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Abstract. Cement is the most widely used material for construction. However, the cement
production has a negative impact on the environment, as it is one of the contributors to global
warming. The production of one ton of cement also produces approximately one ton of CO».
This encourages to the search for more environmentally friendly materials as cement
replacement. The aims of this study are to compare two types of fly ashes, i.e. class F (high
silicate, low calcium content) and class C (low silicate, high calcium content) fly ashes, as
primary material on non-cement mortar. The strength test was performed at the age of 7, 14, and
28 days according to ASTM standard. Class C mortar was cured at ambient temperature, while
class F was cured in ambient and 60°C temperatures. The results show that class C fly ash non-
cement mortar demonstrated a higher strength compared to class F fly ash at ambient
temperature. In contrast, the class F fly ash non-cement mortars exhibited a better performance
than class C when it cured at heat temperature. This might due to the high calcium content of
class C fly ash which contribute to the additional hydration reaction on strength development.

1. Introduction

The use of Portland Cement (PC) as the primary material of concrete in construction industries has a
negative issue on the environmental problems. The production of 1 ton of PC also produces
approximately 0.8-1 ton of carbon dioxide (CO,) gas [1-3]. This CO, gas is the main cause of the
greenhouse effect that leads to the occurrence of global warming. This has led to the search for a new
type of more environmentally friendly cement replacement material. One alternative material is the use
of fly ash, a waste material from coal power plant.

The use of fly ash has been widely used as an additive, as well as a partial replacement of cement in
order to improve its mechanical and durability properties [4-6]. According to ASTM standard, there are
3 types of fly ash, i.e. class F, class C and class N, based on its main content of the constituent material
[7]. Class F and class C fly ashes are commonly used as cement partial replacement material due to its
pozzolanic characteristics. The primary difference between class F and class C fly ashes is the Calcium
(Ca) content where class F fly ash has Ca less than 10%, while Ca content in class C fly ash is higher
than 10% [7].

As a material substitution, the use of 100% fly ash combined with alkaline activator may replace the
role of cement in concrete or mortar. Previous research has shown that class F fly ash can be used as
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100% cement replacement material due to its high silicate (Si) and aluminate (Al) content [8-9]. The
reaction between Si, Al and the alkaline activator forms a geopolymer matrix through a polymerization
reaction [10]. However, the main issue of using class F fly ash is the need for high temperatures to
accelerate the geopolymer reaction to achieve its structural integrity during hardening process [11-13].
This might due to the low content of Ca in the class F fly ash raw material. In contrast, the high Ca
content in class C fly ash forms a calcium-aluminate-silicate-hydrate (C-A-S-H) matrix rather than
sodium-aluminate-silicate-hydrate (N-A-S-H) matrix in high Si class F fly ash. This C-A-S-H matrix
has a similar behavior to alkali-activated material which has similar hydration products to that PC
concrete but with a lower Ca/Si ratio. This leads to the ability of class C fly ash to be produced at ambient
temperature [14-15]. Thus, the use of class C fly ash which has a higher Ca content (Ca > 10%) is
assumed to be able to overcome the high temperature issue in the class F fly ash non-cement material.

This study presents the strength comparison between class F fly ash (high Si and Al content, low Ca
content) and class C fly ash (high Ca content, low Si and Al content) non-cement mortar specimens. It
will provide an insight on the comparison of strength development and the effect of Ca content between
class F and class C fly ash. The strength property was measured by the compressive strength test at the
age of 7, 14 and 28 days in accordance with ASTM standard [16].

2. Methods

2.1. Materials

Two types of fly ash, i.e. class F fly ash with high silicate (Si) and low calcium (Ca) content, and class
C fly ash with low silicate (Si) and high calcium (Ca) content, were used to develop fly ash non-cement
mortar specimens. The chemical composition for both class F and class C fly ash materials were
identified by the X-Ray Fluorescence (XRF) test by PANalytical type Minipal 4 test equipment. The
chemical composition of class F and class C fly ashes are shown in Table 1.

Table 1. The chemical composition of class F and class C fly ashes (mass %).

Materials SiOz A|203 F8203 CaO MgO Kzo Ti02 Mn203 SO3

Fly ash class F 65.43 23.14 146 209 0.00 1.04 135 0.07 0.69
Fly ash class C 475 17.89 59.11 1265 0.00 065 0.92 0.55 0.86

Fly ash (FF-1) in this research was class F fly ash. It had CaO of 2.09% (< 10%), the total SiO,+Al.O3+
Fe,03 of 90.03% (> 70%) and SO3 of 0.69% (<5%) in accordance with ASTM C618 [7]. While, fly ash
(FC-2) was categorized as class C fly ash with the CaO of 12.65%, the total SiO,+Al.Os+ Fe;O3 of
81.75% (> 50%), and SO3 of 0.86% (<5%). A mix of sodium silicate (SiO; to Na-O ratio of 3.30) and
sodium hydroxide (NaOH) were used as activators. 15 Molar NaOH and 12 Molar NaOH were used for
class F and class C non-mortar cements, respectively, in accordance with previous research [17].

