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Abstract

Laboratory tests were conducted to evaluate the
performance of palm oil fuel ash (POFA), a
recently identified pozzolanic material, in reducing
the expansion of mortar bars containing Tuff as a
reactive aggregate where ordinary Portland cement
(OPC) was replaced, mass for mass, by 0, 10, 30
and 50% POFA. The South African NBRI Accel-
erated Test method was used in the experimental
investigation, which revealed that palm oil fuel
ash has a good potential in suppressing expansion
due to alkali-silica reaction. © 1997 Elsevier
Science Ltd. All rights reserved.
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INTRODUCTION

The use of supplementary cementing materials,
such as fly ash, slag and silica fume, is one of
the most popular solutions proposed to sup-
press the expansion due to alkali-silica reaction.
Dating back some 50years ago, Stanton' was
the first to explain the possibility of reducing
the expansion due to alkali-aggregate reactions
by using pozzolanic cement containing finely
ground ‘Monterrey Shale’ or by replacement of
25% high-alkali Portland cement with pumicite.
Subsequent tests by the same author confirmed
the beneficial effect of a wide range of natural
pozzolans.” A decade later, similar studies by
the US Army Crops of Engineers > showed that
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artificial pozzolans such as fly ash were also
effective in reducing expansion.

The extent of research on fly ash and alkali-
aggregate reaction has proliferated in the past
S50years, and there are now several hundred
published references dealing with this subject.
Despite the considerable research effort, there
are still conflicting sources of evidence concern-
ing the effectiveness of fly ash in controlling the
reaction and subsequent expansion.*~® Much of
the conflict arises from inherent differences in
the materials (type of cement, aggregates and
fly ash) used and the methods of assessment
(type and conditions of test). However, fly ash
itself is an extremely variable material, and its
effectiveness in controlling alkali-silica reaction
has been shown to depend on its physical,
mineralogical and chemical properties.’

Research on various aspects of durability of
concrete utilising palm oil fuel ash (POFA), a
recently identified pozzolanic material, as a par-
tial replacement of ordinary Portland cement
(OPC) has been in progress at the University of
Technology, Malaysia since the early 1990s.
This paper aims at evaluating the effectiveness
of POFA at various replacement levels of 0, 10,
30 and 50% of OPC in reducing the expansion
of mortar bars due to alkali-silica reaction using
Tuff as a local reactive aggregate.

MATERIALS AND TEST DETAILS
Palm oil fuel ash

Palm oil fuel ash is a waste material obtained by
burning of palm oil husk and shell as fuel in
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palm oil mill boilers. At present, some 200 palm
oil mills are in operation in Malaysia where
thousands of tons of ash are produced annually
and are simply disposed of without any com-
mercial return. However, it has been found that
this ash has pozzolanic properties that not only
enable the replacement of cement but also play
an active role in making strong and durable
concrete.®~'°

In the present study, ash was collected from a
mill at Bukit Lawang, in the State of Johor,
West Malaysia and was sieved through a
300-um sieve in order to remove any foreign
materials and larger size ash particles. It was
then ground in a Los Angeles abrasion machine
using mild steel bars (12 mm in diameter and
800 mm long), instead of balls, inside.

Like other fly ashes, palm oil fuel ash is grey-
ish in colour, becoming dark with increasing
proportions of unburnt carbon. Table 1 shows
the physical properties and chemical analysis of
POFA. One of the most important properties
that is to be noted is the fineness of the ash.
Fineness, as measured in specific surface area,
shows that POFA is much finer than OPC. The
chemical analysis suggests that this ash, in
general, satisfies the requirement to be poz-
zolanic, and may be grouped in between Class
C and Class F pozzolana as specified in ASTM

Table 1. Physical properties and chemical analysis of
OPC and POFA

Tests oprPC POFA

Physical properties:

Fineness—specific 314 519
surface area (m*/kg)

Specific gravity 3.28 222

Chemical analysis (%)

Silicon dioxide 20.2 43.6
(Si0,)

Aluminium oxide 57 11.4
(ALL,O5)

Ferric oxide 3.0 47
(F6203)

Calcium oxide 62.5 8.4
(Ca0)

Magnesium oxide 2.6 4.8
(Mg0)

Sulphur trioxide 1.8 2.8
(SOs)

Sodium oxide 0.16 0.39
(NazO)

Potassium oxide 0.87 35
(K-0)

Loss on ignition 2.7 18.0
(LoD

28-day strength activity — 115

index with OPC

C618-92a."" Details of the effects of POFA on
setting time and other properties of concrete
have been presented elsewhere.'> "

Cement

Ordinary Portland cement (ASTM Type I) from
a single source was used throughout the investi-
gation. The physical properties and chemical

analysis of the cement are also summarised in
Table 1.

