on the critical value.
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c) Observation 1: Effective mixing procedure minimized the coarse size air bubbles
At the same dosage of AE of 0.20% of cement weitplat relationship between initial
air content and the stability of air content in @bs of the mortar samples produced with

different mixing procedure A, B or C is shownRig. 1.21
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Fig.1.21 Effect of mixing procedure on stability ofair bubbles

Initial air content produced with mixing procedukenvas much higher than that of mixing
procedure B or C. However, the stability of air bleés produced with mixing procedure B or
C was much better than that of mixing proceduréMth mixing procedure B or C, there
could be more room for improvement the volume ofaacompanying with the finer system

of air entrainment.

Air size distribution in mortar samples producedhwnixing procedure A, B, or C with the

same mix-proportion at AE dosage of 0.20% of cemazight is shown irrig. 1.22
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Fig.1.22 Air size distribution in mortars producedwith mixing procedure A, B, or C
with AE dosage of 0.20% of cement weight

When the dosage of AE increased, the air bubblgsilalition of mixing procedure B or C
was significantly improved. The content of coarge sir bubbles was almost eliminated
with mixing procedure B or C. The increase of AEalge lowered the surface tension then
encouraging more air bubbles to be created. Whtigla flowability of the mixture produced
by mixing procedure B or C (by dispersing actidhg coarse size air bubbles were difficult
to be formed or some of them were already escapkmidomixing was finished. This reason
also explained why even though the dosage of AE mar®ased to be very high, the air
content was not accordingly increased when miximggdure B or C was conducted. On the
other hand, with the high increase in air contetth ywixing procedure A when AE dosage
was increased, there was no improvement on thieuioles distribution observed since the

content of coarse size air bubbles was also ineckimsthis case.

The share of air volume at five ranges of chordjilerof air bubbles are shownhig. 1.23
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Fig.1.23 Share of air volume at each range of choidength (ChL) of air bubbles in
mortar produced with mixing procedure A, B or C

The share of air volume of bubble with chord lengthsmaller than 70@um of mixing
procedure B or C was significantly larger than tbatmixing procedure A. This result
showed that the air bubbles distribution of mopgerduced with mixing procedure B or C

was finer than that produced by mixing procedure A.

A finer air-void system found with mixing proceduBethan with mixing procedure C could
be related to the flowability of the mortar sampbesduced with these two types of mixing
procedure. The funnel speed of mortap,Rroduced with mixing procedure B was faster
than that produced with mixing procedure C. Thatrehship between the funnel speed and

the specific surface of air is shownkig. 1.24
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Fig.1.24 Relationship between funnel speed and tispecific surface of air of mortars

produced with different types of mixing procedure
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With the same dosage of AE, higher funnel speed ac@®mpanied with finer air-void
system. This was the result of the dispersing aabioSP before AE was added in case of
mixing procedure B or C that lead to the finer\aird system than in case of mixing
procedure A. With mixing procedure B or C, the anume of coarse bubble could be

interestingly minimized along with the lower visdgsalue as shown ifig. 1.25

35
30 f--ommmm e
25 f---mmmm
20 f---mmmm
15 oo

10 fF------------------- | I

Share of air volume of
chord length > 700um (%)

Funnel speed of mortar; R,

Fig.1.25 Relationship between funnel speed and tisbare of coarse air volume of

mortars produced with different types of mixing procedure

d) Observation 2: Mixing time with AE increased the total air volume while mixing time
with SP reduced air volume of coarse bubbles
Three pairs of mortar samples with the same mip@rion produced with mixing
procedure €yin which the mixing time with SP was 1 minute ahd tnixing time with AE
was varied by parameter “Y” at 1 minute, 2 minut@s3 minutes respectively. The effect of
mixing time with AE on initial air content and stedy of air bubbles in 2 hours is shown in
Fig. 1.26
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Fig.1.26 Effect of mixing time with AE on initial ar content and stability of air bubbles

in 2 hours

With longer mixing time with AE, initial air conténncreased whereas the stability of air

slightly was hindered. This result can be explaitieed longer mixing time with AE provided

more chance for air bubbles to be created resuitiffggher content of air. However, with

the same dosage of AE, longer mixing time alsonaltaore air bubbles to be coalesced and

formed a new larger size air bubbles. At the same tas small size air bubbles increased

with longer mixing time, the content of coarse sarebubbles would also be increased then

resulted in lower stability of air bubbles.

The air size distribution of mortar samples prodlueagth the same mix-proportion but with

different mixing time with AE is shown iRig. 1.27
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Fig.1.27 Air bubbles distribution of mortar samplesproduced with different mixing

time with AE (Y = 1 min, 2 min, or 3 min)
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Increasing mixing time with AE from 1 minute to 2mates increased mostly the content of
air bubbles with the chord length of lower than $0® and decreased slightly the content of
coarse size air bubbles. On the other hand, incigasixing time with AE from 2 minutes

to 3 minutes slightly lowered the content of snsite air bubbles and increased the content
of coarse size air bubbles. The correlation of estafrair volume at coarse size and the
increase in mixing time with AE is shown iRig. 1.28 This result explained that the
optimum mixing time with AE, the mixing time thabwuld produce the finest air-voids

system existed.
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Fig.1.28 Increasing the air volume of fine bubblewith longer mixing time with AE

The effect of mixing time with SP on initial air mi@nt and stability of air bubble in 2 hours
is shown inFig. 1.29
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Fig.1.29 Effect of mixing time with SP on initial & content and stability of air bubbles

in 2 hours
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With longer mixing time with SP, initial air conteneduced whereas the stability of air
bubbles improved. Longer mixing time with SP pra@ddnore chance for the mixture to be
dispersed before pouring AE thus lowering the \sgigoof the mixture. As a result, lower
content of air was obtained with higher amount wial size air bubbles. The small air
bubbles itself were more stable than the larges.ohke stability of air bubbles improved by
longer mixing time with SP.

The air size distribution of mortar samples prodluegth the same mix-proportion but with
different mixing time with SP is shown kig. 1.3Q
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Fig.1.30 Air size distribution of mortar samples poduced with different mixing time
with SP (X = 0 min, 0.5 min, 1 min, or 2 min)

Air size distribution of the mortar samples in whiSP was introduced before pouring AE
(“X” # 0) was different from that of the sample that 88 AE were introduced at the same
time (“X” = 0). In case of the sample made with th&ing time with SP (before pouring
AE) of 0 minute, high content of air with coarseesiair bubbles was found. When the
mixing time with SP was increased from 0 to 0.5umen a significant reduction in content of
coarse size air bubbles could be obtained. Inargagie mixing time with SP from 0.5
minute to 1 minute then to 2 minutes increased dbetent of small size air bubbles
(especially with chord length smaller than 3%0) and gradually decreased the content of
coarse size air bubbles. This result showed afggnt improvement of pouring SP before
pouring AE even with a very short mixing time. Aldonger mixing time with SP would

improve the fineness of air-voids system to songé hevel.
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The share of air volume at five ranges of chordytlerof mortar samples with the same

mix-proportion produced with different mixing timéath SP are shown iRig. 1.31.
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Fig.1.31 Share of air volume of each range of chodéngth (ChL) of mortar samples

produced with different mixing time with SP (X = Omin, 0.5 min, 1 min, or 2 min)

Longer mixing time with SP basically lowered thentamt of coarse size air bubbles. As a
result, the share of volume of coarse size air lm#lvas reduced. The share of air volume in
mortars produced with mixing time with SP of 1 nim@&nd 2 minutes were similar. This

result showed that a maximum mixing time with SRoltproduced an optimum fineness of

air entrainment existed. The reduction in air vaduof coarse bubbles with longer mixing

time with SP is shown iRkig. 1.32
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Fig.1.32 Effect of mixing time with SP on minimizirg the coarse air volume
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e) Observation 3: Higher dosage of AE reduced the air volume of coarse bubbles

Air size distribution of mortar measured with threekr traverse method and produced
at different dosage of AE in case of mixing proaed,, By 1 or G ;1 is shown respectively
in Fig. 1.33, Fig. 1.34ndFig. 1.35
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Fig.1.33 Air size distribution affected by dosagefdAE in case of mixing procedure A
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Fig.1.34 Air size distribution affected by dosagefdAE in case of mixing procedureB
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Fig.1.35 Air size distribution affected by dosagef@AE in case of mixing procedure C

With mixing procedure A, higher dosage of AE inae@ air volume at each range of air
bubble size thus causing no improvement in finemésar entrainment. In case of mixing
procedure B or C, higher dosage of AE increasedaume of fine size air bubbles while
decreasing the volume of coarser size air bubBleat phenomenon was beneficial to both
fineness of air entrainment and the stability of ldigher dosage of AE was required in case
of mixing procedure B or C to reach same air volasanixing procedure A. As it can be
seen inTable 1.7, even at a low dosage of AE, air volume producét mixing procedure

A was highly larger than mixing procedure B or @cB a low dosage of AE caused poor

stability of air due to high volume of air at coasize bubbles.

The relationship between dosage of AE and the sbhrthe volume of coarse size air
bubbles is shown iRkig. 1.36
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Fig.1.36 Reduction in share of coarse air volume ke increase in dosage of AE in the

case of effective mixing procedure

It can be seen that the increasing dosage of AEawagl the fineness of air distribution
through reducing the volume of coarse size air mgobinterestingly, with the mixing
procedure A, there was a significant reductionaarse air volume when the dosage of AE
was increased while the share of coarse air volrasehigh comparing to that of the mixing

procedure B or C.

