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Abstract The experimental study on the effect of using micro- and ultrafine
metakaolin incorporated with Portland cement composite for the improvement of
compressive strength and water sorptivity of high volume fly ash concrete is pre-
sented in this paper. Mixture proportions was prepared where metakaolin in micro-
and ultrafine sizes was used to replace cement in high volume fly ash concrete
mixtures (40 and 60% by wt.). Phase identification and the hydration products were
obtained through X-ray Diffraction (XRD) and Fourier Transform Infrared
Spectroscopy (FTIR) analysis. The results reveal that the inclusion of micro- and
ultrafine metakaolin offsets the inferior characteristics of high volume fly ash
concrete by accelerating the hydration products, contributes the formation of
additional CSH through the reaction with calcium hydroxide and densifies the
microstructure of sustainable high volume fly ash matrix, particularly at the 7th day
after water curing. Furthermore, the utilization of high volume fly ash containing
micro- and ultrafine metakaolin is potential for the application of eco-friendly
concrete.

Keywords Metakaolin - High volume fly ash - Compressive strength - Water
sorptivity «+ XRD - FTIR

1 Introduction

The utilization of supplementary cementitious materials (SCMs) in mortar and
concrete has become one of the major research areas in the last twenty years. The
ability to replace cement partially in mortar and concrete mixtures due to the silicon
and aluminium as the main constituents, has brought fly ash, silica fume, blast
furnace slag, and metakaolin as supplementary cementitious materials to be
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alternatives materials for construction industry. With respect to the environmental
impact, the use of SCMs sourced from natural resources and by-product materials in
reducing Portland cement content in concrete is worth to pursue. It contributes the
reduction of greenhouse gas emissions to the earth’s atmosphere from the
de-carbonation of limestone in the kiln during Portland cement production where
the cement industry contributes approximately 5-7% to global antrhopogenic car-
bon dioxide emissions [9, 16].

One of the supplementary cementitious materials that has been intensively
investigated is fly ash as a by-product material sourced from the coal-fired power
station that is abundantly available in most of the countries in the world. Fly ash has
been recognized as a pozzolanic material that can be used as a mineral admixture or
as a component to replace cement in concrete. Some experimental studies have
reported the beneficial effect of using fly ash in producing sustainable high per-
formance mortar and concrete on mechanical and durability properties. Tangpagasit
et al. [15] reports the increase of early-age of strength activity index of mortar
containing 20% fly ash (by wt. of cementitious materials). Fly ash with median
particles sizes of 2.7 and 160 um when mixed in cement mortar reached 22%
higher of strength compared to control sample. In this study, the packing effect of
fly ash was found more effective than the pozzolanic reaction in improving the
strength of cement mortar. Celik et al. [3] also concluded that the particle size
distribution of fly ash is very critical factor in contributing the increase of the
compressive strength of mortar, and not the chemical composition. On the other
hand, the type of fly ash used in mortar or concrete is also important to achieve
suitable strength. For example, Sakai et al. [10], studied the properties of two types
of fly ash consisting different level of glass content which are 38.2 and 76.6%. It
was found that the reactivity of fly ash is controlled by the glass content in fly ash.
Samples with high glass content were clarified to have higher hydration ratio of fly
ash after curing for 270 days while almost identical values was found at an age of
360 days.

Despite of some benefits reported on the influence of fly ash in mortar and
concrete, the limitation of using 15-20% by weight of cement content remains a
problem. Using this dosage usually improves the workability to produce
cost-effective concrete but not sufficiently effective on durability enhancement [7].
For this reason, the utilization of concrete with high volume fly ash (HVFA) for
sustainable development has been addressed through some research works.

