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Workability and Heat of Hydration of Self-
Compacting Concrete incor porating Agro-
Industrial Waste

Abstract

This paper presents an experimental study on th&aldity and the heat of hydration in
Self-compacting concrete (SCC) incorporating agiustrial waste and blended aggregates.
The control mixture contained only Ordinary Porda@ement (OPC) as the binder while the
remaining mixtures incorporated binary and ternegynentitious blends of OPC, palm oil
fuel ash (POFA) and fly ash. The replacement oftevagas from 10% to 40% by mass of the
total cementitious material of the concrete for kadnility test and limited to 30% and 40%
replacement for the heat of evaluation test. Watitalh.e. passing ability, filling ability and
segregation resistance was determined and senbadidemperature rise during the initial
stage of hydration was measured by thermocouptesias observed that fly ash mixes
required the least amount of super-plasticiser (8®ptain a workable SCC, however, POFA
mixes had the reverse effect. The ternary use diAP@&nd fly ash had better workability
properties than the POFA mixes and performed tls¢ ineterms of segregation resistance.
The ternary mixes also had the lowest amount of Hesipation with peak temperatures
occurring earlier than the fly ash mixes. The ekpental studies indicate that ternary blend

SCC with POFA and fly ash has significant potentidgien considering a sustainable



construction material hence also providing a clegreduction solution for the palm oil

industry.

Keywords: Self-compacting; concrete; workabilityalm oil fuel ash; fly ash; heat of

hydration; binary blend; ternary blend

. Introduction

Concrete is one of the most important elementsafoy kind of construction work and

composed of mainly cement, aggregate, water anchichéadmixtures. Generally, concrete
is compacted by a vibrator or steel bar after bgilaged inside the formwork to remove the
entrapped air after which it becomes a dense ambgeneous material. Compaction is very
important in order to produce a uniform concrete muith desired strength and durability

properties.

Self-compacting concrete (SCC) is an innovative stmction material that has been
developed in concrete technology. It is competeritaw, filling all areas and corners of the
formwork even in the presence of congested reiefoent and compacts under its own
weight. SCC requires three fresh concrete progeitieluding filling ability, passing ability

and adequate segregation resistance (EFNARC, 2BQ2, 2003; EGSCC, 2005; and

TESTING-SCC, 2005)



The main hypothesis for SCC is the reduction ofreelwaggregate and the increase of the
cement content to maintain its fresh state proper@ind homogeneity. High cement content
increases overall concrete production cost, geeetagh heat during the hydration process,
and increases creep and shrinkage problems. Tihymsfisant quantities of pozzolanic
material including fly ash, rice husk ash, silicanie, granulated glass blast-furnace slag and
bagasse ash are used to replace cement in ortepttove the fresh state properties, control
generation of heat and to reduce creep and shengegplems (Sua-lam and Makul, 2013;
Sua-lam and Makul, 2014; Rahman et.al.,, 2014; Tisomwad Gupta, 2013). It is also
indirectly beneficial for the environment due tee treduction of carbon dioxide emissions

associated with the manufacture of Portland cerdarker (Yang et al., 2014).

Fly ash is an industrial waste that is producedfuimmaces of coal burning power plants. It
comprises, predominantly, of very fine sphericahsgly particles collected in the dust
collection systems from the exhaust gases of fdgsll power plants (Jones and McCarthy,
2006). The dominant minerals in fly ash are quadp|inite, illite, and siderite (Sua-lam and
Makul, 2015) whereas the main chemical constituangssilica, alumina and oxides of iron
and calcium, which can react with calcium hydroxideform calcium silicate hydrate and

calcium aluminate hydrate.

The utilization of fly ash in concrete as partieplacement of cement is gaining popularity.
This is mainly due to the improvements on the fredte and hardened state of concrete

combined with ecological and cost benefits. Maladr998) reported that the water demand
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gets reduced by up to 20% for normal vibrated cetecand that Class C fly ash required less
SP than Class F fly ash to achieve the same waditgabn practice, the quantity of fly ash to
replace cement is limited to 15 to 20% by masseftotal cementitious material (Bendaputi,
2011). Many studies suggest that the maximum us808t fly ash results in excellent
workability (Kim et al., 1996; Miura et al. 199Bpnikiewski and Gotaszewski, 2014) and
others demonstrates that high volume fly ash of A@% replacement in SCC, can
significantly enhance fresh properties of conc{Beuzabaa and Lachemi, 2003; Dinakar et
al., 2008). Khatib (2006) in his research of SCé&nmporating fly ash of up to 80% concluded
that concrete containing fly ash will cause an ease in workability at constant water to
binder (w/b) ratio and SP content. W/b ratio refiershe total cement content including the
pozzolanic supplementary cementitious materiahéowater ratio. Liu (2010) suggested that
a lower dosage of SP and increased w/b conteng¢gsined to maintain the same filling
ability. In other words, incorporation of fly asaduces the need of SP necessary to obtain a
similar slump flow compared with the SCC containiogly cement as binder. Similar

observation was also made by Yahia et al. (1999).

