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Abstract. The compressive strength of binary (BBCP) and ternary
blended cement pastes (TBCP) containing Palm Oil Fuel Ash (POFA) and
Metakaolin (MK) exposed to 3 % sodium sulphate solution has been
studied. The ordinary Portland cement (OPC) was partially replaced with
POFA and MK on mass-for-mass basis. All specimens were first cured for
28 days in normal water and subsequently subjected to full immersion in
sodium sulphate solution for 150 days for the compressive strength
evaluation. The results show that partial replacement of cement with POFA
and MK improved the durability of the cement pastes by reducing the
damage caused by sulphate attack.

1 Introduction

By using recycled materials in concrete as a filler or additive, it was found that the
mechanical properties of the concrete can be improved [1-3]. Furthermore, the use of
recycled materials in concrete can reduce environmental pollution and promote recycling in
the industry. POFA use as a cement replacement material is an effort to control the
pollution of the environment by reducing the use of cement in the construction industry.
The use of POFA and MK as pozzolanic material by partially replacing cement has been
shown to improve the durability of cement paste, mortar and concrete [4-7]. POFA contains
high proportion of silica while MK possesses high content of alumina, hence the utilization
of POFA and MK will affect the durability of cement paste, mortar and concrete. This
paper will discuss the changes of compressive strength of OPC, BBCP and TBCP
containing POFA and MK exposed to 3 % sodium sulphate solution. In addition, the
changes in the intensity of calcium hydroxide (CH), calcium silicate hydrate (C-S-H) and
ettringite (ETT) will also be discussed. The changes in the intensity of this mineral are
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correlated to the changes in the compressive strength of OPC paste as well as the BBCP
and TBCP pastes containing POFA and MK.

2 Experiment

2.1 Materials preparation

The ordinary Portland cement was partially replaced by POFA and MK at the rates of 0 %,
20 % and 40 % by mass of total binder. The POFA was treated via heat treatment and
ground to a median particle size of approximately 9 um. While, the Kaolin was turned into
Metakaolin also via heat treatment and ground to a median particle size of approximately 8
pm. The water binder (w/b) ratio was kept constant at 0.3 for all mixtures. The proportions
of the cement pastes are shown in Table 1. All specimens were removed from their
respective moulds 24 hours after casting and cured in water maintained at room temperature
for 28 days. Then, all specimens were subjected to full immersion in 3 % sodium sulphate
solution up to age of 180 days.

Table 1. Mix proportions of cement paste and pastes containing POFA and MK

Mix OPC (%) | POFA (%) | MK (%) | w/b
OPC 100 - - 0.3
M5 95 - 5 0.3
M10 90 - 10 0.3
P20 80 20 - 0.3
P40 60 40 - 0.3
PISMS | 80 15 5 0.3
P35M5 | 60 35 5 0.3
P10M10 | 80 10 10 0.3
P30M10 | 60 30 10 0.3

2.2 Compressive strength test

The compressive strength of the hardened cement paste cubes was determined using a 3000
kN automatic compression machine. The test was performed on average of five number of
samples of 50 x 50 x 50 mm cement paste cubes at the ages of 60, 90 and 180 days
according to ASTM C109.

2.3 X-Ray Diffraction (XRD) analysis

The X-ray scans were performed for 2 theta between 5° and 90° at 60, 90 and 180 days on
crushed pastes sample in powder form using X-ray diffraction (XRD) Advance Bruker
DX8 equipment according to BS EN 13925-1:2003. The collected X-ray scans recorded as
intensity in unit counts.

Then, the quantitative intensity changes of C-S-H, CH and ETT in the OPC, BBCP and
TBCP were observed using XRD analyzer via X’Pert Highscore Plus software via
Refinement Method on each testing age. All the XRD data from the X’Pert Highscore Plus
software was further analyzed using Microsoft Excel.
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3 Results and discussion

3.1 Changes of compressive strength

The compressive strength of cement pastes exposed to normal water and 3 % sodium
sulphate solution is given in Table 2. While the changes of compressive strength of cement
pastes exposed to 3 % sodium sulphate solution compared to cement paste exposed to
normal water is given in Fig. 1. From those Table and Figure, it shows that the compressive
strength of OPC, BBCP and TCBP containing POFA and MK increased when exposed to 3
% sodium sulphate solution after 30 (60 days/age) and 60 (90 days/age) days of exposure
period but decreased upon a prolonged exposure period of 150 (180 days/age) days.