Experimental study by Xu et al. [18] showed the increase of carbonation
resistance of concrete due to the addition of 30 and 40% fly ash with water/binder
ratio used was below 0.4. The study found that the steel corrosion resistance
improved as measured from the steel weight loss ratio. Additionally, increasing the
amount of fly ash replacement up to 50% also exhibited good steel corrosion
resistance properties. Similar study from Moffatt et al. [8] also found the
improvement of the chloride-ion penetration resistance in concrete with 56 and 58%
fly ash by wt. Moreover, there was notable improvement in load carrying capacity
and cracking behavior on mixtures containing 50% fly ash [12]. For the application,
[4] concluded that the HVFA concrete when properly designed can be applied both
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for structural and non structural applications in construction. Despite the extensive
research effort on the effect of fly ash in cement composites, there is still a lack of
understanding of compressive strength and water sorptivity of high volume fly ash
concrete with ultrafine metakaolin addition.

This study aims at investigating the effect ultrafine-metakaolin on compressive
strength development and water sorptivity resistance of High Volume Fly Ash
(HVFA) concrete. The results of HVFA concrete with ultrafine-metakaolin addition
will be compared with the results of concrete containing cement and
micro-metakaolin. In order to support the findings, microstructure analysis are also
conducted and analysed based on X-ray Diffraction (XRD) and Fourier Transform
Infrared Spectroscopy (FTIR) testing results.

2 Materials

Portland Composite Cement (PCC), fly ash (FA), micro- and ultrafine metakaolin,
fine and coarse aggregate, and water are used in this experiment. Class C of fly ash
is sourced from the Amurang steam power plant while the metakaolin from Toraget
Village, both locations are in North Sulawesi Province, Indonesia.

The micro-metakaolin is obtained through manual grinding of metakaolin after
heating in oven at temperature of 105 °C for 24 h while the ultrafine metakaolin is
produced by grinding metakaolin for about 2 h by using High Energy Milling
established by CV. Nanotech Indonesia. The calcination of metakaolin was con-
ducted after refining process at Balai Riset dan Standardisasi in Manado by using a
ceramic kilns furnace for 6 h of heating period at a constant temperature of 800 °C.

Figure 1 shows the image of fly ash and metakaolin used in this experiment.
Table 1 presents the chemical composition of each material based on the X-ray
Fluorescence Analysis.

The XRD spectra of ultrafine metakaolin can be seen in Fig. 2 showing the
amorphous properties of the ultrafine metakaolin used in HVFA concrete mixtures.

(a)

-

Fig. 1 Images of a class F fly ash, b Metakaolin
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Table 1 Chemical composition of materials
Chemical analysis PCC Fly ash Micro-metakaolin Ultrafine-metakaolin
Si0, 8.43 18.77 40.48 47.00
Al,O5 1.65 6.89 31.17 32.00
Fe,0; 4.81 21.8 0.87 3.43
CaO 73.12 28.13 1.20 2.53
MgO - 4.65 3.65 -
K,O - 1.38 0.73 1.10
Na,O - 7.41 12.32 -
SO, 271 6.65 2.59 1.9
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Fig. 2 X-ray diffraction of ultrafine-metakaolin
According to the Particle Size Analysis (PSA), the particle sizes of micro- and

ultrafine metakaolin used in this experiment is around 10 and 196 nm, respectively.

3 Experimental Method

The
Polyt

experimental work is conducted in Concrete Laboratory at Manado State
echnic, Indonesia. At the first part, concrete samples with high volume ash

containing micro- and ultrafine metakaolin were cast based on the mixture pro-
portions as seen in Table 2. After casting and curing for 7, 14 and 28 days, the

samp
stand.

les were then tested for compressive strength following the ASTM C39
ard [2] procedure. In this part, concrete with 40% fly ash by wt. was selected
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Table 2 Mixture proportions of cement concrete with different percentage of ultrafine-metakaolin
(kg/m?)