Another waste material that is increasingly beimgearched for sustainable concrete
production in South East Asia is POFA (Sata ef.28l04). Palm oil is a popular vegetable oll
for cooking and food processing (Oosterveer, 2@h) POFA is the final product when palm
fruit residues are burnt for generation of eledyi@after the oil extraction process. Fig. 1
represents the palm oil processing and productiongss of POFA. As Malaysia is one of

the biggest Palm Oil producers in the world (Yus2806), POFA is available in abundance.
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In 2012, the Malaysian Palm Oil Board (MPOB) estiedathat the total oil palm plantation
area in Malaysia covers 5.07 million hectares. O4@® palm oil mills are operating and
producing large amounts of solid waste (Fig. 2thie form of fibers, kernels and empty fruit
bunches annually (MPOB, 2014). The total solid wagnerated by the industry in Malaysia
amounts to about ten million tonnes a year (Safruéd al., 2011). This agricultural waste
material is disposed in landfills without any ptable return. It also creates environmental
pollution and health hazards (Sumadi and Hussed.e1995). It is also worth noting, that
from site visits to local palm oil mills, and it deme apparent that there are various forms of
POFA. Palm fruit goes through combustion in then&we, rises, and is captured by particle
filtration equipment before it reaches the chimmethe form of fly fuel-ash (Fig. 3). There
are also patrticles that do not rise and are lethénbottom due to incomplete burning (Fig. 4).
Incomplete burning can cause a higher carbon foutps well as reducing the marketability
of waste as supplementary cementitious materiaébdah, 2014). Empty fruit bunches go
through burning in a separate furnace and produoeigh fibrous ash that is currently used

as fertilizer and mulch.

POFA like fly ash is a pozzolanic material that Basigh amount of silica content. Research
shows that the silica content in POFA ranges frooua 50 to 70 % of its composition (Galau
and Ismail, 2010). The pozzolanicity of any matesaclosely related to the ability of silica
to react with calcium hydroxide to produce calcisiticate hydrate (ASTM 618). The fresh
concrete properties of POFA based SCC have beestigated (Safiuddin, 2010) where the

dosage of POFA was limited to 15 % by mass of ¢t@ tementitious material. It was found
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that the filling ability and passing ability decseal and sieve segregation resistance grew
with increasing POFA content. Salam et al., (20&B%erved that POFA contributes to a
denser microstructure, which increases the compeessrength up to 20% and reduces the
permeable porosity of high strength SCC. POFA $® aéported to significantly reduce the

total temperature rise in concrete (Awal and Sh2ba3).

There has been a growing interest in the use o&dly with another pozzolanic material as
ternary blends with OPC to improve the propertiesomcrete. In evaluating mix proportions
of fly ash and silica fume, Sahmaran (2006) dematesd that the slump flow of the ternary
blends provided better performance than the bibdgpds. Gesoglu et. al. (2012) observed
that using marble powder or limestone filler byeitan SCC mixtures resulted in increased
amount of SP to achieve the target slump flow diamélowever, with the inclusion of fly
ash in the ternary mixtures, the amount of SP redquremarkably decreased due to the
viscosity modifying property of fly ash. RecentHassan et al., (2014) investigated the use of
blended POFA and pulverized burnt clay to produedf-compacting mortars. They
concluded that pulverized burnt clay could be usadprove the fresh properties of mortars.
Various other researchers (Makhloufi et al., 20RZwan and Bier, 2012; Sua-iam and
Makul, 2013) also made similar observation with thge of ternary blended mineral
admixtures such as rice husk ash, blast furnacg, €la natural pozzolans with OPC.
Utilization of waste in any composite material valihance the sustainability, solve a number
of environmental waste problems (Al-Ogla and Sapfxi4) and could create a cleaner

production for the palm oil industry.