2.2. Mix design and proportion

The details of class F fly ash non-cement (FF-NC) and class C fly ash non-cement (CF-NC) mortars mix
proportion are shown in Table 2.

Mix proportions of class F and class C non-cement mortars were developed from previous research
[17, 19]. Mortar control specimen was developed in accordance with ASTM C109 [16] with a mass ratio
of sand to binder of 2.75. However, due to a solid content on sodium silicate and NaOH, a water solid
(w/s) ratio of 0.40 — 0.50 was used rather than a water binder (w/b) ratio. The total quantity of water in
non-cement mortar specimens was determined as the sum of water in sodium silicate and NaOH, while

the quantity of solid was calculated from the mass of the solid content in activator solution and fly ash
[17].
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Table 2. Mix proportions of class F and class C non-cement mortars

Mixture Portland ClassF ClassC Finesand  Sodium NaOH Curing
Cement flyash flyash silicate condition
FF-NC1 - 1.00 - 2.75 0.510 0.234  Ambient
FF-NC2 - 1.00 - 2.75 0.574 0.205  Ambient
FF-NC3 - 1.00 - 2.75 0.637 0.175  Ambient
FF-NC4 - 1.00 - 2.75 0.510 0.234  Heat 60°C
FF-NC5 - 1.00 - 2.75 0.574 0.205  Heat 60°C
FF-NC6 - 1.00 - 2.75 0.637 0.175  Heat 60°C
CF-NC7 - - 1.00 2.75 0.321 0.214  Ambient
CF-NC8 - - 1.00 2.75 0.399 0.266  Ambient
CF-NCY - - 1.00 2.75 0.483 0.322  Ambient

Ambient (normal) curing temperature used for normal mortar was applied for non-cement class C
mortars. Two types of curing temperatures, i.e. ambient curing temperature (for FF-NC1, FF-NC2, and
FF-NC3 specimens) and heat curing temperature at 60°C for 24 hours (for FF-NC4, FF-NC5, and FF-
NC6 specimens), were applied for non-cement class F mortar.

2.3. Testing mortar specimens

The strength properties of class F and class C fly ash non-cement mortars in 50 x 50 x 50 mm?® cube
specimens were performed by compressive strength test in accordance with ASTM C109 [16]. Three
mortar cubes were measured and tested at the age of 7, 14 and 28 days after casting.

3. Results and discussion

3.1. Strength development of class F fly ash non-cement mortar
Table 3 and Figure 1 give the strength development results reported for the FF-NC mortar specimens
for all mixes curing at ambient temperature.

Table 3. Compressive strength of class F (FF-NC) mortar curing at ambient temperature

Mixture Compressive strength (MPa)

7 days 14 days 28 days
FF-NC1 Failed to test 0.83+0.13 1.25+0.37
FF-NC2 Failed to test 0.72+0.09 1.01+0.24
FF-NC3 Failed to test 0.79+0.18 1.19+0.31

Compressive Strength (MPa)

14
1.2
1.0
0.8
0.6
04
0.2
0.0

W FF-NC1 FF-NC2 [IFF-NC3

28

Age (days)

Figure 1. Compressive strength of class F (FF-NC) mortar curing at ambient temperature

The results show that the FF-NC mortar specimens failed to test at early age. This is attributed to the
soft form of mortar specimens which indicated that the specimens were failed to achieve its structural
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integrity at 7 days’ age. These results are in accordance with the previous research [19] which found
that class F fly ash-based non-mortar specimens required high temperature during the curing process to
achieve its structural integrity at early age. However, all mixes demonstrate a slight increase of strength
throughout 28 days.

Table 4 and Figure 2 display the strength development results of FF-NC mortar specimens for all
mixes curing at heat temperature at 60°C for 24 hours.

Table 4. Compressive strength of class F (FF-NC) mortar curing at heat temperature (60°C)

Mixture Compressive strength (MPa)

7 days 14 days 28 days
FF-NC4 21.12+136 2258+164 24.15+231
FF-NC5 20.04+1.74 20.22+1.42 22.69+1.94
FF-NC6 18.61+159 19.28+1.78 19.75+2.18

30
BFF-NC4 EIFF-NC5 BFF-NC6
25

7%
i
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=

15
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Compressive Strength (MPa)

7 14
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N
oo

Figure 2. Compressive strength of class F (FF-NC) mortar curing at heat temperature (60°C)

The strength development of FF-NC4 mortar specimen demonstrates the highest initial strength with
21.12 MPa (87.45% of final strength at 28 days) at 7 days followed by FF-NCS5 and FF-NC6 with the
strength of 20.04 MPa (88.32%) and 18.61 MPa (94.23%), respectively. This high initial strength was
attributed to the high temperature (60°C) during curing process for 24 hours which accelerate the
reaction rate of non-cement mortar during the hydration process. A similar finding was also found by
Bakharev [20]. The author found that high strength fly ash non-cement material can be achieved by heat
curing treatment. FF-NC4 and FF-NC5 mortar mixes also display a significant increase from 7 to 28
days to 24.15 MPa (14.35% increase) and 22.69 MPa (13.24% increase), respectively.