Mix PCC HVFA MK UM FA CA Y

PCC 400 - - - 724 1131 195
FA40 240 160 - - 724 1131 195
FA60 160 240 - - 724 1131 195
FA30.MK10 240 120 40 - 724 1131 195
FA50.MK10 160 200 40 - 724 1131 195
FA30.UM10 240 120 - 40 724 1131 195

Note: PCC Portland composite cement; HVFA high volume fly ash; MK metakaolin; UM
ultrafine-metakaolin; FA fine aggregate; CA coarse aggregate; W water

as control sample to evaluate the influence of ulrafine-metakaolin addition. The
dosage of 10% replacement of cement by micro- and metakaolin was used based on
some previous study conducted by Supit et al. [14]. From this study, samples with
10% metakaolin exhibited highest strength compared to other dosage such as 5, 15
and 20%. At the second part, the sorptivity value was evaluated by conducting
sorptivity test according to the procedure in ASTM C1585 standard [1]. The
cut-sample with size of 50 mm in height and 100 mm in diameter was prepared and
suspended above water at specific time interval. The respective cumulative
absorption values was obtained through the weight gain measured at several time
increment such as 1, 5, 10, 20, 30 min, 1, 2, 3, 4, 5 and 6 h. Afterwards, the
sorptivity value can be obtained as the slope of the line that best fits the plot. In
order to evaluate and characterize the crystalline phases that form during hydration
of the blended cements, the XRD and FTIR analysis are also conducted for sample
after water curing at the 7th day.

4 Results and Discussions

4.1 Effect of Micro- and Ultrafine-metakaolin
on Workability of HVFA Concrete

The workability of samples containing micro and ultrafine-metakaolin is measured
based on the slump test with the results are presented in Fig. 3.

The results show that the use of high volume fly ash (40 and 60% by wt.)
increase the slump value of the specimens compared to the control PCC concrete
due to the spherical shape particles that is possible to increase flow. However, the
addition of micro- and ultrafine metakaolin can reduce the slump value from 7.5 to
5.5 mm for the FA30.MK10 sample with a lower value up to 4 mm when the
ultrafine metakaolin is added into the mixtures. In the concrete mixture containing
60% replacement of fly ash, the similar trend of slump reduction can be also
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Fig. 3 Slump value of different type of concrete mixtures

observed. The slump value is decreased from 8.5 to 6 mm after adding 10%
micro-metakaolin into concrete with 50% fly ash as a cement replacement. This can
be explained that the use of metakaolin with its high reactivity, finer and irregular
shape having multiple layer structure consumes water very early and increases the
cohesiveness of concrete [5].

4.2 Effect of Micro- and Ultrafine-metakaolin
on Compressive Strength of HVFA Concrete

The compressive strength development of HVFA concretes containing micro- and
ultrafine-metakaolin is shown in Fig. 4.

The compressive strength results due to different sizes of metakaolin addition are
compared with the results of control concrete mixes with cement (PCC) and fly ash
only (FA40 and FA60). Based on the figure, it can be seen that concrete sample
containing 30% fly ash and 10% micro-metakaolin had higher compressive strength
at 7, 14 and 28 days, respectively, compared to FA40 sample. The compressive
strength reached the value of 10, 13 and 16 MPa at 7, 14 and 28 days, which are
approximately 18-40% higher than the results of FA40 concrete. The higher per-
centage can be found at the age of 7 days indicating the influence of
micro-metakaolin in increasing the early-age compressive strength of concrete
containing fly ash and cement only. The effectiveness of micro-metakaolin in high
volume fly ash concrete can be also observed in FA50-MK10 sample. However, the
compressive strength results are slightly lower when the replacement content is
increased up to 60% (50% fly ash and 10% micro-metakaolin) by wt. of cement.
Since the maximum compressive strength of HVFA concrete was found in FA40
mix, the effect of 10% ultrafine-metakaolin is evaluated to replace cement and
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Fig. 4 Compressive strength development of different type of concrete mixes

combined with 30% fly ash. Figure 3 shows that there is a significant improvement
on compressive strength resistance when 10% ultrafine metakaolin was involved
into the mix. The compressive strength results of FA30-UM10 concrete were found
to be 15, 21 and 23 MPa at 7, 14 and 28 days, respectively. These results are even
higher than the results obtained by control concrete (PCC) at the selected days. The
high specific surface area of ultrafine metakaolin is suggested benefits in acting as a
filler and reducing the calcium ions from the vicinity of the cement particles,
therefore, accelerates the hydration process and increases the amount of CSH that
can compensates the loss of early strength of HVFA concrete [17].