1.7. Purpose of Research

The purpose of this research is to modify the ngxanocedure to effectively improve
the stability of air bubbles and to be able to he@rget air volume with satisfied fineness of
air entrainment. A controllable air entrainmenhécessary for a production of air-SCC with
adequate stability of air bubbles and insurablé-c®hpactability. To achieve stable air
entrainment, the target of this research is to miie the air volume of coarse bubbles as

shown inFig. 1.37

Air volume
A
Critical size
.J of air
: Target: to minimize

| L the air volume of
-~ coarse bubbles
NN

Size of air bubbles

Fig.1.37 Purpose of the research: How to minimizéhe air volume of coarse bubbles
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1.8. Outline of Research

To initiate the effective mixing procedure whichable to ensure the stability of air
and to reach the target air volume with satisfiedrfiess of air bubbles distribution, the
outline of this research is as following. Since tlifgerence in the mixing procedure and its
effectiveness on the stability of air as much asdh bubbles distribution were introduced
already in this chapter, the following chapterstaredetermine firstly a more precise critical
air bubble size to the stability of air by using thir bubbles distribution measuring at fresh
stage. After this critical size can be determinet able to distinguish the favorable size of
air bubbles (fine air) and the unfavorable sizeawof bubbles (coarse air). With a clear
distinction, the clarification of the viscosity due different type of mixing procedure on
entraining air volume of coarse or fine bubbles waaducted through varying water to
cement ratio. Then, the entraining air volume ddrse or fine air bubbles due to different
dosage of AE was clarified. Furthermore, the cadpaai the mixing time in reaching the
upper limit volume of fine air will also be cla®d. This upper limit was expected to be
defined by the combination between the viscosity ttudifferent mixing procedure and the

dosage of AE.
The clarifications mentioned above are for propgsaanmethod for entraining stable air is

introduced through adjusting the mixing time witk And the dosage of AE considering the

viscosity of the mixture. The brief outline of thissearch is shown fg. 1.38
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CHAPTER 2 CRITICAL SIZE OF ENTRAINED AIR TO STABILITY
OF AIR VOLUME AT FRESH STAGE

2.1. Purpose

The purpose of this chapter is to determine thigcalisize of air bubbles which may
harmfully affect the stability of air. Differentpg of mixing procedure was modified aiming
to improve the stability of air. After the criticalze was determined, the choice of effective
mixing procedure and its adjustment can be madee@me air volume of coarse bubbles is
able to minimized, the stability of air would beproved and the target air volume would be

adjustable.

2.2. Hypothesis

A coarse air bubbles floats faster than the smalfex since due to smaller surface
friction of air. The coarse air bubble which istical to the stability of air is defined as those
that escapes easily either by collapsing in theirat by floating upward then fading away.
Air bubble with smaller size (higher internal pres is more stable than coarser size air
bubble (lower internal pressure). The mixture cmitg high volume of coarse size air
bubbles would be more likely to possess a pooiilgtabf air. The definition on the critical

defined for this study is shown kg. 2.1

Only coarse bubble floats
due to smaller friction on

the surface of air
-> Escaping from concrete

Surface frictional force

To escape easily
: Critical size either by collapsing
'—> of air or floating upward

then fading away
N

Size of air bubbles

Buoyancy force

Air volume

Fig.2.1 Definition of the critical size of air bubbes
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2.3. Determination of Critical Size of Air Bubbles to the Stability of Air

2.3.1. Mortar samples and mixing procedure

To determine the critical size of air bubbles, sire distribution of mortar samples

were measured at fresh stage with air-voids anelé\) test method. 30 mortar samples

were made with different types of mixing procedangl with variation on mixing time with

AE and dosage of AE. The mixing procedure usedhim ¢hapter is shown iRig. 2.2 The

mix-proportion and properties of these mortar s@spre shown imable 2.1

B(X,Y):

W+SP+AE
\1/30 sec \l/ Y (min) «
7
W,+SP Wo+AE

\l/SOsec \l/ X (min) \l/ Y (min)

7

Fig.2.2 Mixing procedure for mortar to be tested ai distribution with AVA test method

Table 2.1 Mix-proportion and properties of mortar samples produced with mixing

procedure A and tested with AVA-3000

. Mixing SR/C AE)J/C Flow Funnel Air content (%)
§ procedure (%) (%) (mm)  speed Ajnia  Aon Assoqm(*)  A<soqum
1 A, 14 0.005 247 2.48 111 75 8.8 2.3
2 As 1.2 0.005 260 3.73 135 6.0 11.8 1.7
3 A 14 0.010 252 2.65 13.0 105 6.6 6.4
4 A 1.2 0.010 256 3.24 18.0 134 10.9 7.1
5 As 1.2 0.010 251 3.55 21.6 145 15.3 6.3
6 A, 14 0.020 245 2.46 183 175 4.1 14.2
7 A 1.2 0.020 254 2.89 228 22.2 3.4 19.4
8 As 1.2 0.020 258 3.09 240 229 2.2 21.8
9 Ag 1.2 0.020 262 3.38 20.3 193 5.4 14.9
10 A, 0.7 0.005 196 2.10 116 7.6 10.1 15
11 A, 0.7 0.010 193 2.19 15.8 10.3 12.5 3.3
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Table 2.2 Mix-proportion and properties of mortar samples produced with mixing
procedure B and tested with AVA-3000

. Mixing SPR/C AEJ/C Flow Funnel Air content (%)

U procedure (9) %) (vm)  speed Aww  Am  Acogn(®)  Acogn
1 B 1.1 0.010 236 3.32 6.4 6.9 3.8 2.6
2 Bia 0.9 0.010 227 3.73 6.8 7.2 2.3 4.5
3 Bis 0.9 0.010 237 3.88 7.1 7.0 2.3 4.8
4  Biio 0.9 0.015 229 3.94 8.1 8.2 1.6 6.5
5 Bus 0.9 0.015 223 391 113 111 .6 9.7
6 Bi.20 0.9 0.015 220 3.75 16.5 16.6 3.7 12.9
7 B 1.1 0.020 262 4.07 6.2 6.7 1.8 4.4
8 Bia 0.9 0.020 240 3.82 8.4 8.5 1.8 6.7
9 Bis 0.9 0.020 242 3.83 9.2 9.6 14 7.8
10 B 0.9 0.020 234 3.83 105 11.0 2.0 8.4
11 By 0.9 0.020 227 391 119 121 1.1 10.8
12 B 0.9 0.020 199 3.39 21.3 21.3 2.5 18.7
13 B 0.9 0.020 209 339 193 185 2.2 17.1
14 B, 0.9 0.040 240 3.98 94 10.7 1.5 7.9
15 B 0.9 0.040 241 4.20 11.2 11.3 1.2 10.0
16 Bg 0.9 0.040 238 395 122 12.6 1.1 111
17  Bis 0.9 0.080 230 400 134 1338 2.2 11.2
18 Big 0.9 0.080 242 4.20 142 14.7 1.2 13.0
19 B 0.9 0.080 234 410 15.6 15.8 0.4 15.2

(*) The value of air volume of bubbles with chord length of larger than 500 tm was the
results of the adjustment with the gap between air volume measured by weight and that

measured by AVA, as explained in section 2.3.3.
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2.3.2.  Air Void Analyzer (AVA-3000) for measuring diameter of air in fresh mortar
a) Significance of measuring method

The AVA test method was developed to measure e¥@d system of concrete or
mortar at fresh stage. Before this invention, ihasd to fully understand the initial stage of
air-void system which is required to assure thattdrget air entrainment is achieved. For
this study, this test method is beneficial to fullyderstand the characteristics of the air-void
system at fresh stage to be able to adjust thaldeitmixing method and mix-proportion

which encourage a finer system of air-voids androwe the stability of air bubbles.

b) Mechanism of measurement

The mechanism of AVA method is to expel all air bigs included in a given
mortar/concrete sample, collect the air bubbles] aecord their quantities and size
distribution. The sample is placed in the viscalease liquid by stirring using a magnet to
release all air bubbles. With careful control oscasity of the liquid, the air bubbles could
retain their original size without neither coaleguar disintegrate into smaller bubbles.
According to the Stokes law, the floating speedceath air void rising through the liquid
depends on its size. The viscosity of the anallygigsd slows down the initial rise of the
bubbles providing a measurable separation in tonthée arrival at the top of the column of

bubbles of different sizes.

From this data, air void parameters calculatedushe$ the air content, specific surface and
spacing factors. These parameters are calculatetbri@spond to those that would be
obtained from linear traverse measurements on @aplsurface of the hardened concrete
using the assumptions outlined in ASTM C 457: (i average measured chord length is
equal 2/3 of the true air void diameter as showkig 2.3and (2) for the calculation of

specific surface and spacing factor, the voidsa#iref the same size and they are located in

lattice points of a regular cubic array.
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Chord length

According to ASTM C 457,
. ,\ average measured chord
< Diameter length is equal to 2/3 of

the true air diameter.

Fig. 2.3 Assumption on the relationship between dmeter and chord length of air bubble

First of all, de-aerate tap water and temper theasing liquids in the water tank at least 24
hours prior to testing air distribution. After oday, place the AVA base unit on top of the
water tank and connect it by means of the conngdevice to a computer having AVA
application. Then place the riser column conneutitd mortar sample and piston as seen in
Fig. 2.4(a)on the top of the AVA base unit and fix it withetlscrews. After that, place the
magnetic stirrer rod in the riser column’s bottdrill the water from the tank to the riser
column to a level of about 3 cm below its top edgd carefully remove all bubbles in the
riser column by the brush. Fill the funnel withaa$ing liquid and then gently place it into

the riser column. Finally, place the buoyancy panhe balance then position the windshield

on top of the riser column.

1. Finished
installation

2. Insert
mortar

Stirrer started separating
fine aggregate from the
paste allowing air bubbles
to move upward through
the blue liquid then the
water above and finally
Releasing | attach itself to the balance.

liquid

Fig.2.4 (a): Equipment of AVA-3000, (b): Rising bubles during measurement

After finishing installation, gently remove the fme and insert the mortar sample into the
riser column. Then start the AVA testing prograrheTmagnetic stirrer will separate the fine
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aggregate from the cement paste and then the irejeliquid releases the air bubbles
allowing bubbles to rise through the riser columd attach itself to the buoyancy pan. The

rising of bubbles through riser column is showikig. 2.4(b)

Examples of AVA-3000 result printed out from theaserement are shown kig. 2.5and
Fig. 2.6 respectively. InFig. 2.5 the horizontal axis shows the change in masshef t
buoyancy pan as a function of time (vertical axi$)e results of the analyses include the air
content in concrete, air content in paste, air @nin putty, specific surface, and spacing
factor. The chord length of 2mm and 1mm correspdodair void diameter of 3mm and

1.5mm respectively, according to ASTM C 457.