Aggregate

Over the years, there have been several reports
of occurrences of alkali-silica reactivity in
Malaysia where the most reactive aggregates
identified so far are andesite, rhyolite, tuff and
quartzite.">'> The reactive aggregate used in
this study was a tuff obtained from Pengerang
Quarry in the southern part of Johor. A non-
reactive fine aggregate of granitic composition
with a fineness modulus of 2.4 was used. The
specific gravity and the water absorption of the
fine aggregate was 2.59 and 1.34%, respectively.

Preparation of test specimen

A number of accelerated mortar bar tests’®™'®
have been proposed for determining the alkali
reactivity of aggregates. In this study, the South
African NBRI test method'” was adopted.
Earlier studies'®>° have shown a good correla-
tion exists between the expansion in the test
and that observed in the ASTM mortar bar
expansion test.”’

To prepare mortar bars, the reactive aggre-
gates were crushed and sieved to the gradation
described also in ASTM C227-90.%' In order to
find the pessimum content of reactive aggre-
gate, mortar bars were made with different
proportions of 0, 25, 50, 75 and 100% tuff with
sand as fine aggregate. On obtaining the pessi-
mum content, based on expansion behaviour,
mortar bars were cast in the second stage of the
experiment with POFA as a supplementary
cementing material at various replacement
levels of 0, 10, 30 and 50% of OPC to assess the
effectiveness of POFA in suppressing ASR. In
all mixes, bars were cast in triplicate, and the
average of three expansion values is reported.
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Measurement of expansion

The mortar bars, prepared in accordance with
NBRI test method,”” were demoulded after
24 h and immersed in water, while maintaining
a temperature of 80°C for 24 h. The lengths of
the bars, referred to as ‘zero reading’, were
measured before immersion in a 1N NaOH
solution maintained at the same temperature.
The length measurements were continued for
14 days where the average expansion after
12 days was taken as the reference value for
assessing potential alkali reactivity.

In order to obtain the benefit from poz-
zolanic reaction, mortar bars with POFA,
together with the control one prepared for the
second set of experiments, were cured in water
(27°C) for 28 days before placing them into an
immersion tank at 80°C.

TEST RESULTS

Determination of pessimum content of reactive
aggregate

The maximum expansion due to alkali-silica
reaction depends on a certain proportion of the
reactive material in the aggregate known as
‘pessimum’ content. This proportion may be as
low as 3-5% in the case of ‘opal’ or much
higher, even up to 100%, with less reactive
materials.”® It was mentioned earlier that for
the purpose of obtaining pessimum content,
mortar bars with five different mixes of 0, 25,
50, 75 and 100% tuff with sand as fine aggre-
gate, were tested; the measured expansions are
shown in Fig. 1.

Figure 1 reveals that the larger the amount of
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The value of expansion for the control speci-
men, i.e. with 0% tuff after 12 days of exposure
was very small. At the same age, a relatively
higher amount of expansion occurred for the
mortar bars with 25% tuff. However, the value
still remains less than the value considered to
be deleterious, i.e. 0.1%.'7 It is interesting to
note that close values of expansion (between
0.15 and 0.20%) were obtained for the mixes
with 50, 75 and 100% tuff. This means that at
larger aggregate contents, i.e. beyond 50% of
reactive rocks in aggregates, relatively smaller
expansions were produced.

Except for no-fines concrete, concrete, in
general, consists of fine and coarse aggregates.
Considering the nature of expansion obtained
and for a practical reason (i.e. a combination of
reactive coarse aggregate with non-reactive
sand), the pessimum content of tuff in this study
was, thus, taken as 50% of the total aggregate.

