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Performance of Class F Pulverised Fuel Ash and Ground
Granulated Blast Furnace Slag in Ternary Concrete Mixes

Jhon Kamau, Ash Ahmed, Paul Hirst, and Joseph Kangwa

Abstract—Cement is the most utilised material after water,
and the processes that are involved in making it are energy
intensive, contributing to about 7% of the total global
anthropogenic carbon dioxide (CO2). Energy efficiency can
however be achieved by using Supplementary Cementitious
Materials (SCMs) such as Pulverised Fuel Ash (PFA) and
Ground Granulated Blast Furnace Slag (GGBS) which demand
less process heating and emit fewer levels of CO2. This work
examined the advantages of substituting cement using PFA and
GGBS in ternary (2 SCMs) concrete at steps of 0%, 5%, 7.5%,
10%, 15%, 20%, 25%, and 30%. It was found that PFA
increased the workability of GGBS, whereas GGBS improved
the strength of PFA. The densities of the resultant concrete were
below those of the 0% replacement as well as those of individual
binary (1 SCM) concretes. The tensile strengths of the ternary
concrete were lower than those of the binary concretes, whereas
the gains in compressive strengths over curing time were higher
at lower replacements for the ternary concrete compared with
the 0% replacement and the binary concretes, but lower at
higher replacements. The findings indicate that PFA and GGBS
could be used together to improve the properties of concrete
where each falls short.

Index Terms—Ternary concrete; GGBS; PFA.

I. INTRODUCTION

It has been argued that cement is one of the most notorious
contributors to global anthropogenic CO2[1]. Being the main
ingredient in concrete, it has been described as the most
utilised construction material in the world, its global
consumption only seconding that of water [2], [3]. It accounts
for about 7% of the total global CO, loading in the
atmosphere [2]. Accordingly, it appears that the global
emissions which result from its production could be higher
than those associated with aviation, which were only
estimated at 2% by [4]. More so, it has also been claimed that
the production of a tonne of cement emits approximately a
corresponding tonne of CO,, making it the most energy-
intensive material produced after steel and aluminium [2].

There is growing consensus in literature that the use of
Supplementary Cementitious Materials (SCMs) in concrete
mixes under optimum conditions of blending, transportation,
placing and curing improves the strength and durability of
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hardened concrete, with researchers agreeing on
replacements of up to 35% for Pulverised Fuel Ash (PFA) and
65% for Ground Granulated Blast Furnace Slag [GGBS] [5].

The use of SCMs helps in preserving the environment by
adding sustainability to concrete through the reduction of
CO that is emitted during the production of cement, reducing
on the amount of cement consumed by increasing the volume
of mixes due to their lower particle specific gravity,
mitigating on the pollution of land that results from landfill
dumping and improving the properties of both fresh and
hardened concrete, thereby enhancing the service life of
structures [5]. Their use also leads to economic benefits, as
most of them are industrial by products [2].

SCMs are defined by [6] as materials that are used in
concrete in addition to cement, and consist of mainly reactive
silicon dioxide (SiO2) or glass, and aluminium oxide (Al.O3),
with the remainder being iron oxide (Fe,O3) and other oxides
such as magnesium (MgO) and calcium oxide (CaO) [6]. CaO
is essential for early strength development, whereas SiO; and
Al;O3 are vital for latter age strength development, also
known as the secondary hydration phase [5].

The latter age strength that is associated with SCMs is due
to the reaction of SiO; with free lime [Ca(OH),] from the
hydration of cement through the secondary reaction over time
to form strength giving compounds such as Calcium Silicate
Hydrate (C-S-H) which are less permeable and less dense [5],
[71.

According to [8], SCMs can be used either independently
or combined with others to form either binary (1 SCM) or
ternary (2 SCM) mixes due to their abundant availability.

PFA is defined by [6] as a fine residual material that results
from the burning of ground and pulverised coal by power
plants. Pozzolanic PFA consisting of mainly SiO, and Al,Os,
with other compounds contained in smaller proportions is
grouped as class F [6]. American Society for Testing and
Materials [9] and [6]’s recommendations on PFA class F are
that the chemical composition should constitute of a sum of
at least 70% SiO», Al;,O3 and FeOs.

