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Abstract: This research studies the potential for using classified fly ash from Mae Moh power plant in Thailand
as a pozzolamc material. Three different fly ash finenesses viz., coarse Original Fly Ash (OFA), Medium Fly Ash
(MFA) and Fine Fly Ash (FFA) were used for the study. Ordinary Portland Cement (OPC) was partially replaced
with fly ash at 20 and 40% by weight of binder. The water to binder ratio was kept constant at 0.5 and the flow
of mortar was maintained at 110+5% with the aid of superplasticizer (SP). Compressive strength, carbonation
depth and porosity test of mortars were determined. FFA has a high potential to be used as a good pozzolanic
material. The use of FFA produces mortars with good strength and low porosity. The resistance to carbonation
of mortar improves with partial replacement of FFA in comparison with the normal coarse fly ash. The use of
FFA results in a strong and dense mortar which is due to better dispersion and filling effect as well as an

increase in the pozzolanic reaction.
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INTRODUCTION

Fly ash, a siliceous material obtained from thermal
power stations 1s the most common pozzolan and
can be used as supplementary cementitious materials
(Poon et al., 1997, Amu et al., 2005). For the construction
industry, the development and use of blended cements 1s
growing rapidly. Fly ash is receiving more attention now
since their uses generally improve the properties of the
blended cement concrete, cost saving and the reduction
of negative environmental affects. The mechanical
properties of the fly ash concrete are generally improved.
Although the porosity of the paste is increased as a
result of the in corporation of fly ash, the average pore
size 18 reduced. This results in a less permeable paste
(Poon et al., 1997). The mterfacial zone of the mnterface
between aggregate and the matrix is also improved as a
result of incorporation of fly ash (Wong et al., 1999,
Kuroda et al., 2000).

Tt is recognized that the addition of pozzolan
generally improves the durability of concrete especially
for sulphate resistance and chloride penetration
(Climent and Gutierrez, 1995; Papadakis, 2000
Chindaprasirt ef af., 2007). However, it reduces the
calcium hydroxide in cement paste and thus increases
the carbonation rate of the concrete (Isgor and
Razagpur, 2004). The aim of this research is to unprove the
quality of fly ash through classification to be used as a
pozzolanic material. The results of the study would be

beneficial for future applications of the material in
increasing the durability of mortar and concrete.

MATERIALS AND METHODS

Materials: Lignite fly ash from Mae Moh power plant in
the northern part of Thailand, Ordmmary Portland Cement
(OPC), river sand with specific gravity of 2.63 and
fineness modulus of 2.82 and type-F superplasticizer (SP)
were the materials used m this study. The grading
analysis, Scanning Electron Microscopy (SEM) and X-ray
Diffraction (XRD) were performed on OFA, MFA and
FFA. The refinement and separation process is shown in
Fig. 1. Three fly ash finenesses were used:

OFA: Coarse original fly ash with 36% retained on a sieve
No. 325 (opening 45 um).

MFA: Medwum fly ash obtamed from air classification of
original fly ash with 20% retained on a sieve No. 325.

FFA: Fine fly ash obtamed from awr classification of
medium fly ash with 3% retained on a sieve No. 325.

Mix proportions and curing: Fly ashes were used to
replace OPC at dosage levels of 20 and 40% by weight of
binder. Sand-to-binder ratio of 2.75 by weight and water
to binder ratio (W/B) of 0.5 were used. SP was
incorporated in order to obtain mortar mixes with similar
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Fig. 1: Schematic process of fly ash

Table 1: Mortar mix proportions

Mix OPC OFA MFA FFA SP (%)
OPC 100 - - - 1.9
20%0FA 80 20 - - 0.8
20%MFA 80 - 20 - 0.7
20%FA 80 - - 20 0.4
40%0FA 60 40 - - 0.5
40%MFA 60 - 40 - 0.3
40%FFA 60 40 0.1

Sand-to-binder ratio 2.75, W/B = 0.5, flow 110+3%

flow of 1104£5%. The cast specimens were covered with
polyurethane sheet and damped cloth in a 23£2°C
chamber. They were demoulded at the age of 1 day. For
the carbonation test, the specimens were moist cured at
23£2°C until the age of 14 days and were then conditioned
in the 50% R.H. chamber at 2342°C until the time of
28 days. For compressive strength test, the specimens
were moist cured at 23£2°C until the test ages. The mix
proportions of mortar are given in Table 1.