Further, although FF-NC6 mortar exhibits the highest initial strength to the final strength ratio of
94.23%, it does not show any significant increase with time. This merely shows a slight increase of
6.16% in strength from 7 days to 28 days. This might attribute to the high silicate content from raw class
F fly ash material and the activator (sodium silicate) content. According to Rowless and O'Connor [21],
the strength of non-cement material (geopolymer) is affected by the silicate to aluminate ratio. It was
found that higher Si/Al ratio than 2.5 leads to lower strength performance.

3.2. Strength development of class C fly ash non-cement mortar
Table 5 and Figure 3 show the strength test results of CF-NC mortar specimens for all mixes curing at
ambient temperature.

Table 5. Compressive strength of class C (CF-NC) mortar curing at ambient temperature

Mixture Compressive strength (MPa)

7 days 14 days 28 days
CF-NC7 1255+1.14 17.22+1.72 18.13+1.67
CF-NC8 9.63+137 13.37+158 13.78+1.49
CF-NC9 874+165 11.14+185 12.11+1.78
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All CF-NC mortar specimens demonstrate a moderate initial strength with the strength of 8 MPa to
13 MPa at the age of 7 days. All specimens also show a significant increase in strength with the average
increase of 38% at the age of 14 days, from 12.55 MPa to 17.22 MPa and 9.63 MPa to 13.37 MPa for
CF-NC7 and CF-NCS8, respectively. CF-NC7 and CF-NC8 mortar specimens also exhibit a significant
continual improvement (43%) of strength throughout 28 days. Despite CF-NC9 shows the lowest
strength in class C non-cement mortar with the strength of 8.74 MPa at 7 days’ age, it still performs a
constant increase of strength from 11.14 MPa and 12.11 MPa at the ages of 14 days and 28 days,
respectively.

0
18 B CF-NC7 ECF-NC8 ECF-NC9

16
14
12
10

8

Compressive Strength (MPa)

oN A

7 14 28
Age (days)

Figure 3. Compressive strength of class C (CF-NC) mortar curing at ambient temperature

Further, the strength of CF-NC7 mortar exhibits the highest initial strength in class C fly ash mortar
with 12.55 MPa (69% of final strength) at 7 days’ age. It displays a continual improvement of strength
up to 28 days with the final strength of 18.13 MPa. In contrary, CF-NC9 mortar demonstrates the lowest
strength development throughout 28 days. This might attribute to the high-water content in the activator
of CF-NC9 mortar specimen.

3.3. Comparison of class F and class C fly ash non-cement mortar
Comparison of strength development of class F and class C fly ash non-cement mortar specimens for all
mixes are shown in Figure 4. Figure 4(a) displays a comparison data between FF-NC and CF-NC
specimens cured at ambient temperature, while Figure 4(b) shows a comparison data between FF-NC
cured at high (60°C) temperature and CF-NC cured at ambient temperature.

Class C non-cement mortar (CF-NC) demonstrates a higher compressive strength compared to class
F (FF-NC) at ambient temperature as shown in Figure 4(a). FF-NC mortar also shows structural integrity
failure at early age, although a small increase of strength is shown at 28 days’ age. This is attributed to
the calcium (Ca) content in the raw fly ash material. CF-NC mortar has a better Ca content (12.65%)
than FF-NC mortar (2.09%). High Ca content forms C-S-H gel during hydration process, similar to that

normal concrete, however with a lower Ca/Si ratio [22]. This allows CF-NC mortar to be produced at
ambient temperature.

30 30
mFF-NC1 FF-NC2 BFF-NCG3 (a) W FF-NC4 FF-NC5 BFF-NC6 (b)

2% u CF-NC7 CF-NC8 E1CF-NC9 25 B CF-NC7 CF-NC8 E1CF-NC9

20 20
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Figure 4. Comparison of class F and class C fly ash non-cement mortars. (a) Both class C and class
F cured at ambient temperature, and (b) Class C cured at ambient temperature and class F cured at
high (60°C) temperature

In contrary, FF-NC with heat curing (60°C) exhibits a better strength performance compared to CF-
NC as shown in Figure 4(b). This suggests that high temperature plays an important role in the treatment
of fly ash-based non-cement materials. This finding was corroborated by previous research [23].
According to the authors, heat curing treatment is significantly effective in developing the strength of
fly ash-based non-cement (geopolymer) materials.

4. Conclusion
The strength development for class F fly ash and class C fly ash non-cement mortars were investigated
experimentally from 7 to 28 days. The main conclusions may be drawn based on this study are:
e Class C non-cement mortar demonstrates a higher compressive strength compared to class F at
ambient temperature due to the high calcium content in class C raw fly ash material.
e Class F non-cement mortars fail to achieve its structural integrity at ambient temperature.
High temperature significantly affects the strength development of class F non-cement mortar.
e Class F non-cement mortar exhibits a better strength performance to that class C non-cement
mortar at high temperature.
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