Y Y ceramics

Article

Developing Geopolymer Concrete by Using Ferronickel Slag
and Ground-Granulated Blast-Furnace Slag

Quang Dieu Nguyen *

check for
updates

Citation: Nguyen, Q.D.; Castel, A.
Developing Geopolymer Concrete by
Using Ferronickel Slag and
Ground-Granulated Blast-Furnace
Slag. Ceramics 2023, 6, 1861-1878.
https://doi.org/10.3390/
ceramics6030114

Academic Editors: Frank Kern

and Gilbert Fantozzi

Received: 31 July 2023
Revised: 1 September 2023
Accepted: 4 September 2023
Published: 6 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Arnaud Castel

School of Civil and Environmental Engineering, University of Technology Sydney (UTS),
Sydney, NSW 2007, Australia
* Correspondence: quangdieu.nguyen@uts.edu.au

Abstract: Geopolymer concrete is gaining recognition as an environmentally friendly alternative to
traditional cement-based materials, offering potential solutions for reducing the carbon emissions
of the construction industry. This study aims to develop GGBFS-FNS geopolymers utilising fer-
ronickel slag (FNS) and ground-granulated blast-furnace slag (GGBFS). Ground FNS (GFNS) is a
potential candidate for replacing fly ash in geopolymers. This research aims to develop for the first
time a GGBFS-FNS alkali-activated concrete. Numerous trials were conducted including different
GGBFS-FNS blend percentages, several chemical admixtures and varying activator concentrations
to develop the optimal binder mix composition. The effects of different chemical admixtures on the
properties of geopolymer pastes, mortars, and concretes were investigated. The study evaluated
setting time, compressive strength, shrinkage, and physical and durability properties. The results
indicate that conventional admixtures have limited impact on the setting time, while increasing the
water/solid ratio and decreasing the GGBFS content could extend the initial and final setting times.
The presence of FNS aggregate could improve the compressive strength of geopolymer mortars.
The water absorber admixture was highly effective in reducing shrinkage and increasing chloride
diffusion resistance. The geopolymer mix containing 50 wt.% GFNS and 50 wt.% GGBFS with the
presence of the water absorber admixture presented high chloride diffusion resistance, non-reactivity
to the alkali-silica reaction and high sulphate resistance. Overall, the GGBFS-FNS geopolymers
exhibited promising potential for engineering applications as an environmentally friendly material,
particularly in aggressive environments.

Keywords: ferronickel slag; ground-granulated blast-furnace slag; water absorber; chloride diffusion;
alkali-silica reaction; sulphate resistance

1. Introduction

Geopolymer concrete has gained considerable attention as a promising alternative
to OPC-based materials for mitigating the environmental impacts of the construction
materials sector [1,2]. The cement and concrete sector accounts for approximate 5% of
anthropogenic carbon emissions. Consequently, decarbonisation of this sector plays a
crucial role in achieving the net-zero target by 2050 [3]. Geopolymers are formed through
the dissolution of aluminosilicate materials in alkali silicate solutions, resulting in the for-
mation of polysialates by the combination of cross-linked alumina (AlO4 ™) and silica (SiOy).
Common aluminosilicate precursors for geopolymers include fly ash, ground-granulated
blast-furnace slag (GGBFS) and metakaolin. Low-calcium geopolymers primarily consist
of fly ash or metakaolin, while high-calcium geopolymers are based on GGBFS. Geopoly-
mers have proven their comparable mechanical and durability properties to conventional
OPC-based materials [4,5]. Geopolymers exhibit high early strength, superior resistance to
acid, a low creep coefficient and lower CO, emissions than OPC materials [6,7]. In order to
accelerate the adoption of geopolymers in the construction industry, the development of a
one-part geopolymer, which only requires the addition of water, has been pursued [8].
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The availability of fly ash is decreasing due to the closure of coal-fired power plants
worldwide. In Australia and the Pacific region, ferronickel slag (FNS), which is a potential
candidate to replace fly ash in geopolymers, is readily available, with current stockpiles
exceeding 25 Mt and an annual production of 2 Mt by Societe Le Nickel (SLN) in New
Caledonia. FNS is a low-calcium material, a by-product of nickel production obtained
through the smelting of nickel ore in an electric furnace, followed by granulation using wa-
ter or air [9]. According to the European Catalogue for Hazardous Wastes, FNS is classified
as a non-hazardous material [10]. Furthermore, FNS has internal and external radiation
indices close to zero, as indicated in a previous study [11]. FINS has been investigated for
its potential use as fine aggregate and a supplementary cementitious material (SCM) in
OPC-based concretes. It has been reported that the replacement of natural sand by FNS
aggregate can improve the mechanical and durability properties of blended OPC—fly ash
concrete due to the enhanced interface between the cement matrix and FNS aggregate [9,12].
The soundness of OPC-based materials incorporating ground FNS (GENS) is comparable to
conventional OPC—fly ash blends, as demonstrated by Le-Chatelier and autoclave tests [13].