Compressive strength: The cube specimens of size
50x30=50 mm were used for the compressive strength
test of mortar. They were tested at the age of 7, 28 and
90 days. The test was done in accordance with the ASTM
C109 (2001). The reported results are the average of three
samples.

Carbonation test: The carbonation test was done using
40=40x160 mm mortar bar in accordance with the
procedures given in the RILEM CPC1 8 (RILEM Committee
TC. 56, 1988). At the age of 28 days, the conditioned
mortar bars were put in the carbonation chamber with 5%
CO, concentration at 50% RH and 2342°C. After the
carbonation time of 7, 28 and 90 days, the bars were
broken at one end and the phenolphthalein solution was
sprayed onto the fresh surface to observe the carbonation
depth. The average depth of the carbonation was
determined using the digital photography of the sprayed
surface.

X-ray diffraction (XRD): For the XRD analysis, the
samples were prepared in the same manner as the
carbonation test. After a period of 90 days in 5% CO,
chamber, the samples were broken at one end and the

carbonation depth of sample was ground using a ball mill
and sieved through a sieve No. 100 (opening 150 um). The
powder sample was used to determine the amount of
Ca(OH), in the XRD analysis.

Porosity tests: For porosity test, the cylinder samples of
100 mm m diameter and 200 mm m height were prepared in
accordance with ASTM C39 (2001). They were tested at
the age of 7, 28 and 90 days. After being cured in water,
they were cut into 50 mm thick slices with the 50 mm ends
discarded. They were dried at 1004£5°C until constant
weight was achieved and were then placed in desiccators
under vacuum for 3 h. The set-up was finally filled with
de-aired, distilled water to measure the porosity of the
mortar. The porosity was calculated using Eq. 1.

Porosity (%) = ((Wa - Wd)/(Wa - Ww))x100 (1)

Where:

Porosity (%) = Vacuum saturated porosity

Wa = The weight of specimen m the air at
saturated condition (g)

Wd = The diy weight of the specimen after 24 h
in oven at 100£5°C (g) and

Ww = The weight of the specimen in water (g)

This method has been used to measure the
porosity of the cement-based materials successfully
(Papadakis et al., 1992; Cabrera and Lynsdale, 1988;
Rossignolo and Gnesini, 2004; Gonen and Yazicioglu,
2007). The reported results are the average of two
samples.

RESULTS AND DISCUSSION

Characteristics of OPC, OFA, MFA and FFA: The Blaine
fineness of OPC is 3600 cm® g'. The Blaine fineness of
the OFA is 3200 cm’ g~". The finenesses of the classified
MFA and FFA are 3800 and 5700 cm?® g~/ respectively
(Table 2). The specific gravity of the OPC, OFA, MFA and
FFA are 3.14, 2.24, 2.39 and 2.45, respectively. The particle
size distributions as shown in Fig. 2 reveal that FFA 1s
finest followed by MFA and OFA. The mean particle
size of the material used from the finest to the coarsest are
as follows: FFA 4.9 um, MFA 16 ym and OFA 31.7 pm.
The mean particle size of OPC is 15 um. The chemical
characteristics of Portland cement and fly ashes are given
in Table 3. There are no sigmficant differences i chemical
compositions of fly ash of different finenesses. Fly ash in
this experiment is a Class F fly ash with 74% of Si0, +
AL+ Fe, O, 2.2% of 30, and 2.5% of LOT meeting the
requirement of ASTM C618 (2001). However, as this fly
ash 15 from lignite, the CaO content 1s rather high at
14.4%. The SEM photo of fly ash as shown i Fig. 3
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Fig. 3 SEM of (a) coarse original fly ash and (b) fine fly
ash

reveals that original fly ash consists of a large range of
particle sizes. The particles are spherical in shape but the
surfaces of the large particles are usually rough. After
being classified, FFA mainly consists of small spherical
patticles with a smooth surface.