4.3 Effect of Micro- and Ultrafine-metakaolin on Water
Sorptivity of HVFA Concrete

The typical plots of absorption rate against the square root and sorptivity values of
HVFA concrete samples containing 10% micro- and ultrafine-metakaolin at 7 and
28 days are presented in Fig. 5a, b and Table 3, respectively. Concretes with PCC
and 40% fly ash are selected as control samples to evaluate the effectiveness of
using 10% micro- and ultrafine metakaolin in HVFA concrete mixture. In Fig. Sa,
b, it can be seen the typical plots of cumulative water absorption taken from the two
samples from each type of mixture tested at the 7th and 28th day with correlation
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Fig. 5 Water sorptivity results of different type of concrete mixes at a 7 days and b 28 days

coefficients greater than 0.98. Based on the figures, the water absorption of HVFA
concretes at the 7th and 28th day reduces due to the incorporation of micro- and
ultrafine metakaolin.

The use of ultrafine metakaolin in FA40 concrete significantly decreases the
sorptivity values from 241 to 123 (x10~* mm/s'?) at 7 days and 225 to 118
(x107* mm/s"?) at 28 days, as seen in Table 3. These values are also much lower
when compared to the concrete mixture with PCC only. In comparison to the
concrete sample with 10% micro-metakaolin, the sorptivity value of concrete
containing 10% ultrafine metakaolin is around 40—48% lower after the curing days.
This less water absorption indicates the high pozzolanic reaction and ultrafine pore
filler effects of fly ash combined with ultrafine-metakaolin. [9], also found a similar
results where the presence of metakaolin as a much thinner and reactive material
compared to fly ash, decreased the large pores and provided more compact matrix
and therefore less permeable mixtures.
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Taple 3 Sorptivity Val}l"( of Type of mixes Sorptivity value

various concretes containing (x107* mm/s'2)

micro- and ultrafine 7d 28 d

metakaolin ays ays
PCC 280 104
FA40 247 225
FA30.MK10 241 203
FA30.UM10 123 118

4.4 X-ray Diffraction Analysis

Figures 6a—d show the phase composition that forms during hydration of the paste
samples containing 10% micro- and ultrafine metakaolin combined with 30% of fly
ash. Since the investigation is focused on the influence of ultrafine-metakaolin at the
early-age characteristics of the sample, therefore, the polished paste samples were
tested after water curing at the 7th day only.

In the XRD patterns, it can be seen that the main peak formed are Quartz,
Calcite, Calcium Silicate (CS) and Calcium Hydroxide (CH). The peak intensity of
CH at 2-theta angle of 18° and 34° can be an indicator to explain the hydration
performance of all type of paste samples. However, the peak of CSH is overlap with
Calcite, therefore, its presence cannot be identified clearly and needs further
analysis to quantitatively determine the percentage amount of Calcite and CSH
phases. Based on the figure, the formation of Calcium Silicate Hydrate can be
observed in samples with 40% fly ash (FA40) and combined 30% fly ash and 10%
micro- or ultrafine metakaolin (FA30.MK10 and FA30.UM10).

Regarding to the presence of CH, the intensity peaks of CH in FA40 paste
samples were found lower than in PCC sample (see Fig. 6). The intensities were
even much lower when micro- and ultrafine-metakaolin were added to partially
replace cement in 30% fly ash paste samples. When the intensity peaks of CH in
FA30.10UM sample is compared with FA30.MK10, it can be noticed that the
presence of CH at 2-theta angle of 18° in sample with ultrafine metakaolin was
disappeared indicating that the finer size of metakaolin benefits in accelerating the
consumption of CH thus increased the intensity of CSH after curing at the 7th day.
Shaikh and Supit [13] also commented that the silicate content in supplementary
cementing system has an ability to react with CH thus reduces the intensity counts
of CH and form additional CSH for the improvement of cement paste binders
properties.
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Fig. 6 XRD spectra of a PCC, b FA-40, ¢ FA30-MK10, d FA30-UM10 paste samples at 7 days
after water curing days

4.5 Fourier Transform Infrared Spectroscopy (FTIR)
Analysis

Figure 7 presents spectra of FTIR of the blended cement pastes at 7 days where the
different composition in each type of paste can be evaluated based on the peaks
arising at different wavenumbers with different intensities.