Heat evolves from the hydration of cement. Fromviougs reports it is apparent that the
influence of different pozzolans on the rate ofttealution and the amount of heat evolved
in hydrating binary or ternary blends is highly quex (Snelson et al., 2008). The heat of
hydration depends on a number of factors such @smb, cement fineness, the ambient
temperature, the chemical admixtures used, the ichécomposition of the cement and the
presence of any cement replacement materialsRane(and Hanse, 2005; Mounanga et al.,
2011; Zakoutsky et al., 2012; Kumar et.al., 201agaFatnam et., 2012; Tydlitat et. al., 2014,
Pathak and Siddique, 2012). Much research donggnme way or another, has constant w/b
or evaluates varying w/b in concrete. However, (&CSwith various cement replacement
material; this becomes more complex as each muines) different amounts of water or SP
content in order to fulfill the workability requimgents. Fly ash by itself improves workability
(Sonebi, 2004; Khatib, 2008) and reduces the higlagdration (Joshi and Lohtia, 1997; Atis,
2002; Amnadnua et al., 2013) in normal concretd, POFA has the opposite effect on
workability. In this study, an effort was made teakiate the difference between the three
mixes i.e POFA, fly ash and the mixture of POFA &igdash for producing SCC. The w/b
and SP content was varied in all mixes in ordem#ntain similar workability properties.

The resulting workability and heat evolution wevaleated.



2. Experimental Program

2.1 Materials

2.1.1 Ordinary Portland Cement (OPC)

Ordinary Portland Cement (OPC) grade 42.5 basediSarM: C150 / C150M - 12 was used
in concrete as cementitious material. The partitdasity of the cement was 2,950 kg/m3
with a specific gravity of 3.14. The Blaine specifiurface area was 3,510 ¥m The

chemical composition is given in Table I.

2.1.2 POFA

POFA was obtained from a palm oil mill at LambiririyiSarawak, Malaysia. The POFA used
in this research was the by-product of palm fraimbustion used to generate electricity.
Samples were grinded in a ball mill for 8 hoursememical composition of POFA is given
in Table 1. It is worth noting that the samples &epllected from the chimney and not from
the bottom of the furnace. This was to ensure tthafparticles were dry and smaller in size
with smaller carbon content. POFA from the bottdna durnace usually consists of a greater

amount of unburned materials and would requiréh&rrburning and grinding.

2.1.3Fly Ash
Low calcium fly ash, Class F as per ASTM C618, wasained from a coal-fired power

station in Sejingkat, Kuching. The coal used irs fhower station was mainly supplied by the



coal mine in Merit Pila, Kapit, Sarawak, Malaysldie chemical composition of the fly ash,

as determined by X-Ray Fluorescence (XRF) anaiggs/en in Table I.

2.1.4 Course Aggregates
Coarse aggregates were composed of crushed gegrérticles, 95% of them having the size
within the range of 5 mm to 10 mm. The sample wamgle sized aggregate. The aggregate

gradation and characteristics is shown in Tabénd .

2.1.5 Fine Aggregates

The fine aggregates consisted of locally availaggregates with a maximum size of 5 mm.
Physical properties of the fine aggregates arengimeTable Ill. Two categories of fine
aggregate were chosen after various bulk denstg.t€ine aggregate Type 1 was of crushed
guartzite that had a size range of 600 um to 5.0asmer Table IV. Fine aggregate Type 2
had a nominal size of 600 um (uncrushed river samd) a small amount of micro-fines
(particle size of less than 75 um) was present {sdxe V for aggregate gradation). The
fineness modulus for fine aggregates in this regias around 1.3 whereas in most other
places it would be 2.5 and above. This demonstrdttesrelevance of using the coarser
crushed quartzite in the mix. The fineness modigseased to 2.7 after mixing the two

types of fine aggregates.
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2.1.6 Super-plasticiser

The super-plasticizer (SP) used in this research @lanium Ace 389, supplied by BASF
(Malaysia) Sdn Bhd. This SP is categorized as fype accordance to ASTM C494 and BS
EN 934-2 European Standard. It is a high range sdna@ that reduces the amount of water

required by 12% or greater.

2.2 Mix Proportions

The mix proportions are reported in Table VI. Theder content was kept constant at 540
kg/m® and the replacement of total cementitious matevith POFA and fly ash was from
10% to 40% by mass for workability test and limited30% and 40% replacement for heat of
evaluation test. The ternary blends of agro-indgaistvaste had POFA and fly ash are in equal
portions. Coarse aggregate, fine aggregate Typedlfine aggregate Type 2 were all kept
constant at 400, 550 and 600 kghespectively. W/b ratio varied from 0.38 to 0.44lahe

SP content was kept from 0.66 to 1.4% to maintamlar workability properties of the SCC.

2.3 Mixing Method

The mixer used was a forced action cylindrical pairer with a vertical axis of rotation.
Each batch amounted to about 0.0% oh SCC mix. For an optimal mixing outcome, a
specific procedure was chosen out of a number @erdnt methods of mixing. The
procedure most suited to the experiments involugting all the aggregates into the pan and

running the mixer for around 10 min. Subsequertynent, POFA and fly ash was added and
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the mixer was run for approximately another 8 mirtiluall materials were well blended.
Next, the required amount of water was added sléavihe pan (poured towards, but not too
close to the outer wall of the pan) and left to fax 10 min. The SP was added at the end

and run for 2 minutes.