Ground Granulated Blast Furnace Slag (GGBS) on the
other hand is a by-product of pig iron manufacture in a blast
furnace at temperatures of about 1500°C, and consists of
mainly calcium silicates and other bases [6]. GGBS possesses
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hydraulic properties when it is suitably activated as it contains
large volumes of CaO [5], [6]. The requirements of [6] are
that GGBS should contain at least two thirds of the sum of
Ca0, MgO and SiO; by mass, with the remainder being Al>O3
and other compounds in small quantities [6]. The ratio of
(MgO + CaO) to SiO, must exceed 1 [6].

Il. RESEARCH SIGNIFICANCE

It has been reported that the use of ternary or quaternary (3
SCMs) in a concrete mix helps to complement properties
where individual SCMs fall short [5], [10]. Sathawane et al
[10] reported that Rice Husk Ash (RHA) significantly
improved the compressive strength of PFA at latter ages due
to its higher amorphous silica content and the high pozzolanic
activity that is associated with it, whereas due to its low
binding property, PFA improved the workability of RHA.
Bapat [5] on the other hand reported that the use of PFA and
GGBS together significantly increased the compressive
strength of concrete at all ages.

Nehdi, et al. [11] reported that ternary PFA and GGBS-
replaced concrete achieved higher compressive strengths than
the binary PFA-replaced specimens. Sathawane, et al. [10]
however reported that the addition of RHA to PFA concrete
reduced tensile strengths of the resultant ternary concrete.

No work was found on the performance of ternary PFA and
GGBS on workability, density, and increase in compressive
strength over curing age. Moreover, with a decline in coal
production in the UK due the shutting down of old polluting
coal-power stations and closure of coal mines [12], there will
be a need to optimise on PFA as it eventually becomes scarce,
and using it in ternary mixes alongside GGBS could be one
of the solutions. This research focused on the performance of
PFA and GGBS ternary mixes on workability, density,
compressive and tensile strengths and gain in compressive
strength over time.

I1l. METHODS

Cement was replaced in concrete at the point of need using
50% GGBS and 50% PFA by weight at steps of 0%, 5%,
7.5%, 10%, 15%, 20%, 25% and 30%. The 0% replacement,
also refered to as the control was the reference from which all
performances were measured [13]. Binary specimens of PFA
and GGBS were also cast at the same levels of replacements
and were used as extra points of reference.

Concrete mixing conformed to [14]. The quantities of
cement, fine aggregates, coarse aggregates and water were
380kg, 760kg, 1140kg and 180 liters per cubic meter
respectively or a mix proportion of 1: 2: 3. Aggregates,
cement and water were introduced into a concrete mixer,
which was run for a total of eight minutes with a three-minute
rest in between the mixing. A constant Water Cement Ratio
(WCR) of 0.5 with no superplasticisers was used for all mixes
in a bid to achieve a good balance of workability and strength
in line with Abram’s law, which states that the strength of a
concrete mix is determined by the WCR, with lower WCRs
spelling higher strengths and vice-versa [15]. As a result, 0.5
was settled upon as [16] reported it as the minimum WCR
that was required to make cement mortar workable.

Workability was assessed using the slump test to [17]. The
apparatus were a slump cone, tamping rod and steel floater.
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The slump mould was filled in three layers and compacted
using 25 uniform, vertical strokes of the tamping rod for each
layer, which were distributed evenly across the surface. The
top of the mould was then levelled using the steel floater, and
the mould carefully removed. Slump was determined by
measuring the difference between the top of the mould and
the highest point of the slumped specimen.

The cube moulds used to make cube specimens for
compressive strengths measured 100 mm x 100 mm x 100
mm, whereas cylinder moulds used to make cylindrical
specimens for splitting tensile strengths were 150 mm in
diameter and 300 mm in height conforming to dimension
guidelines of [18].

The cube and cylinder specimens were cast conforming to
[19]. The insides of the moulds were sprayed with a thin film
of non-reactive release material. The cube moulds were then
filled with concrete and firmly secured on to a mechanical
vibrating table to commence the compaction process.

For cylinders, three equal layers with 25 uniform, vertical
strokes of the tamping rod, distributed equally on the whole
surface of each layer were used. The cubes and cylinders were
left in the moulds for 24 hours, after which they were
stripped, marked and submerged in a water tank at
temperatures of 20°C, and a pH of 7 until their age of testing
conforming to [19].

Specimens were cured for up to 91 days following the
rationale that pozzolanic reactions require the hydration
products of cement in the presence of water for the secondary
hydration to take place and form further calcium silicate and
calcium aluminate compounds, which are strength giving and
less permeable [5].

