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Abstract:  Japan is expected to rely on coal-fired power generation for a while. Therefore, coal ash (fly ash) 
will continue to be generated as an industrial by-product. In Japan, most fly ash is used as a raw material 
for cement, and the percentage of fly ash used as an admixture for concrete is low. Therefore, it is desired 
fly ash to be used effectively in Japan. If fly ash could be used in large quantities as an admixture for 
concrete, it would reduce the amount of cement produced, which, emits large amounts of carbon dioxide.  
This study investigated the improvement of the compressive strength of concrete mixed with fly ash more 
than 30％ in order to use more fly ash in concrete. In this study, fly ash was replace 30% to 50% of cement, 
and clinker for ordinary Portland cement was used as fine aggregate in the study.
As a result, it was found that long-term and short-term compressive strength was improved by using clinker 
aggregate. In addition, in freeze-thaw resistance and neutralization tests, this aggregate improved freeze-
thaw resistance and no neutralization occurred in the 91-day-old specimens.

Keywords:  fly ash, clinker fine aggregate, freeze-thaw resistance, no neutralization.

1. Introduction 
Japan is expected to continue to rely on coal-fired power generation for at least the next ten years and a 
means of recycling the coal ash (fly ash) residue discharged from coal-fired power plants is desired. At the 
same time, there is a desire to reduce the use of cement, the production of which results in the emission of 
large amounts of CO2. If cement could be replaced with fly ash for construction purposes, it would be a good 
solution to both requirements. Currently in Japan, the use of fly ash as an admixture in concrete is limited 
to a maximum of 30%, in the form of C-type fly ash cement. In contrast, blast furnace slag may be used to 
replace up to 70% of the cement in C-type blast furnace cement. The current permitted level of replacement 
is too low to make effective use of the fly ash available. Further, the application of fly ash concrete is limited 
to cases such as mass concrete, where it offers long-term improvement in strength and reduces the 
generation of hydration heat. Although fly ash increases long-term strength, it also suffers from the problem 
of reduced short-term strength because initial strength development is delayed (Satoru H., Yamato S. (1)). 
In efforts to improve the utilization of fly ash and expand its range of application, it is important to 
characterize this delay in initial strength development.

Against this background, this study aimed to improve the initial strength development of concretes in which 
cement is replaced with fly ash at more than 30% by the following methods: 

Combination of ordinary Portland cement clinker fine aggregate (NCL), and ordinary Portland cement 
(OPC), high-early-strength Portland cement (HPC), fly ash (FA)

This kind of research using the above material combinations has not previously been done. Furthermore, a 
study on the durability of concrete with high fly ash content and clinker fine aggregate carried out.



2. Study on strength improvement with clinker fine aggregate admixture

2.1 Materials
Table 1 shows the materials used. Ordinary Portland cement clinker is used as fine aggregate to improve 
strength. The fly ash used is JIS class II standard product with high availability in Japan.

Table 1. Materials.

Material Symbol Density
（g/cm3）

Specific surface area
（cm2/g）

Tap water W 1.00
Ordinary Portland 

cement OPC 3.16 3,340

High early 
strength Portland 

cement
HPC 3.14 4,490

Powder

Fly ash FA 2.28 4,330
River sand S 2.59Fine 

aggregate Ordinary Portland 
cement clinker NCL 2.66

Superplasticizer SP 1.08
Defoamer DF 1.00

2.2 Mixes
Table 2 lists the mixes of the various mortars tested.

The target fresh properties of the concretes were ensured by adjusting the amount of superplasticizer 
added. The replacement rate of cement by fly ash was 0%, 30%, 40% and 50%. Further, in each 
series of (FA30, FA40 and FA50), the replacement rate of river sand by NCL was 0, 50, 100%.

Table 2.  Mixes.

Mass ratio (%) Volume ratio (%)Mix name OPC HPC FA S NCL
OPC100 100 0

OPC-FA30-NCL0 100 0

OPC-FA30-NCL50 50 50
OPC-FA30-NCL100

70 0

0 0
HPC-FA30-NCL50 50 50

HPC-FA30-NCL100 0 70

30

0 100
OPC-FA40-NCL0 100 0

OPC-FA40-NCL50 50 50
OPC-FA40-NCL100

60 0
0 100

HPC-FA40-NCL50 50 50
HPC-FA40-NCL100 0 60

40

0 100
OPC-FA50-NCL0 100 0

OPC-FA50-NCL50 50 50
OPC-FA50-NCL100

50 0
0 100

HPC-FA50-NCL50 50 50
HPC-FA50-NCL100 0 50

50

0 100



2.3 Tests
2.3.1       Fresh property tests

(a). Slump flow test
The target flow value was 650± 50mm.
Slump flow tests was were carried out in accordance with ISO 4109:1980 “Fresh concrete - 
Determination of consistency - Slump test”.