2.4 Testing of Samples

2.4.1 Fresh state properties

Immediately after the mixing, the fresh concretes wessted for filling ability, passing ability,
and segregation resistance. Standard procedurésa®®3; EFNARC, 2002; EGSCC, 2005)
were used to test these requirements. Slump flaWwafiunnel tests were used to measure the
filling ability. Slump flow measures the maximuminterrupted flow width of SCC through

a slump cone. The maximum spread and time to ragde®Omm diameter circle £Jp) was
noted. The V-funnel flow tests were carried outomdmg to the procedures given by
European guidelines. A V-funnel flow time in thearval of 8 to 12 seconds is the time

required for a mass of concrete to complete flosugh the trap door of the funnel.

Passing ability was tested using J-ring test. g-nmeasures the blockage of concrete due to
the presence of reinforcement bars and was caotiedly first holding a mass of concrete in

a ‘slump cone’, placing the J-ring and then liftitigg cone, thus allowing concrete to pass
through the reinforcement. The maximum spread hadaverage concrete height difference

between the centre and outside of the ring (steghtjevere measured.

12



Segregation resistance was measured through a ségvegation test. A mass of SCC was
allowed to pass through a sieve with an aperturd. 05mm for 2 minutes. Weight of the

sieved portion was then expressed as a percentaige total weight of SCC used in the test.

2.4.2 Evaluation of Heat

For the purpose of studying the heat of hydratgaven cuboids (500mm inner dimension)
were prepared as outer boxes and seven smallerdsuliict300mm a side were constructed as
inner moulds as per Fig. 5. All the edges wererlataterproofed using a bounding agent.
Each small box was insulated with 50mm of polystgreand 25mm of glass wool on each
surface. Polystyrene and the glass wool have addezonductivity value of 0.03W/m.K and
0.04 W/m.K respectively. All the constituents exctp water and SP were promised earlier
and placed in a gunny bag. This was to ensurealh#ite mixes were batched at about the
same time for uniformity in ambient temperature amamidity. The temperature and

humidity on the time of batching were 32°C and 60%.

The first cuboid was filled with concrete contaimih00% OPC while the other six were cast
with 30% and 40% replacement of POFA, fly ash andary mix of OPC, POFA and fly ash.

Immediately after placing, a thermocouple (Typewds placed through the centre of each
box’s cover and into the concrete mix. This therouple recorded the temperature of the
concrete via a data logger. The initial rise anétb¥ang drop of temperature was recorded
every half an hour for the first 24 hrs and subsetly every 1 — 2 hrs until the temperature

stabilizes.
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3. Resaultsand Discussions

3.1 Workability
Workability tests results of SCC and performangtega for are given in Tables VI and VII

subsequently.

3.1.1 Filling Ability

Fig. 6 shows the comparison of slump flow for fshaPOFA and the ternary blend of POFA
with fly ash in OPC. All mixes were within the ram@f 550 — 850 mm specified by the
European guidelines for SCC (EGSCC, 2005) as tbmsland flow-time required for
concrete to be self-compacted. Mixes that had mslilow within the range of 660~750 falls
under class SF2 of European Guidelines and isldeifar many normal applications e.g
walls and columns construction. Slump flow valuattivas higher than 750 mm falls under
the SF3 category. This is suitable for vertical lejapions in very congested structures,

structures with complex shapes, and gives a battéace finish than SF 2.

Fig. 7 and 8 shows the;gb and V-funnel flow time for all mixes. A lowersdy and V-Funnel
(VF1/vS1) flow time indicates a low plastic visctysand implies a faster filling rate. The V-
Funnel and flow time (doo) was in the range of 5.52 — 12.48s and 1.49-3&49mectively. V-
funnel and Foo time decreases with increase in fly ash contedt\ace versa with POFA

content.
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In short, inclusion of fly ash improved filling dity where else, POFA has a reverse effect.
As observed by other researchers (Bouzabaa anceimcR001; Nagaratnam et al., 2011),
SP could be decreased marginally for fly ash mixede maintaining w/b ratio at constant
values. Fig. 6 also shows that fly ash mixes hsteady increment in slump flow and reached
its peak diameter at 40% replacement. This coulduseto the lubricating action also known
as the ball bearings effect that reduces the paeticle friction induced by the spherical
nature of its particles. However, this was not ¢hee for POFA mixes. The filling ability of
POFA mixes reduced drastically at higher replacenerels. For the same amount of w/b
ratio and SP content, there is lesser ‘free’ wabus it was necessary to increase the w/b
ratio and the SP content in order for the mixdseself-compactable. This could be due to its
capability to absorb water or hygroscopic natueading to lesser ‘free’ water content in the
mix. It was also noted, that POFA mixes were mughtér in terms of its volume compared

to other mixes, had a slightly oily texture anddered much quicker than any other samples.