To work out density, cubes were weighed in air and while
submerged in water. Density was then calculated using (1)
[20]

Mass

"~ Volume (1)

Compressive strength tests were carried out conforming to
[21]. The cubes were applied perpendicularly in the direction
of the casting. A load of 0.6 N/mm?.s was applied. After this
application of the initial load, which according to [21] does
not exceed approximately 30% of the failure load, further
constant load was applied at a rate of £10% until no further
load could be sustained. Compressive tests were carried out
at 7, 28, 56, and 91 days.

The compressive strength results were expressed in
N/mm?, and were a mean of three identical specimens to
ensure repeatability [21].

Tensile strengths were conducted conforming to [22]. The
test specimens were placed centrally in the machine and
packing strips carefully positioned with the upper and lower
platens parallel to each other. Initial load was applied at a
constant rate of stress of 0.04 N/mm?2.s, which, according to
[22] does not exceed 20% of the failure load. Further constant
load was thereafter applied at a rate of £10% until no further
load could be sustained. The splitting tensile strength was
calculated using (2) conforming to [22].

_ 2xF
~ mxLxd

()

ct
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IV. RESULTS AND DISCUSSION

Table I shows the chemical composition of PFA and GGBS
used for this study, which was obtained from X-Ray
diffraction (XRD). PFA conformed to [6]. [9] and [6]’s
specifications of a combination of at least 70% SiO,, Al,Os
and Fe,Os3 for PFA class F.

GGBS contained more than two thirds of the sum of CaO,
MgO and SiO; by mass and had a ratio of (MgO + CaO) to
SiO; that was greater than 1 conforming to [6].

TABLE |. PERCENTAGE CHEMICAL COMPOSITION OF PFA CLASS F AND

GGBS

. Percentage Composition
Chemical Class F PFAg - GGBS
Silicon dioxide (SiO,) 54.2 35.7
Aluminium oxide (Al,O3) 23.7 13.9
Iron oxide (Fe,03) 7.3 0.3
Calcium oxide (CaO) 31 41.2
Magnesium oxide (MgO) 25 8.1
Sodium oxide (Na;O) 0.6 0.4
Potassium oxide (K;0) 4 04
Loss on ignition (LOI) 0.4 0.7
Sulphur trioxide (SOs3) 0.5 3.6
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B. Densities

Table Il and Fig. 2 show densities of the ternary 50% PFA
and 50% GGBS-replaced specimens. The densities at all
replacement levels remained below those of the control, and
decreased with increased replacement, consistent with
literature that SCMs have a lower particle specific gravity
than that of cement, and for this reason they provide an
advantage by reducing the mass of concrete per unit volume
[5].

Densities decreased between 28 and 91 days, also
consistent with literature that at latter ages, the consumption
of Ca(OH), during secondary hydration to form the less dense
C-S-H decreases the density of specimens [5].

From Table IV and Fig. 2, the densities of the ternary
concrete remained below those of PFA-replaced specimens at
all replacements, and below those of GGBS-replaced
specimens except at the 25% and 30% replacements.

The reduction in density of the ternary concrete at 91 days
can be attributed to GGBS further reacting with PFA to form
more of the less dense C-S-H through the consumption of
Ca(OH): [5].

TABLE Il1. DENSITIES OF TERNARY PFA AND GGBS-REPLACED SPECIMENS
OVER 91 DAYS OF CURING (KG/M®)

A. Workability Age Densities at various replacements (kg/m®)

Table Il and Flg 1 show the Workablllty of binary and (days) 0% 50 7.5% 10% 15% 20%  25% 30%
ternary PFA and GGBS-replaced mixes. The slumps 7 2350 2320 2299 2296 2295 2291 2286 2280
achieved by the ternary mix were of slump classes 1 and 2 28 2350 2310 2281 2296 2293 2286 2290 2283
from Table 3 of [23]. _ _ 56 2356 2312 2286 2092 2285 2283 2278 2073

_The slumps of the te_rnary mix were higher than those of o1 2366 2306 2284 2280 2278 2273 2273 2270
binary PFA-replaced mixes for up to the 7.5% replacement,
but higher than binary GGBS-replaced mixes for all
replacements. 2380

The findings confirmed the assumptions of [24] and [10] 2360
that SCMs used together in concrete have a complimentary
effect on each other because for higher replacements, the high 2340
workability of PFA was observed to improve that of GGBS. g 2320

