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Abstract - The use of fly ash to patrtially replace cement in concrete
is one of the effective ways of reducing the negative effect on the
environment due to the use and production of cement. However,
properties of concrete are strongly associated with the quality of fly
ash used. This paper investigates the applicable use of raw fly ash,
which is taken from Nghi Son coal power plant, Vietnam with a high
loss on ignition in concrete. There are two group mixtures with
different water-to-binder ratios of 0.35 and 0.45. In each group, fly
ash is used to replace 10%, 20%, and 30% cement. Test results
indicate that raw fly ash can be used to replace up to 20% cement
with improved compressive strength. Moreover, with increasing the
fly ash content, workability of fresh concrete increases while its unit
weight decreases. Furthermore, all tested concrete mixtures show
the good durability performance with ultrasonic pulse velocity
values of greater than 4100 m/s.

Key words - Raw fly ash; loss on ignition; slump; unit weight;
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1. Introduction

Concrete is the most popular construction material in
the world. Annually, a large amount of concrete is used as
well as a large quantity of cement is consumed. The
production of ordinary Portland cement releases a large
amount of carbon dioxide (COy) into the air and causes the
greenhouse effect as the global warming. On the other
hand, fly ash is an industrial by-product of thermal power
stations and is recognized as an environmental pollutant.
Recently, the utilization of fly ash as partial or full
replacement of ordinary Portland cement in concrete has
received much attention from researchers instead of
considering it as a waste material.

The properties of concrete with fly ash strongly depend
on the characteristics of fly ash used [1]. Some previous
studies have indicated that fly ash could be used to replace
10+30% cement with improved compressive strength
[2-5]. Some other studies showed that fly ash could be used
to replace up to 40+-60% cement in concrete with better or
comparable compressive strength [6-9]. It is noted that fly
ash used in these previous studies were from different
sources with various qualities. Especially, the loss on
ignition of fly ashused in the studies [6-9] was ranged from
0.45% to 2.1%, satisfying the requirement of less than 6%
as required by ASTM C618 [10]. In other words, such fly
ash was selected with good quality so that it can be used to
replace up to 60% cement. It is also noted that the physical
and chemical properties of fly ash used in studies [2-5]
were not given. However, with the low applicable
replacement level for cement, it is proposed that their
quality is not as good as those used in studies [6-9].

The loss on ignition of fly ash is due to the loss amount
of carbon and sulphur at high temperature. The presence of
unburned (organic) carbon in fly ash affects the color of
concrete (may change to black or dark gray), increases the

water requirement, and reduces the efficiency of air
entraining admixtures in concrete [11-13]. Most of the
previous studies used fly ash as a selected material with the
loss on ignition satisfying the condition stipulated by
ASTM C618 [10]. So far, a study on the use of raw fly ash
with ahigh loss on ignition has been still limited. Thus, the
major objective of this study is to investigate the
applicability of the raw fly ash with a high loss on ignition
in concrete. Fly ash used in this research was taken from
Nghi Son thermal power plant, Viet Nam, with the loss on
ignition of 15.76%, which exceeds the ASTM C618 [10]
requirement.

2. Materials and experimental program
2.1. Materials

Table 1 shows the physical and chemical properties of
cement and fly ash (FA) used in this study. Ordinary Portland
cement was Nghi Son type-PC40 with a specific gravity of
3.12. Raw fly ash was taken from Nghi Son coal power plant,
containing a low amount of calcium. According to ASTM
C618 [10], it is classified as class-F. The possibility of using
the raw fly ash with a high loss on ignition value of 15.75%
in concrete is examined in this study.

Natural sand with fineness modulus of 2.87, density of
2.62 T/md, dry rodded weight of 1.50 T/mé, moisture content
of 4.35%, and water absorption capacity of 1.08% was used
asthe fine aggregate. The coarse aggregate used was crushed
stone with the nominal maximum size of 12.5 mm, density
of 2.69 T/m®, dry rodded weight of 1.39 T/m®, moisture
content of 0.25%, and water absorption capacity of 0.08%.
In order to reduce the amount of water for good concrete
quality and to increase the workability of fresh concrete, the
superplasticizer (SP) of Sikament R4 with a specific gravity
of 1.15 was used with a fixed dosage of 1% (by total amount
of binder materials) for all concrete mixtures.

Table 1. Physical and chemical properties of cement and FA

Items Cement FA

Physical properties | Specific gravity 3.12 2.16
SiO: 22.38 48.38
Al203 5.31 20.42

) Fe20s3 4.03 4.79
comp((:)Ziiin(:InC?\INt.%) ca0 95.93 2.80
MgO 2.80 1.41

Others 4.45 4.28
Loss on ignition 1.98 15.76

2.2. Mixture proportions

Table 2 shows the mixture proportions for the
preparation of concrete samples used in this investigation.
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There are eight mixtures that are divided into two groups
(M35 and M45) with different water-to-binder ratios of
0.35 and 0.45. Nomenclature of the mixtures is described
as follows: M35 and M45 denote the water-to-binder ratio
of 0.35 and 0.45, respectively; the number after them (0,
10, 20 and 30) are the percentages of fly ash replacing
cement. In each group, the control mixture was designed
without fly ash, while three others used fly ash to replace
cement by 10, 20, and 30% by weight. The purpose of these
design mixtures is to find out the optimal level of fly ash
replacement for cement in concrete. All of the mixtures
were designed in accordance with ACI 211.91 [14]. It is
noted that the amount of water was controlled lower than
180 kg/m?® in order to ensure the good quality of concrete.