Based on some studies, the hydroxyl vibrations of Calcium Hydroxide can be
detected at wavenumber around 3400-3600 cm ™', the absorption peaks in the range
1420-1480 cm ™! refers to the vibrations of carbonate assigned to O—C—O bond
vibration, and the peaks at around 1000 cm™' corresponding to the formation of
CSH gel resulted from the reaction of C3S and C,S during hydration process
[6, 11]. The broad peaks at this wavenumber is attributed to Si—O, Si—~O-Si and Si—
O-Al bonds in CSH [6].

According to the figure, it can be reported that the addition of micro- and
ultrafine metakaolin into the mixtures containing PCC and fly ash accelerated the
consumption of CH at the 7th day, where the peak intensities of FA30.MK10 and
FA30.UMI0 specimens is 3434 and 3439 cm™' for, respectively, lower than the
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Fig. 7 FTIR spectra of blended cement pastes containing micro- and ultrafine metakaolin at the
7th day

peak intensities of PCC and FA40 specimens. The high peak of wavenumber also
appear in FA30.UM10 sample at 1038 cm ™" as an indication of the CSH formation
due to ultrafine meatakaolin. The intensity in this sample was found higher than
FA40, which shifted from 965 to 1038 cm . It can be explained that because of the
very fine particles of ultrafine metakaolin, the hydration process at the 7th day can
be accelerated, hence, improved the compressive strength of sample containing
40% fly ash, as discussed earlier.

5 Conclusions

The following conclusions could be drawn according to the experimental results as
follows:

1. Micro- and ultrafine metakaolin sourced from Toraget Village in North
Sulawesi, Indonesia are very effective to be one of the potential natural
resources in Indonesia to improve the performance of sustainable high volume
fly ash (HVFA) concrete.

2. The results of compressive strength of concrete containing 40 and 60% fly ash
by wt. was improved after the addition of 10% micro- and ultrafine-metakaolin.
The inclusion of ultrafine-metakaolin is found more effective in improving the
HVFA concrete properties at all testing days.
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3. The presence of ultrafine metakaolin in FA40 concrete mixture significantly
decreased the sorptivity values from 241 to 123 (x10™* mm/s"?) at the 7th day
and 225-118 (x 1074 mm/s”z) at the 28th day. These values are much lower,
compared to the control concretes including PCC and FA40 concrete mixes.

4. The analysis from XRD and FTIR also confirmed the ability of ultrafine
metakaolin in accelerating the hydration process particularly at the 7th day,
hence, improved the compressive strength and water sorptivity of HVFA
concretes.

5. The production method of ultrafine-metakaolin is still challenging, therefore,
further experimental investigations are still needed to develop the milling pro-
cess from micro to ultrafine size of metakaolin.

6. The application of high volume fly ash concrete combined with micro- and
ultrafine metakaolin is very promising for structural and non-structural element
of building construction.

Acknowledgements The activity presented in the paper is part of the internal research grant from
Manado State Polytechnic in Manado, North Sulawesi, Indonesia. The contribution of Mr.
Fikramsyah Vurman for data collection is also acknowledged.