Table 2. Compressive strength of cement pastes exposed to normal water and 3% sodium sulphate

solution
normal water 3% sodium sulphate solution
(MPa (MPa)
Mix 60d | 90d | 180d 60 d 90 d 180 d
OPC 69.5 | 72.0 | 75.0 75.0 78.0 71.2
M5 71.0 | 73.0 | 76.0 76.0 79.0 72.3
M10 74.0 | 76.0 | 78.0 77.0 81.0 73.0
P20 75.0 | 76.7 | 78.5 76.8 80.1 73.2
P40 76.0 | 78.8 | 81.0 79.0 82.0 79.7
P15M5 | 73.0 | 76.0 | 79.0 78.5 82.0 74.8
P35SM5 | 74.5 | 77.5 | 80.0 78.0 81.5 78.0
P10M10 | 71.5 | 75.0 | 79.3 78.3 81.0 74.7
P30M10 | 72.5 | 76.0 | 79.5 80.0 85.0 81.8
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Fig 1. Changes of compressive strength of cement pastes exposed to 3 % sodium sulphate solution
compared to cement pastes exposed to normal water.
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The increase of strength of OPC cement paste exposed to 3 % Na,SO, solution was
influenced by the reaction of sulphate ions with CH to form gypsum [8,9]. Gypsum
formation at the beginning lead to denser structure as a result of precipitation of products
within voids and micropores [8-10]. The decrease in strength of the OPC cement paste
exposed to 3 % Na,SO, solution was affected by the excessive formation of gypsum and
ettringite which create internal stress in the cement paste and decrease the C-S-H formation
[9].

The increase in strength of the BBCP containing MK was lower than the OPC cement
paste but BBCP containing MK has higher durability compared to OPC cement paste for
short and long term exposure because the BBCP containing MK has a higher C-S-H
content, outcomes of cement hydration and pozzolanic reaction and less formation of
gypsum and ettringite than OPC cement paste [11].

It was found that the BBCP containing POFA have higher durability compared to the
OPC cement paste and the BBCP containing MK for short and long term exposure. Higher
C-S-H contents in the BBCP containing POFA resulting from hydration and pozzolanic
reaction and lower formation of gypsum and ettringite than the OPC cement paste and the
BBCP containing MK makes the BBCP containing POFA more resistant to sulphate with
higher strength value [6].

The increase in strength may be attributed to; 1) continuous hydration of unhydrated
cement components and additional reaction of POFA and MK to form more C-S-H leading
to an increase in compressive strength 2) The reaction of sulphate ions with hydrated
cement component to form gypsum and ettringite. These two reactions led to denser
structure as a result of precipitation of products within the voids and micropores in the
cement pastes [8, 10]. The compressive strength of cement pastes initially increased, and
then began to decrease until the specimens eventually deteriorated after 150 days of
exposure. The reaction of sulphate ions with unhydrated cement component to form
gypsum and ettringite become more dominant leading to formation of internal stress and
microcracks and this decreases the strength [8,10].

3.2 Losses of CH, C-S-H and changes of ettringite intensity

The losses of CH and C-S-H intensity of cement pastes exposed to 3% sodium sulphate
soluiton compared to cement pastes exposed to normal water is shown in Fig. 2. Meanwhile
Fig. 3 shows the changes of ettringite intensity of cement pastes exposed to 3% sodium
sulphate solution compared to cement pastes exposed to normal water.