Superplasticizer (8F) requirem ent: The 5P recuirements
of the m ortar mixtures to produce a similar flow are shown

Tahle 2: Physical properties of OPC, OF A, WFA and FFA

Ivledian Betamed on Blaine

particle 4 sleve Specific fine ness
Sample gz (Pm) Mo, 335 (%) Travity fcmt s
OpC 150 Bk 314 3,600
OFL 317 36 224 3,200
WFA 160 20 239 3,200
FE& 4.9 3 245 5,700
Table 3: Chemical composition of OPC, OF L MFA and FFA
Cryides oPC OF & MFL FFL
Si, 209 427 422 41
LLO, 48 a8 a9 14
Fe, 0, 34 11.7 11.0 113
Cal 65.4 120 13.1 14.4
Iz 1.3 34 35 33
Ha, 0 0.2 13 12 1.1
K0 0.4 27 29 214
S0, 27 12 12 21
LI 1.0 135 19 25
Si0, + &1,0, +Fe O - 6.2 5.5 4.0

in Table 1. The incorporation of fly ash reduces the 3P
content of the mixes The 5P content of OPC mortar 15
1.9% and those of 20%FFA and 40%FFA mortars are only
0.4 and 0.1% by weight of binder. The reduction of 5P
requirement iz associated with the ball -bearing effect of
the small spherical particles of FFA. The incorporation of
MFA particles slightly increases the 5P requirements in
comparizon with thosze of the FFA mortars. The ZP
contents of 20 and 40%MFA mortars are 0.7 and 0.3%,
respectively. The incorporation of OFA particles slightly
reduces the 3P requirements owing to its large spherical
particles with rough surface The SF contents of 20 and
40% OF & mortars are 0.8 and 0.5%, respectively.

Results of compressive strength: The resultz of
compressive strength of mortars are given in Table 4. The
strength development of OPC mortar 12 rather good The
strengths of 7, 28 and 90 days are 43.5, 57 0 and 0.0 14Pa,
At 20% replacement, the strengths of mortars containing
OFA, MFA and FFA are also high between 33 and 106%4
of OFC mortar at the same age. For 40% replacement level,
reductions in strength at 7 days are apparent for mixes
containing OF&, MFA and FFA Their 7-day strengths
are 74-76% of that of OPC mortar at the same age. Atthe
age of 90 days, strengths of OF&, MFA and FF4 mortar
are 92-106% of that of CFC mortar at the same age The
low early strengths and later age strength development
are the common feature of pozzolanic materials,

Carbonation depth: The results of the carbonation depths
of the mortar specimens subjected to accelerated testing
condition are shown in Fig. 4. An incorporation of fly ash
in place of Portland cement increases the carbonation
depth in comparizon with the use of normal CPC The
depth of carbonation after a period of 30 days in the 5%
COy chamber of 20% OF A, 20%MFA and 20%FFA mortars
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Fig. 4: Carbonation depth of mortars

Tabled: Compressive strenoth of mortars
Compressive strength (MPa-normalized)

Mlix 7 days 28 days 90 days
QpC 43.5-100 57.0-100 60.0-100
20%0F A 40.5-93 55.0-94 58.0-97
20%MFA 43.0-99 59.0-104 62.0-103
20%FFA 44 5-102 59.5-104 63.5-106
40%0F A 32.0-74 50.5-89 55.0-92
40%MFA 32.5-75 53.5-94 57.0-95
40%FFA 33.0-78 56.5-99 62.0-103