References

1. ASTM C1585 (2012) Standard test method for measurement of rate of absorption of water by
hydraulic-cement concretes
2. ASTM C39 (2012) Standard test method for compressive strength of cylindrical concrete
specimens
3. Celik O, Damci E, Piskin S (2008) Characterization of fly ash and it effects on the
compressive strength properties of Portland cement. Indian J Eng Mater Sci 15:433—440
4. Ignjatovic I, Sas Z, Dragas J, Somlai J, Kovacs T (2017) Radiological and material
characterization of high volume fly ash concrete. J Environ Radioact 168:38—45
5. Khan SU, Nuruddin MF, Ayub T, Shafiq N (2014) Effects of different mineral admixtures on
the properties of fresh concrete. Sci World J 240, ID: 986567
6. LiQ, Geng H, Shui Z, Huang Y (2015) Effect of metakaolin addition and seawater mixing on
the properties and hydration of concrete. Appl Clay Sci 115:51-60
7. Mehta PK (2004) High performance, high volume fly ash concrete for sustainable
development. In: Proceedings of the international workshop on sustainable development
and concrete technology, Iowa State University, USA. ISBN 0-9652310-7-0
8. Moffatt E, Thomas MDA, Fahim A (2017) Performance of high-volume fly ash concrete in
marine environment. Cem Concr Res 102:127-135
9. Reis RC, Camoes A (2011) Eco-efficient ternary mixtures incorporating fly ash and
metakaolin. In: Proceeding on the international conference on sustainability of
constructions-towards a better built environment at Innsbruck, Austria. OST ACTION
C25-Final Conference, pp 71-78
10. Sakai E, Miyahara S, Ihsawa S, Lee S, Masaki D (2005) Hydration of fly ash cement. Cem
Concr Res 35:1135-1140
11. Shi T, Gao Y, Corr D, Shah SP (2018) FTIR study on early-age hydration of carbon
nanotubes modified cement-based materials. Adv Cement Res. ISSN 0951-7197. https://doi.
org/10.1680/jadcr.16.00167


http://dx.doi.org/10.1680/jadcr.16.00167
http://dx.doi.org/10.1680/jadcr.16.00167

Effects of Micro- and Ultrafine Metakaolin ... 427

12.

13.

14.

15.

16.

17.

18.

Soman M, Sobha K (2014) Strength and behaviour of high volume fly ash concrete. Int J
Innov Res Sci Eng Technol 3:5

Shaikh FUA, Supit WMS (2015) Compressive strength and durability of high volume fly ash
concrete reinforced with calcium carbonate nano particles. In: Dong Y et al (eds) Fillers and
reinforcements for advanced nanocomposites. Woodhead publications, UK

Supit WMS, Rumbayan R, Ticoalu A (2017) Mechanical properties of concrete composites
containing nano-metakaolin. In: AIP conference proceedings. The third international
conference of construction and building engineering (ICONBUILD 2017), 14-17 Aug
2017, Palembang, Indonesia. American Institute of Physics. https://doi.org/10.1063/1.
5011540

Tangpagasit J, Cherarot R, Jaturapitakkul C, Kiattikomol K (2005) Packing effect and
pozzolanic reaction of fly ash in mortar. Cem Concr Res 35:1145-1151

Worrel E, Martin N, Price L (2001) Carbon dioxide emission from the global cement industry.
Annu Rev Energy Env 26:303-329

Xiaosheng W, Hongping Z, Guowei L, Changqing Z, Lianzhen X (2007) Properties of high
volume fly ash concrete compensated by metakaolin or silica fume. J Wuhan Univ Technol
Mater Sci 22(4):728-732

Xu G, Liu J, Qiao L, Sun Y (2010) Experimental study on carbonation and steel corrosion of
high volume fly ash concrete. In: 2010 Asia-Pacific Power And Energy Engineering
Conference, Chengdu, China. IEEE. https://doi.org/10.1109/appeec.2010.5448649


http://dx.doi.org/10.1063/1.5011540
http://dx.doi.org/10.1063/1.5011540
http://dx.doi.org/10.1109/appeec.2010.5448649

	27 Effects of Micro- and Ultrafine Metakaolin on Compressive Strength and Water Sorptivity of High Volume Fly Ash Concrete
	Abstract
	1 Introduction
	2 Materials
	3 Experimental Method
	4 Results and Discussions
	4.1 Effect of Micro- and Ultrafine-metakaolin on Workability of HVFA Concrete
	4.2 Effect of Micro- and Ultrafine-metakaolin on Compressive Strength of HVFA Concrete
	4.3 Effect of Micro- and Ultrafine-metakaolin on Water Sorptivity of HVFA Concrete
	4.4 X-ray Diffraction Analysis
	4.5 Fourier Transform Infrared Spectroscopy (FTIR) Analysis

	5 Conclusions
	Acknowledgements
	References