GENS has been investigated as a geopolymer precursor in previous studies. It has
been used either as a sole precursor or in combination with metakaolin or fly ash to
produce geopolymers. The presence of metakaolin in FNS-based geopolymers decreased
the compressive strength due to an increased porosity [14]. Major crystalline phases
detected in FNS geopolymers included sodalite, maghemite, thermonatrite, trona and
calcite [15]. In GENS and fly ash geopolymers, increasing the GFNS content and de-
creasing the fly ash content decreased the setting time and workability of geopolymers.
In addition, the highest compressive strength was achieved in geopolymer samples
containing 75% GFNS-25% fly ash content in the binder, up to 90 days after casting [16].
Successful fabrication of geopolymers using GFNS and fly ash activated by phosphoric
acid was also reported in a previous study [17]. However, combining GFNS with GGBFS
has not been investigated. Because the addition of GGBFS was reported to enhance the
durability properties of geopolymers containing a low-calcium binder [18,19], inves-
tigating GFNS-GGBFS blends as a precursor for geopolymer concrete seems relevant.
Furthermore, the utilisation of FNS aggregate can address the rarefaction of natural fine
aggregates in metropolitan areas. This study aims to develop GGBFS-FNS geopolymers
by blending GFNS and GGBFS as the precursor and examine the effects of natural sand
replacement by FNS aggregate. Geopolymer pastes, mortars and concretes are consid-
ered in this study. The effects of different chemical admixtures on the properties of
GGBFS-FNS geopolymers are also investigated. Fresh and hardened properties such as
setting time, compressive strength, shrinkage, water absorption and chloride diffusion
resistance are evaluated. Numerous trials are conducted including different GGBFS-FNS
blend percentages, several chemical admixtures and varying activator concentrations.
Only selected mix designs with suitable performance in terms of both fresh and hardened
properties are presented in this paper. To the authors’ knowledge, this is the first study
considering blends of GGBFS-FNS as a precursor for alkali-activated concretes, paving
the way for the utilisation of FNS in the construction industry. Ultimately, geopolymer
mix compositions that are suitable for replacing conventional OPC-based materials in
engineering applications are proposed.

2. Materials and Mix Designs
2.1. Materials

GENS and GGBFS were used as aluminosilicate precursors to create the geopolymer
binder in this study. GFNS was ground from FNS aggregate supplied by Societe Le
Nickel (SLN) in New Caledonia whilst GGBFS was branded as Enviro® from Boral Pty
Ltd. in Sydney, Australia. The chemical composition identified by X-ray fluorescence
(XRF) analysis (PANalytical AXIOS instrument in Sydney, Australia) and the particle size
distribution measured by laser diffraction are shown in Table 1 and Figure 1, respectively.
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Furthermore, the X-ray diffraction (XRD) patterns of GFNS and GGBFS measured by Bruker
D8 Discover X-ray diffractometer (Sydney, Australia) are presented in Figure 2.

Table 1. Chemical compositions of GFNS and GGBFS by XRE.

Chemical Composition (wt.%) SiO, Al,O3 Fe, O3 CaO MgO Na,O K,O TiO, SO;3
GENS 53.1 2.4 11.3 0.23 32.3 0.11 0.03 0.05 0.03
GGBFS 31.52 12.22 1.14 4453 4.62 0.21 0.33 1.03 3.24
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Figure 1. Particle size distribution of GFNS and GGBFS.

FF FF
FH
FF: Forsterite Ferroan
FF
FF
FF
h FFFF

{ LI I L B L B L B B L B B L B B L L L e |

5 10 15 20 25 30 35 40 45 50 55 60 65
Degree [°20]

Figure 2. XRD patterns of GFNS and GGBFS.

Two types of fine aggregate were used in this study: FNS aggregate as manufactured
aggregate and Sydney sand as natural aggregate. The relative densities of FNS aggregate
and Sydney sand are 2876 kg/m? and 2650 kg/m3, respectively, along with a water ab-
sorption of 0.8% and 3.5%, respectively. The coarse aggregate was basalt, with maximum
nominal sizes of 20 mm and 10 mm. The gradation of coarse and fine aggregates is showed

in Figure 3.
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Figure 3. Gradations of coarse and fine aggregates.

Sodium hydroxide and sodium silicate solutions were used to create the activator
solution. The sodium hydroxide pellets with 98% purity have a specific gravity of 2.1 and a
molecular weight of 40. The sodium silicate solution was supplied by PQ Australia Pty Ltd.
comprising 14.7 wt.% NaO, 29.4 wt.% SiO, and 55.9 wt.% H,O. In addition, the sodium
silicate solution has a molar ratio Ms (S5iO, /NayO) = 2 and a specific gravity of 1.53.