The incorporation of POFA with fly ash in OPC aseanary blend SCC gave a favorable
filling ability even at 40% replacement. As seerFig. 6, the slump flow increased up to 820
mm for 20% replacement and dropped to 745mm at 4@pbacement. The higher

replacement of ternary blend exhibits lower slumpis could be largely due to the mix

proportion by weight approach taken in this redeaffOFA, fly ash and cement has a
specific gravity of 2.2, 2.7 and 3.1 respectivélgnce when volume of each material is taken
into consideration, POFA contributes to a largeluree than fly ash in ternary blends and

especially at higher replacement levels, POFA'srbggopic porous structure, larger particle

15



size, and higher specific surface area increasdsrvdg@mand and lowers the slump flow
diameter. Sua-lam and Makul (2013) made similaenlaion with ternary blend of mixes

incorporating fly ash and rice husk ash.

Sahmaran et al. (2006) reports a similar slump ffow SCC incorporating fly ash and
limestone powder at w/b of 0.35. In their reseatk, SP content was much higher at 6.75%
to achieve similar workability. This variation cdube due to the size and type of aggregates
used in this research i.e blended aggregates Withrh maximum size. Also aggregates with
low fineness modulus and more rounded particlesongthe flow because of lower internal

friction (Alexander and Prosk, 2003).

Fig. 9 shows the relationship between the T500\&fuhnel flow times. The T500 and V-

Funnel flow time were within the VS2/VF2 specifiegd EGSCC (2005) and implies a good
filling rate. The slump flow and flow times wereirparily dependent on the replacement
level of fly ash or POFA. To achieve a slump flod about 750 mm for 30 and 40%

replacement, the w/b ratio for ternary and fly ddénd could be maintained at 0.38, in
contrast, for POFA mixes the w/b ratio had to bereased to 0.44. Similar observation was
made by Safiuddin et al. (2011). They showed thatash has spherical and non-porous
particles while agricultural waste like rice huskhahas angular and porous particles. He
further reports that the physical characteristiflyfsh is responsible for greater flow spread

in comparison with rice husk ash.
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To conclude, an increased amount of fly ash resnltsnproved filling ability while SP
content could be reduced at constant w/b. This\behanay be attributed to the spherical
shape of fly ash particles which improved the flomaracteristics of SCC (Gesoglu et. al.,
2012). In contrast, increasing amounts of POFA dizsbmore water and produced a readily-
crumbled SCC at higher replacement level and isongathe w/b ratio was necessary. The
increased volume fraction and surface area of Pf@gAires also requires higher SP dosage
at higher percentage of replacement to obtain gienom flow spread. The dosage of SP is

reduced by the inclusion of fly ash in ternary lolen

3.1.2 Passing Ability

J-ring test was carried out to investigate the ipgszbility of normal strength SCC. This test

measured the difference in height between the etaanside the bars and that found outside
the bars. According to EGSCC, a step height oftlegs 15 mm forms the acceptable criteria
for SCC. As seen in Fig. 10, the step heighrom 5 to 15 mm and the maximum spread
measured during the J-ring varies in the range5@360mm. The higher values indicate

greater viscosity to avoid blockage of coarse aggpee when the fresh SCC flow through

reinforcements.

It is evident that the incorporation of POFA int6G has an adverse effect on passing ability.
This is due to its irregular surface and hygroscgpoperties. W/b ratio had to be increased
in order for the samples to satisfy the passingjtalariteria. However, this changes when

POFA is mixed with fly ash as ternary mix performadich better than even the fly ash
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mixes. This is similar to Sua-lam and Makul's (2DIibservation of ternary blends that
produced a SCC mix without any blocking. Gesoglu at (2012) found that mixes
incorporating ternary blend of fly ash performedtdein passing ability than binary blends
of limestone filler or marble powder. These matsriay itself did not fulfill the EGSCC
limitation for passing ability, however, incorpdra fly ash, increased the passing ability of

all the mixes.