Air Void Analyzer AVA-3000
Type Company name

Measurement of Sep 1, 2016 1:03 PM

Sampler : Sathya
Orxdered by : RUT Mortar<émm 100.0 %
Sample location : 2016-09-01 Expected air 12.0 %
Case number : B115-20A Paste 45.0 &
Sample number s 2 Sample volume 20.0 cm3
Analysis
Start: 0.0g +5sec.: 0.13g +30sec.: 0.37g Temp: 26.9°C
Dif£/100
0.00 0.05 0.10 0.15 0.20 0.25 0.30
0 R R R B! IR B A +15 T/°C
— > 0.92 26.9*
- > 8 1.55 26.9*
— > 1. 1.90 26.9*
— O 1. 2.08 26.9*
5— O 1 2.18 26.9*
- O 6. 2.24 26.9*
-1 O 4. 27 2.28 26.8*
- O 2.3 2.29 2.29 2.30 26.9*
- O 2.0 2.31 2.31 2.32 26.9*
1040 0.7 2.32 2.32 2.32 26.9*
P 1.0 2.33 2.33 2.33 26.9*
o
< 40 1.0 2.34 2.34 2.34 26.9*
& 0.0 2.34 2.34 2.34 26.9*
z O 0.7 2.34 2.35 2.35 26.9*
15 0.3 2.35 2.35 2.35 26.9*
0.0 2.35 2.35 2.35 26.9*
0.0 2.35 2.35 2.35 26.9*
20
25
*NOTE: Temp. out of range

Results (adjusted

to correlate with ASTM C457)

Chord length 2mm < lmm < 0.35mm
Air-% concrete 12.8 & 12.3 % 10.5 &
Air-% paste 28.7 % 27.5 % 23.6 %
Air-%putty J 22.3 % 21.6 % 18.4 %
Specific surface : 27.9 mm-1 29.0 mm-1

Spacing factor 0.126 mm 0.126 mm
NOTE: Air-%Concrete <2mm out of range 3.5-10%

Fig.2.5 Example of result from measurement with aivoid analyzer (AVA-3000)
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Air Void Analyzer AVA-3000 GI
Type Company name

Measurement of Sep 1, 2016 1:03 PM

Case number : B115-20A
Sample number : 2

Distribution of air void content for voids < 2 mm (%)

100 ]
90 4 Air void content in concrete : 12.5 %
O
80 - Air void content d<300pm : 8.5 %
70 - O
60 -
50 - O
40 =
30 -
20 - O
10 < O
0 I 1 Il l_l
L L 1 1 I I | 1 I
0 50 75 100 125 150 200 300 500 1000 2000pm
0.0 0.0 2.2 9.8 21.8 47.0 €8.3 85.3 94.5 100.0%

Distribution of air void content in cement paste for voids < 2 mm (%)

10 = Air void content in cement paste : 28.0 %

0 50 75 100 125 150 200 300 500 1000 2000pm
0.0 0.0 0.6 2.1 3.4 2 | 6.0 4.8 2.6 1.5%

Fig.2.6 Example of result of distribution of air buobles measured with AVA-3000
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2.3.3.

a) Determination directly from AVA

Determination of critical size of air bubbles to the stability of air

The relationship between the stability of air aimel &ir content at fresh stage of each

chord length range (>10@m, >300um, >500um, or >1000um) are shown respectively in
Fig. 2.7.

Variation in air content in

Variation in air content in

2 hours (%)

2 hours (%)
A

-10

0 10 20 30 40

Air content with chord length of
> 100 um (%)

0 5 10 15
Air content with chord length of

> 500 um (%)

2
=
= 0
L
5% 2
[& I
= g -4
£e
S~
8 8
3
> 10 : ' .

0 5 10 15 20
Air content with chord length of
> 300 um (%)
d

X (d)
=
=
g
5%
oS
=0
© =
£3
c <
o«
ks
T
>

Air content with chord length of
> 1000 pum (%)

Fig.2.7 Relationship between the stability of airm 2 hours and the air content at fresh
stage with chord length of (a): >10Qum, (b): >300um, (c): >500um, or (d): >1000um

Correlation between the stability of air and the @ntent at fresh stage at each

chord length is shown iRig. 2.8
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1.0

Correlation between stability
of air and air volume (R?)

>100 >300 >500 >1000

Chord length of air bubbles (um)

Fig.2.8 Correlation between the stability of air in2 hours and air content at fresh stage
(measured with AVA) of each range of chord length

It can be seen that the stability of air is motatssl to the content of coarser air bubbles than
the smaller ones. The highest correlatiof) @ 0.69 was obtained with the chord length of
larger than 100@um. This result showed that the stability of ailuwehced mainly by the air
volume of bubbles with chord length larger than@ Q.

b) Consideration of escaping air during sampling
The measurement of air volume was done with gawitethod prior to sampling
process for air void distribution measuring wite@,AVA machine. The correlation between

air volume measured with weight and the air volumeasured with AVA is shown iRig.
2.9

25

20

15

10

Air volume measured by AVA (%)

0 5 10 15 20 25
Air volume measured by weight (%)

Fig.2.9 Correlation between air volume measured wht weight and with AVA
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There were some cases where the measurement aflame with AVA was considerably

lower than that measured by weight. This explaitieat there were cases where the
air-entrained mortar sample of poor stability coelisily cause a reduction in air volume
during sampling the sample for AVA test. That asfume may have belonged to the coarse
size air bubbles as it escaped faster than thidieo$maller ones and will be more critical to

be lost if there were large volume of air of thaarse size.

To improve the reliability of the determination &me critical size of air bubbles to the

stability of air, adjustment on the total coarsevalume were made as shownrFig. 2.9

Tescape

CO»O»()

A Air volume N e S

Formed by
T \</ ' | unification

2.Unification
of bubbles
forming a

larger size

Adjustment
the total

oy — .
Loss before C?,:zsq:w
AVA test
1. Critical size
of air loss

Fig.2.10 Adjustment of total coarse air volume condering air loss during sampling and

<100um

100 to 300um

300 to 500um

500 to 1000pm
>1000um

unification between air bubbles

In this assumption, firstly the air bubbles of dahdength larger than 100Qm was
considered as the critical value to the air losetaon the highest correlation resulteéFim
2.8 Thus, the difference between air volume measbsedeight and that measured with

AVA was as the coarse air with chord length of éarthan 100Qum which were lost during

the sampling of mortar.
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c) Consideration of unification between air bubbles

Since air entrainment changed when time passerk theuld be unification between

air bubbles occurred before the experiment was @dorZhours. Thus, by considering that

during that time small air bubbles would be unifiedether forming larger size ones, part of
the air volume with chord length range 500 to 1000um was also unified to form bubbles

of chord length larger than 10@0n. An example on the variation in air size disttibo
from initial stage to 2 hours is in shownhiyg. 2.11

Initial
stage

Air volume (%)
N

| In 2 hours l

Due to unification
of air bubbles

|

Chord length of air bubbles (um)

Fig. 2.11 Example of variation in air size distribdion in 2 hours measured with AVA

d) Critical size of air bubbles to the stability of air

Following the adjustment process mentioned abokie, d¢orrelation between air

volume of bubbles with chord length of larger tH&90um, 500um, 300um or 100um to
the stability of air is shown iRig. 2.12

51

RATH Sovannsathya



2 2
~ 0 ~ 0
S S
:>\/ '2 ..Z\ '2
'_g -4 g -4
I 2 6
< <
< 4 8
_10 1 i _10 | i i
0 5 10 15 0 5 10 15 20
Air volume with chord length of Air volume with chord length of
> 1000 pm (%) > 500 pm (%)
d
2 2 (d)
g ¢ g’
> 2 > 2
5 -4 3 -4
2R -
< 8 < -8
_10 | | | _10 L L
0 5 10 15 20 0 10 20 30
Air volume with chord length of Air volume with chord length of
> 300 pm (%) > 100 pm (%)

Fig.2.12 Correlation between the stability of air o the air volume after adjustment with
chord length of > 100Gum, > 500um, > 300um or > 100pm
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To precisely consider the unification of air bulshldifferent partially share of air volume
with chord length of 50Qum to 1000um including to that of chord length larger than
100Qum was analyzed to correlate with the stability ioflea shown irFig. 2.13

1.0
g 0s 1 92 0.93
Eh ) —~ -~ —~
23 S S S
Cs 0 =1 =1 =1
'Eb: 06 - S S S
5E2 s S S
c 8~ — — —
28 04 - 8 = =
&) o o o
RS = EQME S
5 0.2 SSHMoEZE2
O o S Bl ER

N el
0.0 -

Chord length of air bubbles

Fig.2.13 Correlation between air volume to the stality of air considering the
unification of air at different portion

It can be seen that by including 50% or 75% ofvalume with chord length of 50@m to
1000pum to the volume of coarse air with chord lengtHasger than 100Qum, the highest
correlation of 0.93 was obtained. These correlatame shown ifrig. 2.14
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> -2
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-8
_10 | |
0 5 10 15
Air volume with chord length of
> 1000 pm+25%(500 to 1000 pum) (%)
b
2 (b) 2
~ 0 ~ 0
S o\°
> 2 > 2
3 g 4
5 o 5
< <
-8 -8
_10 L L _10 L L
0 5 10 15 0 5 10 15
Air volume with chord length of Air volume with chord length of
> 1000 um+50%(500 to 1000 um) (%) > 1000 um+75%(500 to 1000 um) (%)

Fig.2.14 Correlation between the stability of air ad the volume with chord length of
larger than 1000um + 25%, 50% or 75% of unification of air volume wih chord
length of 500um to 1000um

It is possible that the existence of air volumehwdhord length of larger than 10Q@n and

the partial air volume with chord length of 50t to 1000um due to the unification caused
the instability of air in fresh mortar of self-coagiing concrete. However, to simplify the
further analysis in the next chapter, the coarsewbles which was harmful to the stability
of air was chosen to be with the chord length adrdd00um. Thus, to ensure the stability of

air means to minimize the air volume at this range.
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2.4. Critical Size of Air Bubbles to the Stability of Air in Concrete