Sand-to-binder ratio 2.75, W/B=0.5, flow 110+5%

are 10.0, 5.0 and 4.5 mm, respectively, while the depth of
carbonation at the same age of OPC mortar is only 3.8 mm.
The depth of carbonation after a period of 90 days in the
5% carbon dioxide chamber of 40200FA, 40%MFA and
40%FFA mortars are 13.0, 10.0 and 8.0mm. Similar findings
of the increase in the carbonation depth owing to an
incorporation of fly ash have been reported (Isgor and
Razaqpur, 2004; Papadakis, 2000). The increase in
carbonation is less with the medium and the fine fly ash in
the mortars. In other words, the carbonation decreases
when the finer fly ash is used. Furthermore, it has been
shown that the average pore size of the paste of the finer
fly ash is smaller than that of the coarser fly ash and
ordinary Portland cement mortars. The reduction in the
average pore size together with the reduction in the SP
would reduce the carbonation of the mortar. It should be
noted here that the use of finer fly ash results in an
increase in hydration of paste in comparison with that of
the coarser fly ash and thus should theoretically reduce
the amount of calcium hydroxide in the paste to a certain
extent. The carbonation depth of the OFA mortar is clearly
higher than those of the MFA and FFA mortars. This
suggests that the carbonation of the fly ash mortar is
clearly affected by the fly ash fineness. The use of fine fly
ash resulis in a lower carbonation in comparison to the
coarser fly ash owing to the better dispersion and filler

FFA

MFA

OFA

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
2-8

Fig. 5: X-ray diffraction pattems of OFA, MFA and FFA
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Fig. 6: XRD pattems of OPC, 20%0F4A, 20%MFA and
20%FFA mortars at 90 days

effect of the finer fly ash despite the higher pozzolanic
activity. This makes the mortar denser and, hence, better
resistant to the ingression of carbon dioxide.

XRD analysis: The XRD paitems of OFA, MFA and FFA
are shown in Fig. 5. There are little differences between
the XRD pattems of MFA and FFA. Tt is known that fly
ash consists of a grassy matrix with crystalline phases
like quartz, mullite, hematite, anhydrite, lime and so on.
For Mae Moh fly ash, quartz is commonly found as the
crystalline compound in OFA, MFA and FFA. In this
wortk, the grassy phase content of the finer fly ash was
higher than that of the coarser fly ash. Figure 6 shows the
XRD patterns of the 20%0FA, 20%MFA and 20%FFA
mortar at 90 days (with 5% CO,) while XRD patterns of
40%0OFA, 40%MFA and 40%FFA mortars at the same age
{with 5% CO,) are shown in Fig. 7. The results show that
the intensity peaks of Ca{OH), in the XRD patterns
decrease significantly with the increase in fly ash content.
It is well known that Ca{OH), consumption in a blended
cement mortar is related to the degree of pozzolanic
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Fig. 7: XRD patterns of OPC, 40%O0FA, 40%MFA and
40%FFA mortars at 90 days

reaction. In addition, factors affecting the pozzolanic
reactivity are fineness and the glassy phase content of
the fly ash. Fly ash with a high percentage of grassy
phases tends to be more reactive than those with a less
percentage of glassy phases. In this study, the classified
fly ash (FFA), which had a smaller size and higher glassy
content, had a larger surface area to provide the silica and
alumina compounds for higher pozzolanic activity than
the coarse Original Fly Ash (OFA).

Porosity results: The results of the porosity of mortar at
7, 28 and 90 days are shown in Fig. 8. At the age of 7
days, the porosities of mortars containing 20% of OFA,
MFA and FFA are lower than those of the OPC mortars at
all ages. At this low level of replacement, the filler effect
of pozzolan modifies pore and reduces the porosity of
mortars. The mortar containing FFA gives slightly less
porosity than those of MFA and OFA. In other words,
FFA is slightly more effective in modifying pore and
reduces the porosity of mortar. The porosity at 7 day
of 20% FFA mortar is 17.3% in comparison with 17.8,
17.7 and 17.5% of OPC, OFA and MFA mortars. At high
replacement level of 40%, the porosities of the mortars
containing fly ash increases in comparison with that of
the OPC mortar. At the age of 7 days, the porosities of
40000F A, 40%MFA and 40%FFA mixes are 24.8, 22.2 and
21.0% which is significantly larger than 17.8% of the OPC
mortar.