(b). Air content test
The target air content was 2.0% or less.
Testing was carried out in accordance with ISO 6276 1982 “Concrete, compacted fresh - 
Determination of density (MOD)”.

2.3.2 Compressive strength test

Compressive strength was measured in accordance with ISO 1920 - 4: 2005 “Testing of 
concrete - Part 4: Strength of hardened concrete”. Specimens were tested for compressive 
strength after 3, 7, 28 and 91 days of curing in water at 20°C. The test specimens were φ100 
mm x h200 mm in size and three specimens were tested for each curing condition.

2.4 Test results
2.4.1 Fresh properties

Table 3 shows the results from the fresh property tests and Figure 1 shows the amount of SP 
added in each mortar formulation. As described in section 2.2, the target fresh properties were 
obtained by adjusting the addition of SP. As shown in Figure 1, the SP addition rate increased 
as more cement was substituted by FA. And when HPC was used, the amount of SP also 
increased. This is due to the specific surface area of each powder, and it is assumed that the 
addition of powders with a higher specific surface area increased the required amount of SP.

Table 3. Measured fresh properties.

Admixture content ratio
(P×mass%)Mix name

SP DF

Slump flow value
(mm)

Air
(%)

Temp
(°C)

OPC100 0.83 695 0.2 35
FA30 0.78 653 0.7 29

OPC-FA30-NCL50 0.81 650 0.3 19
OPC-FA30-NCL100 0.86 600 0.1 23
HPC-FA30-NCL50 0.85 628 1.0 31

HPC-FA30-NCL100 1.07 675 0.4 28
FA40 0.80 605 0.1 30

OPC-FA40-NCL50 0.85 615 0.2 21
OPC-FA40-NCL100 0.79 655 0.1 19
HPC-FA40-NCL50 0.85 663 1.3 28

HPC-FA40-NCL100 1.03 625 1.0 28
FA50 0.76 648 0.2 25

OPC-FA50-NCL50 0.81 685 0.8 18
OPC-FA50-NCL100 0.81 610 0.2 22
HPC-FA50-NCL50 0.85 680 0.6 28

HPC-FA50-NCL100 1.01

0.50

665 1.8 28
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Figure 1. Amount of SP added in each mortar formulation.

2.4.2 Compressive strength

Figures 2, 3 and 4 show the results of compressive strength tests for concretes with 30%, 40% 
and 50% replacement of cement by fly ash, respectively. A decrease in compressive strength 
is observed with increasing fly ash replacement rates. This is thought to be due to the 
mechanism of strength development in the case of fly ash, which is by the pozzolanic reaction. 
Fly ash does not have hydraulic properties of its own, and its strength is expressed through 
the reaction between Ca (OH)2 formed by the hydration of Portland cement and SiO2 and Al2O3 
in the fly ash to form hydrates. This means that, strength development is delayed in mixes with 
fly ash compared to blends without, because the contribution of fly ash to strength development 
reduction in compressive strength as the fly ash replacement rate increase. 

For all fly ash replacement rates, the use of high-early-strength Portland cement and, clinker 
fine aggregate (HPC-FA30-NCL50, HPC-FA30-NCL100, HPC-FA40-NCL50, HPC-FA40-
NCL100, HPC-FA50-NCL50, HPC-FA50-NCL100) resulted in strength development in excess 
of the 28-day strength of the unmodified ordinary Portland cement concrete (OPC100). In 
addition, the strength development of formulations using ordinary Portland cement as base 
cement improved, except for formulations with low clinker fine aggregate replacement rates 
(OPC-FA40-NCL50, OPC-FA50-NCL50).

In all formulations, strength development is improved by replacing river sand with ordinary 
Portland cement clinker. This is thought to be because clinker with a grain size of 0.15 mm or 
less acts as a powder and that with a grain size greater than 0.15 mm behaving as an 
aggregate, causing a hydration reaction (Shintaro M., et al. (2)). Therefore, the hydration 
reaction of NCL increases the supply of calcium hydroxide, which may promote the pozzolanic 
reaction of the fly ash. In addition, the formulations using high-early-strength Portland cement 
show greater strength development than formulations using ordinary Portland cement. This is 
thought to be due to the fact that the high-early-strength Portland cement is a cement designed 
to increase initial strength development.
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Figure 2. Compressive strength test results (30% fly ash replacement ratio).
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Figure 3. Compressive strength test results (40% fly ash replacement ratio).
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Figure 4. Compressive strength test results (50% fly ash replacement ratio).