2.4.1. Experimental plan

This section is the clarification in case of comerghether the critical size of air
bubbles determined in the case of mortar was gdpbticable for concrete or not. At concrete
plant, to verify the critical size of air bubblesthe stability of air, four samples of concrete
were conducted with mixing procedureyA The properties of materials used for concrete
experiments in this section are showTable 2.2 The mix-proportion and the properties of

these samples at initial stage are showrainle 2.3

Table 2.3 Materials used for concrete experiments

Cement (C) Ordinary Portland cement (3.15¢jcm
Fine aggregate (S)  Crushed limestone sand (2.68gFcrl. 2.96)

SP:: Polycarboxylic based with viscosity agent

Superplasticizer  SPs: Polycarboxylic based with viscosity agent and

(SP) retarding type

SRy Polycarboxylic based
Air-entraining AE;: Alkyl ether-based anionic surfactants
agent (AE) (AE: water concentration is 1:99)

Table 2.4 Mix-proportion of each concrete sample

SP/C AE/C Properties at initial stage
Mixing
N° Flow Funnel Air content
procedure Type (%) Type (%)
(mm)  speed (%)

1 Bisis SRk, 1.1 AE  0.015 595 2.04 9.7
2 Ars Sk, 11 AE  0.015 570 1.47 10.5
3 As Sk 1.0 AE  0.015 518 1.69 10.7
4 Ag Sk 1.2 AE  0.015 578 1.64 11.5
5 Az 1T Sk 11 AE  0.015 630 1.98 7.6
6  Asien* SP; 1.1 AE  0.015 650 1.94 7.9
7 Aisierf SRBt+SR, 0.75+0.75  AE;  0.015 630 1.85 7.9

(*) 1 minute mixing with de-foaming agent
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2.4.2. Results

The correlation between air volume with bubble sizkarger than 100Qm plus about
50% of bubbles with chord length between %00 to 1000pum and the stability of air in
concrete is shown iRig. 2.15

Air stability (%)

0 5 10 15

Air volume with chord length of
> 1000 pum (%)

2 2
~ 0 ~ 0
S S
> 2 z 2
ZCEU -4 g 4
% _é’ 6
5
-8 -8
_10 L | | _10 i i i
0 5 10 15 20 0 5 10 15 20
Air volume with chord length of Air volume with chord length of
> 500 um (%) >1000 um+25%(500 to 1000 pm) (%)
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X S
> 2 > 2
g -4 5 4
- 6 [
< <
-8 -8
_1 O : : _1 O L L
0 5 10 15 0 5 10 15
Air volume with chord length of Air volume with chord length of
>1000 um+25%(500 to 1000 pm) (%) >1000 um+75%(500 to 1000 pm) (%)

Fig.2.15 Relationship between the stability of aiand the air volume in concrete and
mortar at fresh stage with chord length >100Qum, >500um or >1000um+25%, 50%
or 75% of (500 to 100Qum)

These 7 points of concrete test result was plattese to the correlation in mortar tests as
shown in the figure. Interestingly, the concretst teesults well fit with the correlation of
mortar tests which indicated that the critical sarel the consideration on the unification of
air bubbles in mortar experiment can also be waliad to the concrete experiment.

2.5. Summary

Instability in volume of air in fresh mortar causky the existence of air bubbles
with chord length of mainly over 100dm and partially 500um to 1000um due to
unification of air bubbles. This summary is shownFg. 2.16 as follow. To ensure the
stability of air and to reduce the floating bubbthat may lead to a risk of escaping, the

critical size of 50Qum was set up for discussion fradHAPTER 3.
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50% of (air volume of bubble
size 500um to 1000um) were
unified forming bubble

Air size>1000pm
volume . )
A Most of air bubbles size

>1000um were ready to escape

500 1000
Air bubble chord length (um)

Fig.2.16 Summary of the border of air bubbles sizeausing instability of air volume

58 RATH Sovannsathya



CHAPTER 3 EFFICIENCY IN ENTRAINING VOLUME OF AIR
DEPENDING UPON VISCOSITY SUBJECTED TO TYPE OF
MIXING PROCEDURE

3.1. Purpose

The purpose of this chapter is to show that vidgasibjected to different types of
mixing procedure cause the difference in the foromadf air volume of coarse or fine size of
air bubbles. This clarification can enable modi§yithe mixing procedure in the right
direction thus enable minimizing the air volume aufarser bubbles and improving the

stability of air.

3.2. Hypothesis

The viscosity of the mixture during mixing proceddor entraining air bubbles could
be a determinant factor deciding the fineness ofdastribution. Even though higher
viscosity of mixture could reduce the rate of esag@ir bubbles, the stability of air would
not able to be improved if the air volume of coas®e bubbles was high. Since the target of
this study is to ensure the stability of air, tiveef the air system is preferable. It was better
to initially entrain finer air entrainment to enttanthe stability of air rather than to allow
excessive existence of coarse air volume whichexpected to come with the high viscosity
mixture. The assumption on the effect of variedessty on the capacity in entraining coarse

or fine air bubbles is shown Kig. 3.1

Air volume
A
‘1' Higher viscosity
/\ Lower viscosity
>
Air bubble size

Fig.3.1 Viscosity influenced the capacity of entraing air volume
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3.3. Difference in Viscosity between Dividing Water Mixing Procedure and

Simple Mixing Procedure

3.3.1. Experimental plan to clarify the affected of dividing water on viscosity

In mixing procedure B, the mixing water was dividatb two portions. In this section,
the portion of water firstly poured with SP wasigdrto clarify that the dividing water was
contribute to the effectiveness of mixing procedarel that there existed the optimum
portion of water to be poured with SP to lower vty of the mixture. The viscosity of the
mixture (evaluated through the term funnel speethis study), was used to indicate the
effectiveness of divided portion of mixing watdrwlas assumed that the highest the funnel
speed was able to produce the finest air distobutAs it was observed in tl&hapter 1,
the mixing procedure B (the water-dividing mixingopedure) was usually accompanied
with the higher funnel speed of mortar and as #seilt produced the finer air distribution
than mixing procedure A (the simple mixing procegjur

In this section, the target of experiment is toverdhat the portion of water firstly poured
with SP and mixed was essential to change the cteaistics of the mixture before pouring
AE. The dispersing action of SP lower the viscosityhe mixture resulting in higher funnel

speed could entrain finer air bubbles system. Moetgperiments were conducted with
mixing procedure A and B with and without AE. Irseaof the mixing procedure B, different
portion of water pouring with SP was varied by*Wthe total water content poured before
adding AE) at 40%, 35%, 30%, 25%, 20%, or 15% oheeat weight. Mixing procedures

conducted in this section is shownFigure 3.2

C+S W+SP+AE
\1/30 \L 2 mi
Method Ay =0 AL >
C+S W,+SP Wo+AE

Method Bl.1: \1/30 sec>\l/ 1 min >\l/ 1 min >
. _J
Y

Wi /C is varied

Fig.3.2 Different types of mixing procedure to claify viscosity due to water dividing

mixing
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The materials used for experiment in this chageahiown infable 3.1

Table 3.1 Materials used for mortar experiment in Gapter 3

Cement (C) Ordinary Portland cement (3.15¢jcm
Fine aggregate (S) Crushed limestone sand (2.68gFcikl. 2.7)

SP.  Polycarboxylic based with viscosity agent

Superplasticizer (SP) :
SP, Polycarboxylic based

Air entraining agent A Alkyl ether-based anionic surfactants
(AE) (AE: water concentration is 1:99)

3.3.2. Portion of dividing water affected viscosity of mixture

The relationship between the portion of water ligrppured and mixed with SP and the
funnel speed of mortar obtained after mixing ineca mixing procedure A or B, with and
without AE, is shown irFig. 3.3

e 35
€ 30 b [ . | wiCc=45%
E [ | o l [
) 25 oy 1 Bt | I & wW/0AE-A
qg 20 A e _‘_._ .W/OAE'B
§ 15 - o] © AE0.020%-A
o 10 o W AEO0.020%-B
2
c 05 F---mmimmme e e e
T
0.0

0O 5 10 15 20 25 30 35 40 45 50
W,* (% of cement weight)

Fig.3.3 Dividing water on funnel speed of mortar poduced with or without AE

It can be seen that with the first portion of watebetween 30% and 35% of cement weight
(W1*=W +SP+surface water of the fine aggregate), the fuspeed reached their highest
value and was largely faster than that of mortavdpced with mixing procedure A.

Furthermore, when dosage of AE of 0.020% of cemenght was used, the funnel speed
was slightly increased in spite of the increasediinvolume. This result clearly explained

that the effect of dividing water was significandlffected the viscosity of the mixture. Thus
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the lower viscosity of mixture obtained with mixipgocedure B could be a dominant factor

entraining finer air entrainment by limiting thefieation of air volume of coarser bubbles.