3.1.3 Segregation Resistance

The segregation ratio is taken as the percentateeafoncrete mix that has passed through a
5 mm sieve. The standard limiting value for segtiegaratio is less than 20% for SR1 and
15% for SR2. As seen in Fig. 11, the segregatidio far all mixes can be considered as
consistent. This is because during the trial mi$GIC, each percentage replacement of waste
materials, the w/b ratio and SP content were clyegfwoportioned in order to create mixes
with consistent fresh-state properties. Besidet #iathe mixes in this research achieved a
segregation ratio of less than 15%, which may besified as class SR2 and is even suitable
to be used for tall vertical applications. From evation, it should be noted that the POFA
only mixtures did not stay workable and after apprately 15 minutes started getting
thicker in consistency. However, the ternary bleshdwed good resistance to segregation.
The lower percentage of segregation indicates hehigesistance to segregation. This high
segregation resistance results from a high bindatent and smaller aggregate size in the

mix.
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It should be noted from these experiments on thehfistate properties that SCC from agro-
industrial waste satisfies all the criteria of thesh state properties of SCC, including filling
ability, passing ability and segregation resistaridigher replacement of POFA, unlike fly
ash, decreases workability of SCC and showed pmwsistence retention even with a higher
w/b ratio. However, with the addition of fly ash,pgerformed better and produced a more
reliable mix. Consequently, introducing POFA asuppementary cementitious material in
SCC is more productive and reliable when it is addéh fly ash in terms of workability. It

is also observed, that at higher fly ash replaceénemels segregation resistance when the

particles and lower water retention.

3.2 Evaluation of Heat

Fig. 12 represents the development of heat of ligadraversus the time after casting for all

mixes. Table VIII shows the initial temperature abeemperature and the time for peak
temperature. The initial rise and following droptemperature, upon which the temperature
stabilized, were collected for up to 200 hours raftasting time. The temperatures were

observed via a data logger and recorded manually.

All the 7 mixes underwent a series of exothermiensital reactions. The heat evolution was
dormant in the first 3.5 to 4 hrs after placingrapid heat evolution occurred after this
relatively dormant period until it reached peakeTihitial development of heat due to early

hydration of the cementitious materials proved ® fairly equal, however, the peak
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temperatures varied significantly. The heat of hyidn was highly dependent on the
chemical constituents that were present in the niitxe increase in the percentage of
replacement had significant effect on the heat yafr&étion. The highest peak temperature
experienced was in the control mix at 7&3vhich occurred 14 hours after casting, whereas
the samples blended with ternary binder emittegj@ificantly lower amount of heat at peak
values. The maximum heat expelled from the mix ammg 30% fly ash was 652 and
occurred at 20.5 hours after the mixing time, teakowas lowered by 9T in comparison to
OPC. All the three types of materials had a medseraffect on reducing heat. As seen in
Table VIII and Fig. 13, the peak temperature of bieary mix containing 30% fly ash was
noticeably higher than the one replaced by POFA [iéak temperature of 30% fly ash mix
was recorded at 64, while the mix of 30% POFA reached 6&1the peaks occurred 18.5

and 17.5 hours after casting respectively.

The peak temperature obtained from replacing 40%h®fcement contents also confirmed
the effectiveness of POFA in reducing the heat ydrétion (Fig. 14). Among the mixes
containing 40% of replaced material; the lowestkpegperature recorded was STH19
hours after casting) for the mix containing POFAn @he other hand, the sample
incorporating 40% fly ash achieved its peak temjoeeaof 59.2C at 21 hours. Ternary mixes
also dissipated lesser heat than the control mikly@sh mixes. The peak temperatures were
achieved earlier than fly ash mixes. Where the c¢érhed been replaced by pozzolanic

materials, both the peak temperature and the tiora tasting in which the peak occurred,
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were greatly affected. Replacement of 40% of threesg with POFA (57.%C) resulted in a

reduction of 22% in the peak temperature compar€aRC (74.9C).

3.3 Cost Analysis

Table IX indicates the approximate prices of vasiomoaterial used in the local construction

industry and includes the mix design for SCC i tieisearch, compared to conventional SCC
used in Europe and Japan. The price used in thmgaoson is from a published data by

Kanadasan and Razak (2015). In addition, Tabledvsithe costing of the above mentioned

mix designs. The costing only includes materiat.cos

It can be seen that the highest price was for eotional SCC with Japanese mix
design at RM 481.64 (USD 130.15). Fly ash 40 mixhis research was 65% cheaper than
the Japanese mix design and 70% cheaper than thee@enal European mix design.
Among the SCC mixes, the fly ash mixes had the sbwpeice due to the lower sp content
used. It can be seen that the SCC can indeed pravicheaper and more sustainable option

for the local construction industry.