TABLE Il. SLUMPS OF BINARY AND TERNARY PFA AND GGBS-REPLACED g 2300
MIXES (MM) 2 1 .
Slumps at percentage replacements (mm) S 2280 5 :15
0% 5% 75% 10% 15% 20%  25%  30% O b -ﬁ
PFA 30 20 50 75 130 130 100 90 2260 E] e
GGBS 30 10 10 10 10 20 _ 30 30 ;1 gﬁ
Ternary 30 40 60 70 75 60 60 70 2240 ! L
14 ]
2220 2 Albi
140 7 28
_—n Age (days)
120 FooN
] \
100 /' e m0% O5% B7.50% @10% m15% E20% O25% =@30%
— ] S
E 80 /’ gféﬁégnf Fig. 2. Densities of ternary PFA and GGBS-replaced specimens against
= curing age (kg/m?®)
E6 7 M - PFA
@ 0 TABLE IV. DENSITIES OF BINARY AND TERNARY PFA AND GGBS-
o Ay GGBS REPLACED SPECIMENS AT 91 DAYS (KG/M3)
20 91-day densities at percentage replacements (kg/m?®)
0 0% 5% 75% 10% 15% 20% 25%  30%
0 5 7510 15 20 25 30 PFA 2366 2337 2334 2330 2323 2318 2299 2289
Percentage replacement GGBS 2366 2310 2301 2290 2283 2274 2270 2268
Ternary 2366 2306 2284 2280 2278 2273 2273 2270

Fig. 1. Slumps of binary and ternary PFA and GGBS-replaced mixes
against percentage replacements (mm)
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2380
2360
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2320
2300
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Density (Kg/m3)
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GGBS

0 5 7510 15 20 25 30
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Fig. 3. Densities of binary and ternary PFA and GGBS-replaced specimens
at 91 days against percentage replacements (kg/m®)

C. Compressive strength

Table V and Fig. 4 show the compressive strengths of
concrete specimens made from the ternary mix of PFA and
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information at 91 days. Consistent with [5], the ternary
specimens showed higher compressive strengths than those
of the binary concrete of PFA at 91 days, leading to a
conclusion that GGBS might have reacted with PFA at latter
ages to form further cementitious products [5].

GGBS was observed to improve the strength performance
of PFA throughout all replacements at 91 days, also
consistent with literature that SCMs have a complimentary
effect on each other when used in ternary mixes, especially
because PFA was also observed to improve the workability
of GGBS [5].

The results also confirmed [11]’s findings, that ternary
PFA and GGBS-replaced concrete achieved higher
compressive strengths than the binary PFA-replaced
specimens. Elsewhere, [10] reported that RHA significantly
improved the compressive strength of PFA at latter ages due
to its higher amorphous silica content and pozzolanic activity.

TABLE VI. COMPRESSIVE STRENGTHS OF BINARY AND TERNARY PFA AND
GGBS-REPLACED SPECIMENS AT 28 DAYS (N/MM?)

Compressive strengths at percentage replacements (N/mm?)

GGBS. The compressive strengths were higher than those of 0% 5% 75% 10% 15% 20% 25% 30%
the binary PFA-replaced specimens for all replacement levels PFA 616 489 471 427 431 384 382 405
at 91 days, and lower than those of the binary GGBS-replaced GGBS 616 456 467 472 468 466 46 454
specimens. Ternary 616 47.3 464 477 498 486 465 46.1
The compressive strengths achieved were among the
strength classes that are listed by [25] as being durable and
suitable for structural applications. 70
60
TABLE V. COMPRESSIVE STRENGTHS OF TERNARY PFA AND GGBS- <
REPLACED SPECIMENS (N/MM?) E 50
Age Compressive strengths at percentage replacements (N/mm?) z ______ PEA
(days) 0 0 0 0 0 0 0 0 £ 40
0% 5% 75% 10% 15% 20% 25%  30% 5
7 562 424 398 418 348 414 335 349 30 GGBS
28 616 473 464 477 498 486 465 461 §
56 676 519 503 499 494 492 484 473 2 20 PFA and
91 713 568 618 612 607 573 535 527 g GGBS
S
0
80 0 5 8 10 15 20 25 30
70 - Percentage replacement
g
£ 60 Fig. 5. Compressive strengths of binary and ternary PFA and GGBS-
Z [ replaced specimens against percentage replacements at 28 days (N/mm?)
""—-
= 50 - 4
_ M
g : _:‘: : : TABLE VII. COMPRESSIVE STRENGTHS OF BINARY AND TERNARY PFA AND
= 40 1k : : GGBS-REPLACED SPECIMENS AT 91 DAYS (N/MM?)
% 30 | B ] § : : Compressive strengths at percentage replacements (N/mm?)
g Tt ) b 0% 5% 75% 10%  15% 20% 25%  30%
§ 20 1 g T ) b PFA 713 567 559 5L0 540 487 507 505
- LA 4 L
10 - 5 1k 1 b GGBS 713 531 603 618 626 612 607 541
0 i 1 b Ternary 713 568 618 6L2 607 573 535 527
7 28 56 91
Age ( Days)
D0% B5% @7.50% E10% m15% ®M20% E25% [E30%
Fig. 4. Compressive strengths of ternary PFA and GGBS-replaced
specimens against curing age (N/mm2)
Table VI and Fig. 5 show the compressive strengths of
binary and ternary PFA and GGBS-replaced specimens at 28
days, whereas Table VII and Fig. 6 show the same
DOI: http://dx.doi.org/10.24018/ejers.2017.2.6.363 39
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Fig. 6. Compressive strengths of binary and ternary PFA and GGBS-
replaced specimens at 91 days against percentage replacements (N/mm?)