3.4. Varied Viscosity of Mixture Generated Different Water Content

3.4.1. Experimental plan to re-appear the characteristic of mixing procedure A to a
lower water content mixture of mixing procedure B
In this section, air size distribution of mortamdaoicted with different water content
(W/C of 35%, 40% and 45% of cement) with mixing ggdure B was analyzed and was
compared to that produced by mixing procedure AVAC of 40% and 45% of cement
weight. The mixing time with AE for both mixing predures in this section was chosen to
be 2 minutes (Y=2min). The mixing procedure of thesethods is shown iRig. 3.4 The

mix-proportion and characteristic of mortar at fressage is shown ihable 3.2

C+S W+SP+AE
Method A,: \1/30 sec>\l/ 2 min >
C+S W,+SP W,L+AE
Method 31,23 \1/30 sec>\l/ 1 min )\l/ 2 min >
. J
'

W, /C =30%

Fig.3.4 Mixing procedure A, and B, »
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Table 3.2 Mix-proportion and properties of mortars produced with mixing procedure A

and B at different water content

W/C(% Mixing AE,/C| Flow | Funnel| Initial air Air content
SP/C(%) .

by weight) | procedure (%) (mm) | speed| content (%)| in 2h (%)
35 B2 2.0 245 1.38 22.4 17.1
40 B o 1.4 247 2.44 13.0 12.9
45 B2 11 0.010| 236 3.32 6.4 6.9
40 A 2.0 253 1.98 14.9 13.0
45 A 1.4 252 2.65 13.0 10.5

3.4.2. Viscosity generated with different types of mixing procedure affecting the air
distribution

With mixing procedure B, lower content of water uggd higher dosage of AE to
reach the similar mortar flow. The lower water @orit mixture having higher viscosity
(indicated by the funnel speed value) entrainetidrigontent of air. The stability of air was
gradually decreased when the water content wasceeldwhich would be caused by the
increase in the air volume of coarse size bubMlestar produced with mixing procedure B
at W/C 40% acted similarly as mixing procedure ANIC 45% as shown iRig. 3.5 They
required the same dosage of SP to reach the simitatar flow then possessed similar

funnel speed and produced the same volume of air.

—~ 6

X 5 —#—W/C40%-B1,2
5 = W/C45%-A2
5 4

o

S

g 3

Q

e 2

2

e 1

< 0

Chord length of air bubbles (um)

Fig.3.5 Air size distribution in mortar produced with mixing procedure B at W/C 40%
and with mixing procedure A at W/C 45%
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With mixing procedure B, higher viscosity mixtuneteined higher volume of air at all size

of bubbles. Air size distribution of mortar proddceith mixing procedure A at W/C 45%

was similar to that produced with mixing proced&reat W/C 40%. This result explained

that the difference in viscosity between mixturetedmined how air bubbles would be

entrained. The funnel speed of mortar produced mitting procedures A and B at different

water content is shown kig. 3.6

Funnel speed of mortar, R,

4

similar
I, VISCOSItY . oo
A I
R S -
N . _______________
[
m A2-0.010%
m B1,2-AE0.010%
25 30 35 40 45 50

W/C (% by weight)

Fig.3.6 Viscosity of mortar due to different watercontent and mixing procedure

Lower water content resulted in higher viscositg amixing procedure B usually produced

higher funnel speed than that with the mixing pdace A. Following hypothesis explaining

above, it was expected that with similar viscodityy capacity of air entrainment would be

similar. To prove this hypothesis, the relationgbgbween funnel speed of mortar and the air

volume of coarse air (defined as air bubbles witbrd length of larger than 50) or

the

air volume of fine air (defined as air bubbles wathord length of smaller than 50@) are

shown inFig. 3.7andFig. 3.8respectively.
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Fig.3.7 Relationship between viscosity from differat types of mixing procedure with

different water to cement ratio on entraining coar® air volume
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Fig.3.8 Relationship between viscosity from differat types of mixing procedure with

different water to cement ratio on entraining fineair volume

It can be found that with either mixing procedunegher viscosity had higher capacity in
entraining air volume of either coarse or fine Hebb In spite of the different types of
mixing procedure, the index for (funnel speed ofrtaw) viscosity indicated well the
difference in air volume since all the plots formeedjood correlation. For example, as the
mixture produced with mixing procedure A at W/C4&% and with mixing procedure B at
WI/C of 40% had similar viscosity, the two mixturpessessed the similar air volume of
either coarse or fine bubbles. This result singeesplained that the viscosity was the key

factor for differentiating the air entrainment cheteristics.

65 RATH Sovannsathya



Lowering the viscosity of mixture during mixing whsneficial to reduce the air volume of
coarse size bubbles, thus the mixing procedure B @&feective. More importantly, with
mixing procedure B, there was more room for improgat in the fineness of air
entrainment through increasing dosage of AE. Highiscosity mixture entrained higher
volume of air which means the dosage of AE requited less than the lower viscosity
mixture to reach the similar air volume. This résabved that the difference in entraining
air size distribution between the mixing procedérand B was mainly due to the difference
in viscosity which was a significant factor detenmithe entrainment of coarse or fine size

air volume. The effectiveness of higher AE dosag#iscussed in the following chapter.

3.5. SUMMARY
From the results and data analysis mentioned atsmwemary of this chapter can be
written as follows:
1) Viscosity (in terms of the funnel speed of mortom different types of mixing
procedure was considerably different. An effectiming procedure (water dividing
mixing procedure) produced a lower viscosity migtihan that produced with a
simple mixing procedure. The difference in viscpdietween these types of mixing
procedure determined its effectiveness in entrgifilmeness of air and its capacity in
entraining the total air volume.
2) Lower viscosity of mixture entrained lower air vola but at the same time
eliminating the volume of coarse size air bubbldsctv is beneficial in improving the
stability of air. With an effective mixing methofineness of air entrainment could be
more improved through higher dosage of AE. Theckdficy in volume of air
entrainment subject to viscosity is showrkig. 3.9
3) Water-dividing mixing procedure can be re-appddry simple mixing procedure at

lower water to cement ratio.
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Air volume — o
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viscosity
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AE dosage Viscosity

(with index of 1/R,)

Fig.3.9 Definition of index for efficiency in volune of air entrainment subject to viscosity
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CHAPTER 4 REPLACEMENT OF ENTRAINING FINE AIR BUBBLES
WITH COARSE ONES DEPENDING UPON VISCOSITY AND
DOSAGE OF AIR-ENTRAINING AGENT

4.1. Purpose

The purpose of this chapter is to clarify the dffgicdosage of AE on entraining coarse
or fine size air bubbles. In addition, the combimateffect of the viscosity of the mixture
subject to different types of mixing procedure d@hd dosage of AE on the upper limit

volume of fine air is to be clarified.

4.2. Hypothesis

It is known that AE agent is used to stabilizeesitrainment system [13]. With sufficient
dosage of AE, finer air bubbles would be able &y $h the system for longer time. On the
other hand, with shortage of AE, those fine airtideb entrained during mixing would unify
and form a larger size bubbles and then collapses. dhenomenon would cause the increase
in coarse size air volume provoking the damagééostability of air. The expectation of on

the influence of dosage of AE agent on the voluimeparse air bubbles is shownkig. 4.1

Air volume
A

{5 Lower dosage of AE
4
—
A 4

- Higher dosage of AE

Size of air bubbles

Fig.4.1 Influence of dosage of AE agent on the vohe of coarse and fine bubbles

Viscosity of the mixture could be a significant tiacdefining the required dosage of AE to
reach the target volume of air. Even with the sdaotal air volume of two mixtures with

different viscosity, the air entrainment could b#fedent. As shown in the previous
chapter(s), higher viscosity of the mixture prodlibgher air volume than that of the lower

viscosity. Thus, it was obvious that the lower gty mixture would require higher dosage
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of AE to entrain similar air volume as that of thigher viscosity. Requirement of higher
dosage of AE could be beneficial in entraining lkigtolume of fine air and minimizing the
volume of coarse air. Thus, the combination of essty and dosage of AE could determine

the air volume of coarse and fine bubbles to beaerdd.

4.3. Sufficient or Shortage of Dosage of Air Entraining Agent on Minimizing
Coarse Size Air Bubbles
Before discussing the upper limit volume of fing #hiis section simply discussed on the
effect of dosage of AE and mixing time on entragncoarse air bubbles in the cases of

mixing procedure A and B respectively.

4.3.1. Effect of air entraining agent dosage on air size distribution of mortar
Mortar samples tested in this chapter were prodwatedifferent dosage of AE with

different types of mixing procedure including and B y as shown irrig. 4.2

In case of the mixing procedure,,Athree mortar samples at dosage of AE of 0.005%,
0.010% and 0.020% of cement weight were chosenase of mixing procedure;g three
mortar samples at dosage of AE of 0.010%, 0.02086, @.040% were chosen. The
mix-proportion and the properties at fresh stagthese samples are showrnTable 2.1and

2.2

C+S W+SP+AE
Method Ay: \LSO sec>\l/ i frmit >
C+S W,+SP W,+AE
Method B,y \1/30 sec>\l/ 1min >\l/ Y (min) >
- J

Wy /C =30%

Fig.4.2 Different types of mixing procedure to claify the effect of mixing time with AE
(Y) at different dosage of AE

The effect of dosage of AE on air size distributadrmortar samples produced with method
A, is shown irFig. 4.3
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Fig.4.3 Air size distribution of mortar with increasing dosage of AE produced with

mixing procedure A,

Higher dosage of AE significantly increased thevailume of bubble with chord length of
smaller than 100@m while decreasing the air volume of bubble witlorchlength of larger
than 100Qim. This result showed a beneficial influence ofadpsof AE on the fineness of
air bubbles. Shortage of dosage of AE entrainegklaontent of coarse size air bubbles. This
result can be explained that during mixing, fineesair bubbles were unified and formed a
larger one when the dosage of AE was not suffiderstabilize those at that fine size. As a

result, coarse size air content increased and edcap

In case of mixing procedure B (lower viscosity)gher dosage of AE was required to reach
the similar air volume as mixing procedure A. Witle mixing time with AE of 4 minutes as
shown inFig. 4.4 increase in AE dosage increased significantlyctbretent of fine size air

bubbles while decreasing the air volume of coaear bubbles.
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Fig.4.4 Air size distribution of mortar with increasing dosage of AE produced with

mixing procedure By 4

4.3.2. Influence of longer mixing time on air size distribution of mortars

Three mortar samples produced with mixing procediyewith Y of 2 minutes, 4
minutes or 6 minutes with the same mix-proportiédnA& dosage of 0.010% of cement
weight were compared. The effect of longer mixinget with mixing procedure A on air size
distribution of mortar samples is shownFig. 4.5

10
_ —4—AE0.010%-A2 I
o \
S 4 AE0.010%-A4 A
S| —#—AE0.010%-A6 \
g 6 1| Longer
£ mixing
() .
£ 4 time
S
e 2
<

0 : :

N N o N S o S

N N N ) o) (OQ \QQ

Chord length of bubbles (um)
Fig.4.5 Effect of mixing time on air size distributon produced with mixing procedure Ay

at dosage of AE of 0.010% of cement weight

In this case, with longer mixing time, air volumassignificantly increased of bubbles with

chord length of larger than 10@®n. On the other hand, the air volume of bubble witbrd
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length of smaller than that was not considerabbnged with the prolonging of mixing time.
This result explained that longer mixing time withixing method A did not improve the
fineness of fine air bubbles and instead causeth@ease in coarse air volume. This case
can also be due to the shortage of AE dosage wiaioked the air entrainment to reach the

upper limit of fine air volume at shorter mixingnie of AE.