3.4 Discussion on Cleaner Production
Besides energy consumption, significant amountgrgin materials, including limestone and
clay, are consumed to produce cement. 1.5 tonnesgih materials are needed to produce

one ton of cement (Fredrik, 1999). Cement producindustries are accountable for about
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7% of the world’s carbon dioxide discharge andrmdpce 1 tonne of cement approximately
1 ton of CQ is released into the atmosphere (Juan et al.,)20Xe palm oil industry
contributes to air, river, sea and groundwaterypalh in the form of POFA disposal. This
study shows that POFA has a good potential as &meneplacement, up to 40% in SCC
production. It performs even better when remixeth\ily ash. The reuse of agro-industrial
waste materials in concrete is an attempt to iniceda sustainable construction material and

a cleaner, greener production for the palm oil stdu(Rahman et al., 2014).

. Conclusions

Based on the investigation, the following conclasicould be drawn with regard to using
fly ash, POFA and the ternary blend of POFA with dsh as a replacement for cement in

SCC:

e SCC can be produced using POFA, fly ash and tmagiblend of POFA and fly ash
without compromising the fresh state propertiegpassing ability, filling ability and
segregation resistance.

» the ranges of slump flow diameter and the V-furflfel time indicate an excellent
filling ability of SCC.

» the ranges of difference in height between the i@adnside the bars and that just
outside the bars in J-Ring are 5 to 15 mm. POFAemiperformed poorly in
comparison with other material in the passing gbilests. However, it performed

well when mixed with fly ash and gave a good pagsioility.
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* the sieve segregation resistance value falls irrdhge of 1 to 18% indicates a good
resistance to segregation.

e all binary and ternary blended samples had loweak gemperatures than the control
mix with POFA samples expelling the lowest amourttent.

* in summary, POFA based SCC was more reliable amary blended mix in terms of

workability and heat of hydration.
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TABLE
CHEMICAL COMPOSITION OFCEMENT, POFAAND FLY ASH

Chemicals Cement (%) Fly Ash (%) POFA (%)
Silicon Dioxide (SiQ) 20.0 57.8 52.63
Aluminum oxide (AbO3) 5.2 20.0 8.991
Ferric oxide (FgOs) 3.3 11.7 1.059
Calcium oxide (CaO) 63.2 3.28 3.211
Magnesium oxide (MgO) 0.8 1.95 1.459
Sulphur trioxide (Sg) 2.4 0.08 -
K0 - 3.88 3.133
TiO, - 2.02 0.310
Na,O - 0.30 0.564
Loss on Ignition 2.5 0.32 27.7
TABLE I

COARSEAGGREGATEGRADATION

Sieve Size (mm) % Finer than sieve ASTM requirements (%)

9.5 100 85-100
4.75 5 10-30
2.36 0 0-10
TABLEIII
AGGREGATECHARACTERISTICSSUMMARY
Material Size Fineness  Water Specific
) ] Sample
Type Range Modulus Absorption Gravity
Crushed 600um to
_ 4.29 1.30% 2.67
] Quartzite 5.0mm
Fine Aggregate
Uncrushed 0.0pum to 2.64
1.32 1.10%

River Sand 600um

Crushed 5.0mmto
Coarse Aggregate ) 1.40% 2.62
Quartzite  10.0mm




TABLEIV
FINE AGGREGATETYPE 1 (CRUSHEDQUARTZITE) GRADATION

ASTM requirements
%

Sieve Size for fine aggregates
Finer
(%)
4.75mm 99 95-100
2.36mm 50 80-100
1.18mm 20 50-85
600pum 2 25-60
TABLEYV