Table 2. Concrete mixture proportions

. Concrete ingredient proportions (kg/m®)
Mixture
Cement| FA | Sand | Stone | Water | SP
M35-0 | 514.1 0.0 | 9852 | 751.1 | 1755 | 5.1
M35-10 | 459.7 | 50.6 | 978.1 | 745.7 | 1743 | 5.1
M35-20 | 405.1 | 101.5 | 970.9 | 740.3 | 173.0 | 5.0
M35-30 | 352.3 | 150.7 | 964.0 | 735.0 | 171.8 | 5.0
M45-0 | 400.4 0.0 |1082.1| 751.8 | 175.7 | 4.0
M45-10 | 358.3 | 39.8 |1076.0| 7475 | 1747 | 4.0
M45-20 | 316.7 | 79.2 |1069.9| 743.3 | 173.7 | 4.0
M45-30 | 275.6 | 118.1 |1063.9| 739.1 | 172.7 | 3.9

2.3. Specimens preparation and test programs

The experimental works were conducted in the
construction material laboratory of Hong Duc University.
After mixing, fresh concrete properties including slump
and unit weight were measured. Concrete specimens were
prepared in a cylinder with 10 cm in diameter and 20 cmin
height. After one day of casting, they were demolded and
immersed in water at a room temperature until the testing
age as shown in Figure 1. Compressive strength and
ultrasonic pulse velocity (UPV) were measured at 3, 7, 14,
28, 56, and 91 days. Figure 2 shows pictures of the
compressive strength test and ultrasonic pulse velocity test.
The values reported herein are the average value of three
specimens. Slump, compressive strength, and ultrasonic
pulse velocity tests were performed in accordance

withASTM C143 [15], ASTM C39 [16], and ASTM C597
[17], respectively.
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Figure 1. Concrete specimens were cured in water

@ (b)

Figure 2. a) Compressive strength test; b) Ultrasonic pulse
velocity test

3. Results and discussion
3.1. Fresh concrete properties

The slump and unit weight of all concrete mixtures are
given in Table 3. The slump values of M45 mixtures are
greater than those of corresponding M35 mixtures. It
means that higher water-to-binder ratio results in a higher
slump. It is clear that the workability of fresh concrete is
closely associated with the amount of water. Thus, the
amount of water increases as the increase of water-to-
binder ratio, leading to increasing concrete workability.

Asshown in Table 3, for the same water-to-binder ratio,
the slump of fresh concrete increases with increasing the
replacement level of cement by fly ash. In general, the fly
ash particles are spherical while cement particles are
irregular polygonal [18]. The spherical shape of fly ash
contributes to reducing the friction of the aggregate-paste
interface, thus increases the workability of fresh concrete.
Moreover, the paste volume of fly ash is greater than that
of cement because the specific gravity of fly ash is lower
than that of cement (Table 1). The increase in the paste
volume leads to the increase of plasticity and cohesion,
then increases the workability of fresh concrete. Therefore,
with increasing fly ash content, the slump of concrete
increases. This finding is similar to the result from Naik
and Ramme [6].

On the other hand, for the same water-to-binder ratio, the
unit weight of fresh concrete decreases with increasing fly
ash content. This is also due to the low specific gravity of fly
ash as compared with that of ordinary Portland cement. With
the same amount, the volume of fly ash is more than that of
cement, therefore the unit weight of fresh concrete decreases
with increasing fly ash content in the concrete mixture.
Moreover, when water-to-binder ratio increases, the unit
weight of concrete decreases. Similarly, due to the highest
specific gravity of cement as compared with other
ingredients in concrete, the amount of cement increases with
the water-to-binder ratio, leading to an increase in mass of
concrete with the higher water-to-binder ratio.
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3.2. Compressive strength development OD 10 20 30 40 5 60 70 80 90 100

Compressive strength is an important property used to
evaluate the concrete quality. The compressive strength
development of concrete with different water-to-binder
ratios of 0.35 and 0.45 is presented in Figures 3 and 4,
respectively. The concrete mixtures with lower water-to-
binder ratio have higher compressive strength values than
those of corresponding mixtures with the higher water-to-
binder ratio. A low water-to-binder ratio is associated with
a high content of cement paste, hence a high value of
compressive strength is.