Air size distribution of three mortar samples progl at the same mix-proportion of AE
dosage of 0.010% of cement weight with mixing pche B v in which Y was varied by 2
minutes, 4 minutes or 6 minutes is showikiig. 4.6

4
Q —4+—AE0.010%-B1,2
= AE0.010%-B1,4
g 3 AE0.010%-B1,6 ~~~ """ Tttt
o
c 2
c | o
(O] /
5
2 1t e
>
< 0 =

P

Q QQ'

Chord length of air bubbles (um)

Fig.4.6 Effect of mixing time on air distribution produced with mixing procedure B, y at

dosage of AE of 0.010% of cement weight

On the other hand, longer mixing time with AE wittixing procedure B increased the air
volume of fine air bubble while slightly decreasitiwat of coarse air bubbles. With lower

viscosity mixture, increasing mixing time with Akddnhot harmfully increase the coarse air
bubbles.

Air size distribution of four mortar samples proddcat the same mix-proportion of AE
dosage of 0.020% of cement weight with mixing pchoe B v in which Y was varied by 2

minutes, 4 minutes, 6 minutes, or 10 minutes isvshio Fig. 4.7.
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Fig.4.7 Effect of mixing time on air size distributon produced with mixing procedure
B1 vy at dosage of AE of 0.020% of cement weight

Similarly to that of lower dosage of AE case, longexing time with AE increased the air
volume of fine bubbles while the air volume of cEar bubbles was not disturbed. This
result showed the efficiency of mixing proceduranBadjusting for target air volume by
prolonging the mixing time without causing any wdeable effect to the stability of air.
Furthermore, longer mixing time with AE was benigfian case of method B in order to

improve the fineness of air distribution withouyydrarmful effect to the stability of air

4.4. Hypothesis on Upper Limit Volume of Fine Air
Through the test results mentioned above, hypatwsupper limit volume of fine air
capable to be entrained with longer mixing time vgas up as shown ikig. 4.8 With

increase in mixing time with AE, there are threag#s of air entrainment occurred.
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0 @ 5 ® Mixing time with AE

Fig.4.8 Upper limit volume of fine air proportional to dosage of AE and viscosity with
longer mixing time

: Fine air

In phasél” , coarse air volume is entrained to some extent.

In phas€2”, coarse air volume is posed to be increased Vindeair volume would start
increasing. In this phase, the entrapped coars®lésitare actually replaced with finer
bubbles by shearing action.

In phase‘3” of mixing, fine air reaches the upper limit volumed coarse air bubbles start
increasing again. This phase starts when the doshgéE has been expired and then
unifications between air bubbles started occurdasgter than the shearing air bubbles
causing an increase in coarse air volume and hgnithe volume of fine air to the upper

limit volume.

In phase'3” ,it is more likely that if the mixing time is excage, the fine air volume could
be possible to be decreased after reaching the lippevolume and some of the coarse air
bubbles could be already escaped before finishimgnm resulted in a lower total air

volume.

At low dosage of AE, the upper limit of fine airudd be reached with shorter mixing time
and the coarse air volume could be high. In thisecavhen the coarse air volume starts
increasing, the upper limit volume of fine air @ached. On the other hand, at higher dosage

of AE and if mixing time is not excessive, the gmair volume could be minimized.
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4.5. Upper Limit Volume of Fine Air depending upon Dosage of Air-Entraining
Agent and Viscosity

4.5.1. Upper limit volume of fine air by different types of mixing procedure
The volume of entrained coarse air volume (of bebhltith chord length of >500 pum)
and fine air volume (of bubbles with chord length<600 pm) of mortar samples produced

at different dosage of AE are shownFig. 4.9andFig. 4.10in case of mixing procedure A
and B respectively.

>: Reached upper

o5 limit of fine air Mixing procedure A
® >0.5mm-coarse air
20 -I ™ <0.5mm-fine air -

Air voume (%)

O\ORP‘ o\o'?g) o\o'vzb
SRy
& ¢
Fig.4.9 Volume of entrained coarse and fine air rggectively at different dosage of AE in

case of mixing procedure A
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Fig.4.10 Volume of entrained coarse and fine air gpectively at different dosage of AE

in case of mixing procedure B

In the case of mixing procedure A, at dosage ofoAB.005% or 0.010% of cement weight,
air volume of fine bubble was not able to be inseshwith longer mixing time, in which the
upper limit volume of fine air was reached. Whea tipper limit of fine air was reached,
increasing mixing time increased the air volumeadrse bubbles instead. When the dosage
of AE was 0.020%, air volume of fine bubbles strte be increased with longer mixing
time while the air volume of coarse bubbles keptsimilar volume with the increase in
mixing time. This can be explained that, with enoulpsage of AE, fine air bubbles were
again available to be formed while the rate of ioatfon between air bubbles was restrained

to some limit volume.

In the case of mixing procedure B, from the dosaig@E of 0.010% of cement weight, the
air volume of coarse bubbles was not increased Mrtger mixing time with AE while the
air volume of fine bubbles was continually increhs&Vith lower viscosity, mixing
procedure B could effectively restrain the formatmparse air bubbles and the upper limit
volume of fine air bubbles would be reached at &ngiixing time than the mixing
procedure A. This result explained that lower vsstgoof mixture was beneficial to hinder

the entrainment of coarse air bubbles.
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At lower dosage of AE, the air volume of coarse lldeb was higher and the coarse air
bubbles were able to be minimized by increasingdibgage of AE. This phenomenon was
more obvious in case of the mixing procedure Aeath dosage of AE, longer mixing time
with AE could entrain higher air volume of fine ke to some limit depending on the
viscosity of the mixture and the dosage of AE. bse of mixing procedure A, which
normally produced higher viscosity mixture, theatair volume was higher than that of the
mixing procedure B. Taking the case of AE dosagd.0R0% of cement weight as an
example, with the same mixing time of 6 minutes, tibtal air volume was 24.0% and 9.2%
in case of the mixing procedures A and B respelgtive

On the other hand, when the mixing time was kegreiasing, the fine air volume in case of
mixing procedure B could reach the upper limit vouat 18.7% with the mixing time of 20

minutes. If the mixing time was increased to 25 utes, both the total air volume and the
fine air volume were decreased. This phenomenolagu that with an excessive duration

of mixing time, the unification between air bubbleas faster than the shearing of bubbles
forming finer air. Thus, this was resulted in dese of the fine air volume and possibly also
of the total air volume since the coarse air bubblere ready to escape before finishing

mixing as the dosage of AE was no longer effediivstabilize those air bubbles.

This phenomenon can also be observed in case ahittieg procedure A at the dosage of
AE of 0.020% of cement weight. With the mixing time8 minutes, both the fine air volume
and the total air volume were decreased indicdtiagithe upper limit volume of fine air was
ready reached at the mixing time of only 6 minutesias interesting to note that, the upper
limit volume of fine air reached at considerablyrhlr mixing time in case of the mixing
procedure A than mixing procedure B due to theedd#ifice in viscosity between these two

mixing procedures.
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4.5.2. Correlation of upper limit of fine air and the combination of viscosity
and dosage of air-entraining agent
The relationship between dosage of AE and the@ume of fine bubbles with longer

mixing time is shown irFig. 4.11

A
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S = 20 | __upperlimit | | onger
5 = volume of mixing time
SE & fineair 1 T
28
=D :
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0 0.02 0.04 0.06 0.08 0.1

Dosage of AE (% of cement weight)

Fig.4.11 Upper limit volume of fine air increased wh AE dosage and depended on

viscosity of mixture

The capacity in entraining air volume was variethwiiscosity subject to different mixing

procedure and the dosage of AE. The upper limftnaf air volume was reached at shorter
mixing time in case of mixing procedure A than ase of mixing procedure B. While the
upper limit of fine air was reached, the coarsevaiume started increasing when mixing

time was increased as showrHig. 4.12
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Mixing time with AE (min)

Fig.4.12 Volume of coarse air increased when the ppr limit volume of fine air was
reached with mixing procedure A
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This was an example of a low dosage of AE of 0.0b@%ement weight. It can be seen that,
the coarse air volume kept increasing with longedimg time in case of mixing procedure A

as the fine air volume was not able to increasganane. On the other hand, the change in
coarse air volume was small in case of the mixirgg@dure B as the fine air volume can be

increased to some more extend.

Also, the linear correlation between the combimatid viscosity and dosage of AE and the

upper limit of fine air volume was obtained as shawFig. 4.13
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(1/Funnel speed)*(Dosage of AE)

Fig. 4.13 Unique relationship between viscosity &a@sage of AE and the upper limit
volume of fine air

This result indicated that the upper limit volunfeeatrained fine air was closely related to
both the viscosity of mixture (which differentiateonsiderably by different mixing

procedure) and the dosage of AE.

4.6. Summary
1) Sufficient dosage of AE could minimize the air vole of coarse size air bubbles

while increasing the air volume of fine size bulsbl8hortage of AE resulted in the
faster unification of fine size air bubbles thusregmsing the air volume of coarse
size air bubbles.

2) With an effective mixing method, sufficient dosagleAE and increasing mixing

time with AE increased the air volume of finer sie bubbles while causing no
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3)

increase in air volume with coarser size.