FINE AGGREGATETYPE 2 (RIVER SAND) GRADATION

_ , ASTM requirements
Sieve Size %

for fine aggregates

(um) Finer %)
600 100 25-60
300 58 5-30
150 10 0-10




TABLEVI

MiX PROPORTIONS ANDWORKABILITY TESTRESULTS

] FLY ASH TERNARY (POFA & POFA
FLY ASH)
Percentage
Replacement | 0(C)| 10| 20| 30| 40/ 10 20 30 4G 10 20 30 40
(%)
Wate:;t‘i’ob'”der 0.38 | 0.38/0.38| 0.38| 0.38| 0.38| 0.38| 0.38| 0.38 | 0.38| 041 044 0.4
SP Content (%) 0.86 0.8 0766|066 1.1 | 1.1| 11| 11| 11| 11 12 1b
FA(kg/m3) 0 | 54| 108 162 216 27 54 81 108 0 D D 0
POFA(kg/m3) | O ol o| o] ol 27 54 81 108 54 108 1B2 216
Cement(kg/m3)| 540] 486 432 378 3b4 486 432 B78 32486 4 432 | 378| 324
0-60Qum (Sand)| 600 | 600| 600 600 600 600 600 600 600 600 600 60O |600
60Qum-5mm | ooy | 550| 550 550 550 550 530 550 550 550 §50 550  |550
(Quarry Dust)
Coulrgfnﬁgg G- 400 | 400 400 404 400 400 440 400 400 400 400 400  |400
S'”(r:‘npm';'o"" 655 | 660| 680 710 760 800 820 755 745 740 700 750 |760
Tso0 (S€CS) 3.71] 367339| 29| 149 2.19]1.82] 2.19] 239 | 319 214 244 228
J-Ring ) ] ]
Diameter (mm)| 550 | 600| 600/ 630 640 750 760 700 690 710 400 720 |710
Step Height | .5 | 19| 10| 12| 12| 5| 8 8 s 100 18 9 7
(mm)
V-Funnel Flow
Time (sece) | 11-48| 933|910/ 8.32| 5.52| 9.13| 9.98| 8.56| 10.12| 12.48 | 10.68 7.19 | 7.19
Segregation | o |\ g | 4 | 93| 18| 12| 13 1d 6| 13 | 1 6 | 10
Index (%)
TABLE VI
PERFORMANCECRITERIA FORWORKABILITY OF SCC[EGSCC]
Property Class
SF1 550~650
SF2 Slump flow 660~750
Filling ability SF3 760~850
VSI/VF1 <2 V-funnel <8
T500 (s) time (s)
VS2/VF2 >2 9~25
PA1 Step height Sj <15 (59 mm bar spacing)
Passing ability in J-ring
PA2 (mm) Sj <15 (40 mm bar spacing)




Segregation SR1 Sleve_ <20
istance segregation
resis SR2 (%) <15
TABLEVIII
SUMMARY OF EVALUATION OF HEAT TESTRESULTS
Fly Ash | Fly Ash | Ternary | Ternary | POFA | POFA
o Control
Description 30 40 30 40 30 40
Initial Temperature(°C) 29.7 29.8 30.1] 30.1 30.9 431 314
Peak Temperature (°C) 74.3 65.2 59.2 64.1 5814 68.157.9
Time at Peak
14 20.5 21.0 18.0 18.5 17.5 19.(
Temperature (hrs)
TABLE X
PRICING AND MIX DESIGN COMPARISON FOR AGRO-INDUSTRIAL SCC
Materials Cost (per | ThisResearch Conventional Conventional
kg) kg/m® SCC (Japan)* | SCC (Europe)**
kg/m?® kg/m?®
Cement RM 0.44 324 - 378 530 470
Gravel/Crushed RM 0.06 950 789 777
Quartzite
Sand RM 0.08 600 751 790
Fly ash RM 0.15 108 - 216 70 -
POFA RM 0.15 108 — 216 - -
Limestonefiller RM 0.40 - - 133
Ground granulated
blast-furnace dag RM 0.03 - 61 -
(GGBYS)
SP RM 15.28 3.56 — 7.56 8.8 4.75




ACCEPTED MANUSCRIPT

TABLEX
COMPARISON OF COSTING FOR AGRO-INDUSTRIAL SCC

Cement 133.06 99.792 166.32 124.74 166.32 124.74 233.2 206.8
Gravel 52.25 52.25 52.25 52.25 52.25 52.25 43.395 42.735
Sand 48 48 48 48 48 48 60.08 63.2
Fly ash 0 0 24.3 324 12.15 16.2 10.5 0
POFA 24.3 324 0 0 12.15 16.2 0 0
Limestone

filler 0 0 0 0 0 0 0 53.2
GGBS 0 0 0 0 0 0 0 0
SP 99.014 115.52 54.46 54.46 90.76 90.76 134.464 72.58
TOTAL 356.62 347.96 345.33 311.85 381.63 348.16 481.64 438.52
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Fig. 1. The Schematic Diagram for Palm Oil Processing & POFA Production




Fig. 3: POFA collected from the chimney
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Fig. 4. POFA at the bottom of the furnace



Fig. 5: Heat of hydration test set-up
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Fig. 6: Comparison of Slump Flow for Fly Ash, POFA and Ternary Blend.
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Fig. 8: Comparison of V-funnel Flow Time for Fly Ash, POFA and Ternary Blend.
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Fig. 10: Comparison of J-ring Step Height for Fly Ash, POFA and Ternary Blend.
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Fig. 11: Comparison of Segregation Ratio for Fly Ash, POFA and Ternary Blend.
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Fig. 12: Heat of hydration for all mixes
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Fig. 13: Heat of hydration of Control and 30% blended concrete.
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Highlights:

* POFA, fly ash and blended POFA and fly ash was used to develop SCC.

» All mixes satisfied the European Guidelines for fresh state properties of SCC and
workability properties of POFA SCC improved when fly ash is added as ternary
blended mixes.

e All binary and ternary blended samples had lower peak temperatures than the control

mix.
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