After being exposed to sodium sulphate solution for 150 days, the P30M10 cement
paste shows the highest losses or reduction of CH intensity while, the OPC cement paste
shows the lowest reduction of CH intensity after being exposed to sodium sulphate solution
for 150 days. The reduction of CH intensity was due to 1) pozzolanic reaction; CH reacts
with silica and alumina to form C-S-H 2) the formation of ettringite; CH reacts with
sulphate ions to form gypsum then, gypsum reacts with C;A, CAH and CSAH to form
ettringite thus reduces the calcium content in the cement paste. The reduction of CH in the
cement paste exposed to sulphate solution weakens the strength of the cement pastes [9].

When compared to the cement pastes exposed to normal water, the reduction in C-S-H
intensity of the cement pastes exposed to sodium sulphate solution increased after 30, 60
and 150 days of exposure.

The count of C-S-H for each specimens is declining after both samples were exposed to
3 % sodium sulphate solution. The OPC cement paste shows the highest losses of C-S-H
intensity, meanwhile the P30M10 shows the lowest reduction of C-S-H intensity after 150
days of sulphate solution exposure.
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Fig 2. Losses of CH (A) and C-S-H (B) intensity of cement pastes exposed to 3 % sodium sulphate
solution compared to cement pastes exposed to normal water.
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Fig 3. Changes of ettringite intensity of cement pastes exposed to 3 % sodium sulphate solution
compared to cement pastes exposed to normal water.
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The reduction of C-S-H intensity was due to 1) CH reacts with sulphate ions to form
gypsum; a reduction of CH contents causes a reduction in the formation of C-S-H 2)
formation of ettringite; gypsum reacts with C;A, CAH and CSAH to form ettringite reduces
the calcium contents in cement paste, the reduction of the calcium also leads to reduction of
C-S-H contents.

From Fig. 3, the OPC cement paste shows the highest increase in ettringite intensity
meanwhile the P30M10 cement paste shows the lowest increase in ettringite intensity after
150 days of exposure. The increased ettringite intensity in cement pastes was due to the
presence of sulphate ions in sodium sulphate solution. The calcium hydroxide (CH) reacts
with sulphate ion to form gypsum and gypsum reacts with C;A, CAH and CSAH to form
more ettringite. The losses of C-S-H in OPC and P30M10 cement paste can be seen in Fig.
4 and Fig. 5.

The P30M10 cement paste exhibited the highest reduction losses in CH content in
sulphate solution, but portrayed a much higher durability compared to the other cement
pastes based on the test results in Fig. 1. The P30M10 underwent high formation of C-S-H
which contributed to the strength of the P30M10 cement paste. The P30M10 cement paste
also recorded the lowest formation of ettringite which also contributed to higher durability
performance compared to other cement paste.

The OPC cement paste showed the highest CH content compared to the other cement
pastes and suffered a reduction of strength, moreover the OPC cement paste demonstrated
lower durability against sulphate attack. High CH contents of the OPC cement paste caused
high formation of gypsum and ettringite thus promoting deterioration to the OPC cement
paste after 150 days of exposure to sodium sulphate.

Fig 5. P30M10 cement paste before (A) and after (B) exposure to 3% sodium sulphate solution.

Overall, high of C-S-H contents contributes to high strength properties and high
durability against sulphate attack. The losses of C-S-H contents in the cement paste cause
by the formation of gypsum and ettringite which result in high formation of internal stress
in the cement paste thus deteriorate the cement paste and reduces the strength of the cement
paste. The use of pozzolan lowers the CH content and increases the C-S-H in the cement
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paste thus reduces the formation of gypsum and ettringite in the cement paste and increases
the durability of the cement paste when exposed to sulphate solution.

4 Conclusions

The C-S-H content in the TBCP containing POFA and MK was higher than the OPC
cement paste and the BBCP containing POFA and MK resulting from cement hydration and
pozzolanic reaction and lower formation of gypsum and ettringite. As a result, the TBCP
containing POFA and MK is more durable than the OPC cement paste and the BBCP
containing POFA and MK with the higher strength. Furthermore, the P30M10 cement paste
is the best and the most suitable cement paste for sulphate environment with the highest
resistence against sulphate attack compared to the other tested specimens.

The authors gratefully acknowledge the Universiti Sains Malaysia for providing the needed support
including financial support through the Research University (1001/PAWAM/814191) Grant Scheme
for undertaking the research work.
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