D. Tensile strengths

Table VIII and Fig. 7 show the tensile strengths achieved
by the binary and ternary PFA and GGBS-replaced
specimens at 91 days. Unlike the compressive strengths, the
splitting tensile strengths were consistently lower than those
of individual binary specimens, and decreased with increased
replacement.

These findings were consistent with [10] who reported that
the addition of RHA to PFA concrete reduced tensile
strengths of the resultant ternary concrete.

TABLE VIII. TENSILE STRENGTHS OF BINARY AND TERNARY PFA AND
GGBS-REPLACED SPECIMENS AT 91 DAYS (N/MM?)

EJERS, European Journal of Engineering Research and Science
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reduced with further replacement to fall below the control and
binary specimens at the 25% and 30% replacements.

TABLE IX. PERCENTAGE INCREASE IN COMPRESSIVE STRENGTHS OF BINARY
AND TERNARY PFA AND GGBS-REPLACED SPECIMENS BETWEEN 28 AND 91
DAYS

Percentage increase in compressive strength

Tensile strength at percentage replacements (N/mm?)

0% 5% 75% 10% 15% 20% 25% 30%

PFA 36 41 39 35 33 32 29 28

GGBS 36 39 35 41 35 37 35 28

Ternary 36 31 31 26 3 28 26 23
4,50

g 400

E 350

Pz

Z 3,00

= 30N T e PFA

2 2,50

S

= 200 GGBS

2 1,50

& 100 PFA and

F 050 GGBS
0,00

0 5 75 10 15 20 25 30
Percentage replacement

Fig. 7. Tensile strengths of binary and ternary PFA and GGBS-replaced
specimens at 91 days against percentage replacements (N/mm?)

E. Gain in compressive strength

Table IX and Fig. 8 show the percentage increase in
compressive strengths of the binary and ternary PFA and
GGBS-replaced specimens. The gain in strength of the
ternary specimens was higher than that of both the PFA and
GGBS-replaced specimens up to the 7.5% replacement, but
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0% 5% 75%  10% 15% 20% 25% 30%
PFA 157 16 186 195 254 266 327 247
GGBS 15.7 16.4 29.1 30.9 338 31.3 320 19.2
Ternary 15.7 20.1 331 28.3 21.8 17.9 15.1 14.3
40
c . 35
25 30
£6 25 S N\ o\ - PFA
2%
é.é 15 LA N e GGBS
S5 10
sE 5 PFA and
a © 0 GGBS

0 57510 15 20 25 30
Percentage replacement

Fig. 8. Percentage increase in compressive strengths of binary and ternary
PFA and GGBS-replaced specimens between 28 and 91 days against
percentage replacement

V. CONCLUSION

This work investigated the performance of Pulverised Fuel
Ash (PFA) and Ground Granulated Blast Furnace Slag
(GGBS) in ternary concrete. The conclusion that these
materials could be used in ternary concrete with an advantage
were drawn based on the following findings;

1. Densities of the ternary specimens were lower than
those of PFA at all replacements and lower than
GGBS specimens for up to the 20% replacement.
Densities of the ternary specimens remained below
those of the 0% replacement.

2. The complementary effect of using the ternary
specimens was observed by PFA increasing the
workability of GGBS and GGBS improving the
compressive strengths of PFA,

3. Gains in compressive strengths of the ternary
specimens over time were higher than those of
individual binary specimens at lower replacements,
even though they reduced with further replacement.
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