The increase in porosity with an incorporation of a
large amount of pozzolans results from the reduction in
the amount of OPC. This results in less hydration
products especially at the early age where the pozzolanic
reaction is small. The porosities of the mortars reduce with
an increase 1n age as expected. This is due to the increase
in the hydration of cementitious materials. At a later age
of 90 days, the porosities of the mortars containing fly ash
reduce to slightly higher values than that of OPC mortar

301 = OPC
0 20%0FA
25 B 20%MFA
O 20%FFA
O 40%0FA
= 20 B 40%MFA
i N B 40%FFA
Z 151 N
N —
-7 N g
101 N =
) £
R =
51N =
N =
8 =
[N =
0 L E

Age (days)

Fig. 8: Porosity of FFA, OPC, MFA and OFA mortars
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22 4
¥= 558060
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141
10 T T T 1
30 40 50 60 70
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Fig. 9: Relationship between compressive strength and

porosity

owing to the pozzolanic reaction of fly ash. The porosities
of 40% QFA, 40% MFA and 40% FFA mixes at 90 days
are 14.5, 13.4 and 12.7% as compared to 12.8% of OPC
mortar at the same age. When all ages are considered, this
range stretched from 12.0 to 24.8%. It is important to note
that this range of porosity values corresponded to
compressive strength over the range 32.0 to 63.5 MPa
(Fig. 9).

The addition of FFA fly ash, whose particles are finer
than those of Portland cement causes segmentation of
large pores and increases nucleation sites for precipitation
of hydration products in cement paste. This increases the
hvdration and refines the pore structure of paste. The
increase in hydration leads to a reduction of calcium
hydroxide in paste. With regard to permeability, the
incorporation of pozzolan such as fly ash reduces the
average pore size and results in a less permeable paste
(Climent and Gutierrez, 1995). Tt has also been shown that
reactive FFA can be used to produce good quality
concrete with reduced porosity. Therefore, the
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incorporation of FFA increases nucleation sites for
precipitation of hydration products, reduces Ca(OH), and
improves the permeability of mortar. These factors
contribute to the improvement in the resistance to
carbonation of mortar with fine fly ash being the most
effective, followed by medium fly ash and coarse original
fly ash.

CONCLUSION

It can be concluded that the differences in the
chemical compositions of the fly ash of different
finenesses from the same batch are small. Fine fly ash
reduces the amount of SP and improves the strength of
the mortar as compared to the coarse original fly ash. The
carbonation is also affected by the fineness of fly ash.
Partial replacement of Portland cement type I with fly ash
increases the carbonation of mortar as a result of a
decrease in the Ca(OH), content of the hydration products
of the cement. The use of finer fly ash results in a
relatively low carbonation in comparison with that of the
coarser original fly ash owing to the better dispersion and
filler effect despite an increase in the pozzolanic reaction.
FFA can be wed as a good pozzolans to replace part of
Portland cement in making mortar with relatively high
strength and low porosity. Spherical FFA particle helps
reduce the amount of SP to produce mortar with similar
flow. On the other hand, MFA and OFA with larger
particles increases the amount of SP required. The
intensity peak of Ca(OH), of blended cement mortars
containing fly ash decrease with the increase in fly ash
content and fineness. The hydration reaction, pozzolanic
reaction and nucleation effect were enhanced by the
incorporation of fine fly ash. Therefore, fly ash has a high
potential to develop to be a good pozzolanic material, if it
1s improved to have high fineness.
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