Effect of POFA on expansion

Figure 2 illustrates the graphs of expansion of
mortar bars, plotted against time, in which OPC
was replaced with various amounts of POFA. It
is evident from the figure that a reduction in
expansion occurred with an increase in the
amount of ash content. After 12 days of expo-
sure, a maximum expansion of 0.166% was
recorded for the control specimen (0% POFA).
By replacing 10% POFA, about 25% reduction
in expansion was obtained, i.e. the value of
expansion measured at the same age was
0.126%.

Further reduction, although not significant,
occurred in the specimens with 30% POFA,
which suggests that this replacement level is
inadequate to reduce ASR strain to the recom-

tuff, the higher was the expansion at all ages. mended  acceptable level. With  50%
0.25
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Fig. 1.

Effect of the reactive aggregate (tuff) content on the expansion of mortar bars.
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Fig. 2. Influence of palm oil fuel ash on the expansion of mortar bars

replacement, however, a substantial reduction
in expansion (0.058%) was recorded, which is
much lower than the value to be deleterious. It
is worth noting that the bars containing 50%
POFA also showed a delay in the start of
expansion.

DISCUSSION OF TEST RESULTS

The effect of pozzolanic materials on expansion
due to ASR has been known to depend vari-
ously on their alkali content, calcium content,
pozzolanicity and fineness. It is also generally
agreed that greater expansion results from
higher alkali contents, though it does not mean
that increasing the alkali content progressively
increases the alkali expansivity.**

The alkali content of fly ash varies consider-
ably (typically from 1.0 to 8.0% Na,O equiv.)
but, generally, higher than that of normal Port-
land cement (0.2-1.4% Na,O equiv.). Most of
these alkalies are originally bound in the glassy
phase of the ash, and the soluble alkali content
is usually less than 0.1% Na,O equivalent’. This
means that the whole amount of alkali does not
take part in the alkali-silica reaction. Only a
fraction, popularly designated as ‘available
alkali’ remains effectively available for ASR,
though the opinion on the amount of available
alkali for reaction is divided.?2®

Table 2 summarises the alkali content of
OPC and POFA used in this investigation. The
total alkali as Na,O equivalent of POFA is

Table 2. Alkali contents (%) in OPC and POFA

Tpe Na,O K0 Total
alkali as
Na,0 equiyv.
orC 0.16 0.87 0.73
POFA 0.39 3.50 2.69

2.69%, which is much higher than the maximum
limit of 1.5% prescribed in the ASTM
standard.'! Despite the higher alkali content,
POFA has been found to be effective in reduc-
ing expansion.

The reason for this, as Vivian®’ explained, is
that the pozzolan particles react very rapidly
with alkalies in cement because of their reactive
nature and fineness, thus leaving little unreac-
ted alkali for later reaction with aggregate. The
work by Diamond®® suggests that ashes with low
calcium generally reduce the alkalinity of a pore
solution in proportion of the level of replace-
ment, i.e. the ashes act as an inert diluent.
Studies by Chen and Suderman,®® and Bérubé
and Duchesne®® may be cited as examples for
quantifying the safe limit of alkali content.
Their work with ashes of various amount of
alkali reveal that a total alkali content of 5% or
more may be too high for fly ash in the
presence of natural aggregates, whereas 3% or
less proved to be satisfactory, even with very
reactive aggregates. Considering the above
safety limit of 3%, undoubtedly, the fineness of
POFA and its pozzolanic activity, illustrated in
Table 1, are both in favour of its effectiveness
in controlling expansion due to ASR.

CONCLUSION

No other research findings on the use of POFA
in preventing expansion due to ASR are yet
available to compare with the performance data
obtained in this investigation. However, the
results summarised above are very promising.
The main consensus from the available litera-
ture as well as from the data obtained in this
study is that the effectiveness of POFA, like
that of other fly ashes, increases as the level of
replacement level increases. The higher replace-
ment level of cement by 50% POFA may,
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however, affect the strength development of
concrete, as an early investigation'?> has shown
that a reduction in compressive strength occurs
with the amount of ash content beyond 40%.
Careful design with an adequate amount of ash
should, therefore, be chosen, and future investi-
gations should include a long-term study in the
laboratory as well as in the field condition to
establish the total benefit.
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