For the water-to-binder ratio of 0.35, the mixture with
10% fly ash (M35-10) shows the highest compressive
strength after 14 days. The mixtures with 20% and 30% fly
ash content exhibit lower compressive strength than
control mixture without fly ash (M35-0). Similarly, for the
water-to-binder ratio of 0.45, the mixtures with 10%
(M45-10) and 20% (M45-20) fly ash show higher
compressive strength than the control mixture (M45-0),
while mixture with 30% fly ash (M45-30) shows the lowest
compressive strength value. The replacement level of
cement by fly ash in this study is lower than that reported
from previous studies [6-9] because the fly ash used herein
is a raw material with low quality as compared with that of
previous studies [6-9]. This also means that even with a
high loss on ignition (15.76%), raw fly ash can be used to
replace up to 20% cement in concrete with improved
compressive strength. Although the compressive strength
of concrete mixtures with 30% fly ash is lower than those
of control mixture, the ultimate compressive strength of the
M35-30 and M45-30 mixtures are 35.1 MPa and 24.8 MPa,
respectively. It means that depending on the strength
requirement, the replacement level of cement by fly ash is
determined accordingly.
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Figure 3. Compressive strength development of M35 mixtures
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Figure 4. Compressive strength development of M45 mixtures

As can be seen from Figures 3 and 4, before 28-day
ages, the fly ash-free concrete mixture shows a relatively
high compressive strength value as compared with that of
fly ash concrete mixtures. Additionally, after 56 days, the fly
ash-free concrete shows a lower strength development rate
than the other mixtures containing fly ash. The low
compressive strength value at the early age and the
increased strength at the later age of the fly ash concrete
are associated with the slow and continuous pozzolanic
reaction of fly ash in concrete, which only starts
significantly after one or more weeks [19]. The major
products of cement hydration (see equation (1)) are
calcium silicate hydrate (C-S-H) gel and calcium
hydroxide (Ca(OH),). While C-S-H is the main carrier of
strength in hardened concrete, Ca(OH), has a negative
effect on quality of hardened concrete because of its
solubility in water to form cavities and its low strength.
However, when fly ash is added to the mixture as a cement
substitution, Ca(OH): is transformed into the secondary
C-S-H gel as a result of the pozzolanic reaction (see equation
(2)). However, if the fly ash content is added over the
optimum value, such fly ash amount does not fully involve
in the chemical reaction process. In this case, it mainly acts
as fine aggregate in the mixture rather than a cementitious
additive. In other words, the fly ash is not used efficiently.

Cement hydration:

(C,S, C,8)+H,0 »C-S—H +Ca(OH), @)
Pozzolanic reaction:
Ca(OH), +Si0, > C-S—H )

3.3. Ultrasonic pulse velocity (UPV)

To assess the uniformity and relative quality of concrete
as the presence of voids and cracks, the ultrasonic pulse
velocity (UPV) test is conducted in accordance with ASTM
C597 [17]. Generally, a high UPV value indicates good
quality concrete. As suggested by Malhotra [20], concrete has
good durability when it obtains UPV value of higher than
3660 m/s. Figures 5 and 6 show the UPV of concrete with
different water-to-binder ratios of 0.35 and 0.45, respectively.
As aresult, all concrete mixtures show the good quality with
the UPV values of higher than 4100 m/s. In addition, before
91 days, the UPV values of the fly ash-free concrete mixtures
(M35-0 and M45-0) are higher than those of mixtures
containing fly ash. However, at 91 days, the UPV value of
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the M35-10 mixture is close to that of M35-0 mixture.
Moreover, the increasing rate of the UPV values of the fly
ash concrete is higher than that of the fly ash-free concrete
regardless of the water-to-binder ratios of 0.35 or 0.45. This
phenomenon may be explained by the fact that the control
mixture contains a greater quantity of cement than fly ash
mixtures. Thus, due to the higher specific gravity of cement
in comparison with that of fly ash, the control mixture shows
a higher density and a faster cement hydration than the fly ash
mixtures at the early age. This leads to a higher UPV value
of control concrete as compared with that of the fly ash
concrete. However, after 56 days, with a great contribution of
pozzolanic reaction due to the presence of fly ash in concrete,
the inner structure of fly ash concrete is improved, indicated
by an increase of UPV values, and such concrete mixtures
exhibit good quality and durability.
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Figure 5. Ultrasonic pulse velocity values of M35 mixtures
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Figure 6. Ultrasonic pulse velocity values of M45 mixtures

4. Conclusions

This paper investigates the applicable use of raw fly ash
with a high loss on ignition in concrete. Based on the above
experimental results, the main conclusions are summarized
as follows.

1) The slump of concrete increases and the unit weight
of fresh concrete decreases with the increased level of fly
ash replacement for cement.

2) Raw fly ash can be used to replace up to 20% of
cement in concrete with the enhanced compressive
strength. Further increasing fly ash content results in a
reduction in compressive strength. Thus, the level of fly
ash replacement can be increased or decreased depending
on the requirement for compressive strength of concrete.

3) Fly ash concrete shows a low compressive strength
at an early age and a great strength improvement at the later
age. This is mainly due to the pozzolanic reaction of fly ash

in concrete.

4) All concrete mixtures with raw fly ash in this study
exhibit good durability with the ultrasonic pulse velocity of
higher than 4100 m/s.
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