The upper limit volume of entraining fine air degeron the dosage of AE and the
viscosity of the mixture produced with differenpgs of mixing procedure. As long
as the upper limit volume of fine air was not reasHonger mixing time generated
more air volume of fine bubbles without increasithgt of the coarser size. In
contrast, after the upper limit volume of entraghfime air was reached, increasing
mixing time with AE caused the increase in air vo&uof coarse bubbles which was

harmful to the stability of air.
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CHAPTER 5 CONCLUSION AND FURTHER PERSPECTIVE
RESEARCH

The purpose of this study is to modify the miximggedure to effectively improve the
stability of air bubbles and to reach target aidumme with satisfied fineness of air
entrainment. To improve the stability of air, thie wolume of coarse bubbles has to be
reduced. With measurement the air size distributidh AVA of fresh mortar samples with
various mix-proportion and different types of migiprocedure for determining the critical
size of air which escapes either by collapsingyofldating. The influence of viscosity and
dosage of AE on entraining fine air volumes wes® alarified. Finally, the replacement of

entraining fine air bubbles with coarse ones wassite to be conducted.

Conclusion drawing form this study can be writterf@lowing:

1) Instability in volume of air in fresh mortar of $e€lompacting concrete caused by the
existence air bubbles with chord length of mainle100@um and partially 50@um
to 100um due to unification between air bubbles.

2) Higher viscosity of fresh mortar during air entraent in mixing resulted in higher
efficiency in volume of air entrainment due to théerence in mixing procedure. It
reappeared with difference in water to cement natth the similar mixing procedure.

3) The upper limit volume of air entrainment of fine with chord length of less than
500um was found to be in proportional to the dosagaiokntraining agent. After
reaching the upper limit volume of fine air as mitime passed, the volume of

coarse air started increasing.

For a further study, various properties of matsrighould be conducted to promote the

reliability on the value of critical size of air boles to determine.
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APPENDIX A: AIR ENTRAINMENT CHARACTERISTICS
MEASURED WITH LINEAR TRAVERSE METHOD

Table A.1 Fresh mortar properties made by differentmix-proportion and mixing

procedure, each data was the result mean value froBimortar samples test

_ o Test at 2 hours after the first
Test just after mixing
contact of cement and water

Mix-proportion and Air Flow Aon Flowsn

N mixing procedure (%) (mm) R (%) (mm) Rman

1o+ SP(1.4%)-AE(0.04%)-A 18.0 259.8 2.25 14.7 244.0 1.64
2m SPy(1.4%)-AE,(0.20%)-A 29.7 178.0 1.56 24.8 169.5 0.96
3m SP(1.4%)-AE(0.04%)-B 7.0 270.0 3.19 8.4 233.0 1.95
4 SP(1.4%)-AE(0.20%)-B 8.9 255.0 3.08 108 200.7 1.63
5m SP(1.4%)-AE(0.04%)-C 10.0 268.0 2.36 10.3 231.8 1.47
6m SP(1.4%)-AEx(0.20%)-C 11.5 262.5 2.45 13.3 220.2 1.49
7m SP(1.4%)-AE(0.08%)-G 1 13.6 235.0 2.23 14.3 233.2 1.53
8m SP(1.4%)-AE(0.08%)-G » 17.7 239.7 2.32 17.9 235.5 1.65
9m SP(1.4%)-AE(0.08%)-G 3 20.5 254.5 2.38 20.1 237.5 1.66
10;m  SP(1.4%)-AE(0.08%)-G, 15.2 256.3 2.65 16.0 262.3 1.87
11,  SP(0.9%)-AE(0.08%)-G 25.0 170.0 1.40 19.6 239.0 1.36
12,  SP(0.9%)-AE(0.08%)-Gs, 19.7 222.5 1.93 18.6 264.0 1.77
13m  SPy(0.9%)-AE(0.08%)-G , 16.3 254.0 2.42 16.2 266.2 2.05
14,  SPy(0.9%)-AE(0.08%)-G, 17.1 260.3 2.57 17.0 266.3 2.04
15,m  SP(0.5%)-AE(0.015%)-G, 18.4 181.7 2.29 18.3 100.0 0.74
16,  SPy(0.7%)-AE(0.015%)-G, 17.7 243.3 2.79 17.9 219.2 1.95
17m  SP(0.8%)-AE(0.015%)-G,  16.5 263.0 3.10 16.7 253.2 2.21
18  SP(1.3%)-AE(0.015%)-G 3 15.6 268.0 2.97 15.7 249.0 1.96
19,  SP(1.4%)-AE(0.06%)-G, 15.4 263.0 2.62 15.5 252.5 1.86
20,  SPy(0.8%)-AE(0.013%)-G175s 13.6 265.0 3.22 13.5 262.0 2.13
21,n  SP(1.0%)-AE(0.08%)-G » 15.6 266.5 2.32 15.7 268.5 1.92
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* m:. mean value from 3 mortar samples test

Table A.2 Fresh mortar properties made by differentmix-proportion and mixing

procedure, mortar samples for air-voids distribution test

_ o Test at 2 hours after the first
Test just after mixing
contact of cement and water

Mix-proportion and Air Flow Ao Flow,,
N® iy R Rim,2n
mixing procedure (%) (mm) (%) (mm)
1 SR(1.4%)-AE,(0.04%)-A 17.5 259.0 2.35 14.4 240.5 1.62
2 SR(1.4%)-AE(0.20%)-A 294 180.5 1.56 24.6 171.0 0.96
3 SR(1.4%)-AE(0.04%)-B 7.0 270.0 3.27 8.1 234.5 2.04
4 SR(1.4%)-AE(0.20%)-B 8.9 258.5 3.18 10.6 199.0 1.71
5 SR(1.4%)-AE(0.04%)-C 9.8 267.5 2.26 104 234.0 1.40
6 SR(1.4%)-AE(0.20%)-C 11.3 264.5 246 13.1 2190 154
7 SR(1.4%)-AE(0.08%)-G ; 13.1 235.0 2.35 14.0 2315 1.60
8 SR(1.4%)-AE,(0.08%)-G » 17.2 238.5 2.39 17.4 232.5 1.59
9 SR(1.4%)-AE,(0.08%)-G 3 21.0 249.5 2.27 20.4 237.0 1.69
10  SP(1.4%)-AE(0.08%)-G » 15.3 260.5 2.66 16.0 265.5 1.88
11 SP,(0.9%)-AE,(0.08%)-G > 27.9 156.0 1.32 21.4 240.0 1.24
12 SP(0.9%)-AE(0.08%)-G s 2 19.0 233.0 2.02 18.3 257.0 1.80
13 SPy(0.9%)-AE(0.08%)-G 16.2 255.0 2.50 16.0 263.0 2.06
14  SPy(0.9%)-AE(0.08%)-G » 17.3 261.0 2.62 17.3 266.5 2.10
15  SP(0.5%)-AE(0.015%)-G » 18.3 184.0 2.31 17.9 100.0  0.58
16 SP(0.7%)-AE(0.015%)-G » 17.9 244.5 2.82 18.1 2225  1.98
17 SP(0.8%)-AE(0.015%)-G,  17.0 260.5 298 172 248.0 211
18  SP(1.3%)-AE(0.015%)-G 5 15.2 264.0 309 151 261.0 2.02
19  SP(1.4%)-AE(0.06%)-G 15.1 264.5 2.63 15.5 248.0 1.82
20 SP(0.8%)-AE(0.013%)-G,75  15.0 265.5 3.10  14.9 257.0 2.25
21 SPy(1.0%)-AE(0.08%)-G » 15.3 268.0 2.83 15.0 267.5 2.14
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Table A.3 Air-void distribution properties of mortar made by different mix-proportion

and mixing procedure

At fresh state At hardened state measure by LTM
Mix-proportion and Air Ao Apar a*

No mixing procedure (%) (%) (%) (mnf/mn’) (A )

1 SR(1.4%)-AE(0.04%)-A 17.5 14.4 12.8 14.79 188.8
2 SR(1.4%)-AE,(0.20%)-A 29.4 24.6 22.0 15.69 345.3
3 SR(1.4%)-AE(0.04%)-B 7.0 8.1 7.1 17.35 123.8
4 SR(1.4%)-AE,(0.20%)-B 8.9 10.6 8.8 22.38 196.2
5 SR(1.4%)-AE(0.04%)-C 9.8 10.4 10.6 14.65 154.8
6 SR(1.4%)-AE,(0.20%)-C 11.3 13.1 12.0 18.02 216.8
7 SR(1.4%)-AE(0.08%)-G , 13.1 14.0 14.3 15.03 215.0
8  SR(1.4%)-AE(0.08%)-G » 17.2 17.4 17.4 17.17 299.3
9  SR(1.4%)-AE(0.08%)-G s 21.0 20.4 17.3 16.53 285.5
10  SP(1.4%)-AE(0.08%)-G , 15.3 16.0 15.6 17.12 267.7
11 SPy(0.9%)-AE(0.08%)-G 27.9 21.4 18.8 14.97 281.0
12 SPy0.9%)-AE(0.08%)-Gs,  19.0 18.3 15.3 16.15 247.7
13 SPy(0.9%)-AE(0.08%)-G , 16.2 16.0 14.3 16.48 236.3
14 SPy(0.9%)-AE(0.08%)-G , 17.3 17.3 16.2 16.49 266.6
15  SP(0.5%)-AE(0.015%)-G,  18.3 17.9 17.0 18.13 308.8
16  SP(0.7%)-AE(0.015%)-G,  17.9 18.1 17.3 20.74 358.1
17 SP(0.8%)-AE(0.015%)-G » 17.0 17.2 15.9 20.89 331.5
18  SP(1.3%)-AE(0.015%)-G 5 15.2 15.1 13.9 17.75 246.1
19  SP(1.4%)-AE(0.06%)-G , 15.1 15.5 15.5 17.40 269.1
20 SPy(0.8%)-AE(0.013%)-G,7s  15.0 14.9 13.9 18.78 261.7
21 SPy(1.0%)-AEx(0.08%)-G » 15.3 15.0 13.5 18.03 243.4

* a: specific surface of air
** Total surface area of air (mffL00 mnT of mortar)
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APPENDIX B: AIR ENTRAINMENT CHARACTERISTICS
MEASURED WITH AIR-VOID ANALYZER (AVA-3000)

Note: The air entrainment characteristics presented dner¢he raw data obtained with
AVA-3000 test results. There is no adjustment om &ir loss during sampling the mortar

sample for air size distribution test.