3. Study on durability

3.1 Materials
The materials used are as described in section 2.1.

3.2 Mixes
The mixes tested are as described in section 2.2.

3.3 Tests
3.3.1      Freezing-thawing test

Testing was carried out in accordance with ASTM C666-97 “Standard Test Method for Resistance of 
Concrete to Rapid Freezing and Thawing”.

3.3.1      Accelerated carbonation test

Testing was carried out in accordance with ISO 1920-12 “Testing of concrete — Part 12: Determination of 
the carbonation resistance of concrete — Accelerated carbonation method”. The tests were conducted after 
curing for 28 days in water at 20˚C, followed by curing for 26 weeks in air at 20˚C and 60% relative humidity. 
The accelerated carbonation conditions were 20˚C, 60% relative humidity and a carbon dioxide 
concentration of 5%.

3.1 Test results
3.3.1      Freezing-thawing test

The freezing-thawing test results are presented in Figures 4, 5, and 6. Despite the low air content of below 
2% in all formulations, it is clear that the use of clinker fine aggregate improves the freeze-thaw resistance 
at all levels of fly ash replacement ratio. 

Figure 5 shows that at a fly ash replacement ratio of 30%, the relative dynamic modulus of elasticity begins 
to decrease at 90 cycles in the FA30 formulation and drops below 60% at 150 cycles. Two formulations with 



100% replacement by clinker fine aggregate, OPC-FA30-NCL100 and HPC-FA30-NCL100, exhibit relative 
dynamic moduli of more than 80% up to 300 cycles.

similar trend is also observed for FA substitution rates of 40% and 50%. Figure 4 shows that, at 40% FA 
substitution, the relative dynamic modulus of the FA40 formulation begins to decline faster than that of the 
FA30 formulation, falling below 60% after 90 cycles. Figure 5 shows that at a 30% FA replacement ratio, 
the decrease in relative dynamic modulus of elasticity of the formulation FA50 becomes more pronounced, 
falling below 60% at 30 cycles. Although the formulation OPC-FA50-NCL100 shows sufficient frost 
resistance, the relative dynamic modulus of elasticity decreases with each measurement after 150 cycles. 
Factors contributing to this outcome include:

(A) The use of clinker fine aggregate increases strength, with a 28-day compressive strength of 100 N/mm2 
at the start of the test.

(B) The use of clinker fine aggregate reduces the amount of un-hydrated water.
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Figure 4. Freezing-thawing test results (30% FA replacement ratio).
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Figure 5. Freezing-thawing test results (40% FA replacement ratio).
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Figure 6. Freezing-thawing test results (50% FA replacement ratio).

3.3.1      Accelerated carbonation tests

No visual areas of neutralization were observed at 26 weeks from the start of accelerated neutralization in 
all formulations. In the clinker fine aggregate mixtures, as noted in 2.4.2, NCL with a grain size of 0.15 mm 
or less behaves as a powder and NCL with a grain size of 0.15 mm or more behaves as a fine aggregate, 
contributing to densification of the transition zone around the aggregate and making the overall structure 
denser. This is thought to prevent the penetration of carbon dioxide. On the other hand, when no NCL is 
used, it is considered that the low water-powder ratio prevented neutralisation.

4. Conclusions

This study has led to the following findings: 
(1). In concrete with high fly ash (FA) content, initial strength up to 28 days of age is increased by adding 

clinker for ordinary Portland cement as fine aggregate (NCL).  The strength improvement observed at 
28 days may be explained by the NCL with a grain size of 0.15 mm or less acts as a powder while with 
a grain size of more than 0.15 mm it acts as a fine aggregate, contributing to the densification of the 
transition zone around the aggregate and, resulting in a densely packed overall structure.

(2). Concrete with high FA content and with clinker for ordinary Portland cement as fine aggregate (NCL) 
exhibits good freeze-thaw resistance. Possible reasons include increased strength and reduced un-
hydrated water due to the clinker fine aggregate admixture.

(3). No neutralisation is observed in concrete with a high fly ash (FA) content and clinker for ordinary 
Portland cement (NCL) as fine aggregate. The reason for this is thought to be the increased strength 
due to added ordinary Portland cement clinker fine aggregate (NCL). 
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