Sample N 1: A,-AE0.005%-SP1.4%

Chord length <2 mm <1l mm <0.35 mm
Air in mortar (%) 7.6 6.4 3.0

Air in paste (%) 16.3 13.5 6.5
Specific surfacgmmn?/mnr) 13.7 15.5

Spacing factor (mm) 0.364 0.348

Sample N 2: As-AE0.005%-SP1.2%

Chord length <2 mm <1 mm <0.35 mm
Air in mortar (%) 5.9 4.9 2.3

Air in paste (%) 12.1 10.0 4.8
Specific surfacgmmn?’/mnr) 14.3 16.2

Spacing factor (mm) 0.393 0.375

Sample N 3: A,-AE0.010%-SP1.4%

Chord length <2 mm <1l mm <0.35 mm
Air in mortar (%) 12.8 11.9 7.2

Air in paste (%) 28.5 26.2 15.9
Specific surfacgémm?/mnr) 18.2 19.4

Spacing factor (mm) 0.193 0.194
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Sample N 4: A,-AE0.010%-SP1.4%

Chord length <2 mm <1 mm <0.35 mm
Air in mortar (%) 18.1 15.9 8.4
Air in paste (%) 40.1 34.4 18.7
Specific surfacgmmn?/mnr) 17.0 19.1
Spacing factor (mm) 0.147 0.149
Sample N 5: As-AE0.010%-SP1.2%
Chord length <2 mm <1l mm <0.35 mm
Air in mortar (%) 194 16.3 7.7
Air in paste (%) 41.7 33.8 16.6
Specific surfacgémm?/mnr) 15.6 18.3
Spacing factor (mm) 0.148 0.151
Sample N 6: A,-AE0.020%-SP1.4%
Chord length <2 mm <1l mm <0.35 mm
Air in mortar (%) 19.7 19.6 14.5
Air in paste (%) 44.6 44.2 32.8
Specific surfacgémm?/mnr) 22.1 22.3
Spacing factor (mm) 0.103 0.103
Sample N 7: A4-AE0.020%-SP1.2%
Chord length <2 mm <1 mm <0.35 mm
Air in mortar (%) 27.4 26.8 18.9
Air in paste (%) 64.6 62.8 44.6
Specific surfacgmmn?/mnr) 19.9 20.4
Spacing factor (mm) 0.082 0.082
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Sample N 8: As-AE0.020%-SP1.2%

Chord length <2 mm <1 mm <0.35 mm
Air in mortar (%) 28.8 28.5 21.1
Air in paste (%) 68.4 67.3 49.9
Specific surfacgmmn?/mnr) 21.8 22.1
Spacing factor (mm) 0.072 0.071
Sample N 9: Ag-AE0.020%-SP1.2%
Chord length <2 mm <1l mm <0.35 mm
Air in mortar (%) 20.3 20.1 15.2
Air in paste (%) 45.2 44.5 33.8
Specific surfacgémm?/mnr) 22.0 22.2
Spacing factor (mm) 0.101 0.101
Sample N 10: A,-AE0.005%-SP0.7%
Chord length <2 mm <1l mm <0.35 mm
Air in mortar (%) 9.6 7.1 2.2
Air in paste (%) 20.8 15.0 4.9
Specific surfacgémm?/mnr) 9.0 10.9
Spacing factor (mm) 0.500 0.476
Sample N 11: A,-AE0.010%-SP0.7%
Chord length <2 mm <1 mm <0.35 mm
Air in mortar (%) 10.5 8.3 4.1
Air in paste (%) 21.8 16.8 8.6
Specific surfacgmmn?/mnr) 14.5 17.6
Spacing factor (mm) 0.297 0.273
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Sample N 12: B; -AE0.010%-SP1.1%

Chord length <2 mm <1 mm <0.35 mm
Air in mortar (%) 5.6 5.2 3.0
Air in paste (%) 12.3 11.3 6.5
Specific surfacgmmn?/mnr) 14.4 15.2
Spacing factor (mm) 0.400 0.391
Sample N 13: B; ,~AE0.010%-SP0.9%
Chord length <2 mm <1l mm <0.35 mm
Air in mortar (%) 6.9 6.5 4.6
Air in paste (%) 15.1 14.1 10.1
Specific surfacgémm?/mnr) 19.7 20.8
Spacing factor (mm) 0.266 0.259
Sample N 14: B, ¢AE0.010%-SP0.9%
Chord length <2 mm <1l mm <0.35 mm
Air in mortar (%) 7.1 6.8 4.9
Air in paste (%) 15.8 15.0 10.9
Specific surfacgémm?/mnr) 19.9 20.8
Spacing factor (mm) 0.259 0.253
Sample N 15: B, 10AE0.015%-SP0.9%
Chord length <2 mm <1l mm <0.35 mm
Air in mortar (%) 8.6 8.3 6.4
Air in paste (%) 19.1 18.4 14.4
Specific surfacgmmn?/mnr) 23.2 23.9
Spacing factor (mm) 0.204 0.201
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Sample N 16: B; 15AE0.015%-SP0.9%

Chord length <2 mm <1 mm <0.35 mm
Air in mortar (%) 12.0 11.6 9.5

Air in paste (%) 26.9 25.8 21.2
Specific surfacgmmn?/mnr) 25.9 26.9

Spacing factor (mm) 0.144 0.145

Sample N 17: B; ,0AE0.015%-SP0.9%

Chord length <2 mm <1l mm <0.35 mm
Air in mortar (%) 15.6 15.8 13.3
Air in paste (%) 35.0 354 29.8
Specific surfacgémm?/mnr) 26.6 26.4

Spacing factor (mm) 0.108 0.108

Sample N 18: B; AE0.020%-SP1.1%

Chord length <2 mm <1l mm <0.35 mm
Air in mortar (%) 6.7 6.3 4.5

Air in paste (%) 15.0 14.1 10.0
Specific surfacgémm?/mnr) 19.8 20.8

Spacing factor (mm) 0.267 0.261

Sample N 19: B; ~-AE0.020%-SP0.9%

Chord length <2 mm <1 mm <0.35 mm
Air in mortar (%) 7.8 7.8 6.6

Air in paste (%) 17.3 17.1 14.5
Specific surfacgmmn?/mnr) 26.0 26.2

Spacing factor (mm) 0.190 0.189
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Sample N 20: B, ¢AE0.020%-SP0.9%

Chord length <2 mm <1l mm <0.35 mm
Air in mortar (%) 9.4 9.1 7.7
Air in paste (%) 21.2 20.3 17.2
Specific surfacgmmn?/mnr) 27.3 28.3
Spacing factor (mm) 0.166 0.163
Sample N 21: B, 10AE0.020%-SP0.9%
Chord length <2 mm <1l mm <0.35 mm
Air in mortar (%) 10.8 10.5 8.5
Air in paste (%) 24.1 23.2 18.8
Specific surfacgémm?/mnr) 25.1 25.9
Spacing factor (mm) 0.166 0.166
Sample N 22: B, 15AE0.020%-SP0.9%
Chord length <2 mm <1l mm <0.35 mm
Air in mortar (%) 12.8 12.3 10.5
Air in paste (%) 28.7 27.5 23.6
Specific surfacgémm?/mnr) 27.9 29.0
Spacing factor (mm) 0.126 0.126
Sample N 23: B, ,cAE0.020%-SP0.9%
Chord length <2 mm <1l mm <0.35 mm
Air in mortar (%) 20.9 20.8 17.3
Air in paste (%) 50.1 49.6 41.3
Specific surfacgmmn?/mnr) 26.6 26.8
Spacing factor (mm) 0.081 0.081
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Sample N 24: B, »5sAE0.020%-SP0.9%

Chord length <2 mm <1l mm <0.35 mm
Air in mortar (%) 19.6 19.4 16.9
Air in paste (%) 43.5 43.1 37.5
Specific surfacgmmn?/mnr) 28.6 28.8
Spacing factor (mm) 0.081 0.081
Sample N 25: B; ,~AE0.040%-SP0.9%
Chord length <2 mm <1l mm <0.35 mm
Air in mortar (%) 11.1 10.0 7.6
Air in paste (%) 25.0 22.4 17.1
Specific surfacgémm?/mnr) 20.6 22.7
Spacing factor (mm) 0.197 0.194
Sample N 26: B, ¢AE0.040%-SP0.9%
Chord length <2 mm <1l mm <0.35 mm
Air in mortar (%) 11.7 11.3 9.9
Air in paste (%) 26.0 25.2 22.1
Specific surfacgémm?/mnr) 31.6 32.4
Spacing factor (mm) 0.122 0.122
Sample N 27: B, g AE0.040%-SP0.9%
Chord length <2 mm <1l mm <0.35 mm
Air in mortar (%) 13.3 13.0 10.8
Air in paste (%) 29.8 29.1 24.2
Specific surfacgmmn?/mnr) 25.3 25.8
Spacing factor (mm) 0.134 0.134
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Sample N 28: B, ¢AE0.080%-SP0.9%

Chord length <2 mm <1l mm <0.35 mm
Air in mortar (%) 13.1 12.8 11.0
Air in paste (%) 29.0 28.1 24.3
Specific surfacgmmn?/mnr) 26.8 27.4
Spacing factor (mm) 0.128 0.129
Sample N 29: B; s AE0.080%-SP0.9%
Chord length <2 mm <1l mm <0.35 mm
Air in mortar (%) 14.1 13.9 13.3
Air in paste (%) 31.2 30.8 29.5
Specific surfacgémm?/mnr) 36.0 36.5
Spacing factor (mm) 0.089 0.089
Sample N 30: B, 1cAE0.080%-SP0.9%
Chord length <2 mm <1l mm <0.35 mm
Air in mortar (%) 17.1 16.7 14.8
Air in paste (%) 38.6 37.6 334
Specific surfacgémm?/mnr) 29.3 30.1
Spacing factor (mm) 0.090 0.090
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