2.2. Mix Design

Geopolymer paste, mortar and concrete mix designs were developed in this study.
The effects of the binder compositions including GFNS and GGBFS contents, activator
concentrations and several chemical admixtures were investigated in this study. The
effects of lignosulfonate-based (LS), polycarboxylate-based (PCE), sodium naphthalene
formaldehyde sulphonate (SNS) and amino trimethylene phosphonic (ATMP) admixtures
on the setting time were investigated. On the other hand, a water absorber (WA) admixture
was added to evaluate its effects on shrinkage, compressive strength, and physical and
durability properties of geopolymers. The silica fume was also considered, as the silica fume
was reported to increase the setting time in fly ash-GGBFS geopolymers [20]. The details
of paste, mortar and concrete mix compositions are presented in Tables 2—4, respectively.

Table 2. Geopolymer paste mix compositions.

Materials (wt.%) P1 P2 P3 P4 P5 Pé6 P7 P8
GFNS 37.74 37.04 37.66 37.66 35.19 41.30 40.74 37.04
GGBFS 28.30 27.78 28.25 28.25 25.19 14.35 16.67 20.37
Silica fume - - - - 444 522 444 4.44
Na silicate 18.87 18.52 18.83 18.83 18.52 21.74 23.15 23.15
Free water 15.09 16.67 15.07 15.07 15.37 15.87 13.33 13.33
LS admixture (U - - 0.19 - - - - -
PCE admixture @ - - - 0.19 - - - -
SNS admixture @ - - - - 0.93 1.09 0.93 0.93
ATMP admixture @ - - - - 0.37 0.43 0.74 0.74
MR (SiO5/NayO) ©) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Na,O/Binder © 4.20 420 420 4.20 420 5.25 5.50 5.50
Water/Solid ) 0.34 0.37 0.34 0.34 0.35 0.40 0.36 0.36
GGBFS content ®) 429 429 429 429 38.9 23.6 26.9 329
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Table 3. Geopolymer mortar mix compositions.

Materials (wt.%)

M1 M2 M3 M4 M5 Me M7 Ms8 M9 M10

FNS aggregate
Sydney sand
GENS
GGBFS
Silica fume
NaOH pellets
Na silicate
Free water
SNS admixture @
ATMP admixture @
WA admixture (10)
MR (SiO5/Na,O) ©
Na,O/Binder ©
Water/Solid @)
GGBFS content ®)

54.00 46.00 23.00 - - - - - - -

- - 23.00 46.00 63.40 63.27 61.00 60.87 57.66 57.55
19.00 22.00 22.00 22.00 - - 11.03 11.01 12.92 12.89
6.60 9.00 9.00 9.00 20.02 19.98 11.03 11.01 12.92 12.89
2.40 2.40 240 2.40 - - - - - -

- - - - 0.96 0.96 0.96 0.96 0.89 0.88
10.00 12.50 12.50 12.50 10.01 9.99 11.03 11.01 12.92 12.89
7.30 7.20 7.20 7.20 5.11 5.10 4.45 4.44 2.25 2.25
0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.46 0.46
0.20 0.40 0.40 0.40 - - -

- - - - - 0.20 - 0.20 - 0.18
2.00 2.00 2.00 2.00 1.33 1.33 1.37 1.37 1.47 1.47
525 5.50 5.50 5.50 11.07 11.07 10.73 10.73 10.01 10.01
0.40 0.36 0.36 0.36 0.42 0.42 0.38 0.38 0.29 0.29
23.6 26.9 26.9 26.9 100.0 100.0 50.0 50.0 50.0 50.0

Table 4. Geopolymer concrete mix compositions.

Materials (kg/m?3) c1 C2 C3
Coarse aggregate (20 mm) 0 704 704
Coarse aggregate (10 mm) 1072 327 327

FNS aggregate 298.5 365 365
Sydney sand 298.5 365 365
GFNS 286 210 210
GGBFS 157 210 210
Silica fume 34 0 0
NaOH pellets 0 16.8 16.8
Na silicate 184 210 210
Free water 102 37.2 37.2
SNS admixture © 8 8 8
ATMP admixture ) 5.5 0 0
WA admixture ) 0 0 4
MR (SiO,/NayO) © 2.00 1.41 1.41
Na,O/Binder © 5.67 10.45 10.45
Water @) /Solid ® 0.37 0.29 0.29
GGBFS content ) 32.9 50.0 50.0

Notes for Table 2 to Table 4: 1) Lignosulfonate-based admixture; ? polycarboxylate-based admixture; ) sodium
naphthalene formaldehyde sulphonate admixture; @ amino trimethylene phosphonic admixture; ®) molar ratio
of the alkaline solution; © binder = GENS + GGBFS + silica fume; ) water = free water + water of Na silicate
solution; ® solid = binder + NaOH pellets + solid components of Na silicate solution (SiO; + Na;0); > GGBFS
content (%) = GGBFS/binder; (10 water absorber admixture.

3. Experimental Programme
3.1. Setting Time of Geopolymer Pastes

The initial and final setting times of geopolymer pastes were determined following
the ASTM C191 [21] using an automatic Vicat apparatus. The initial setting time was
defined as the elapsed time between initial contact of precursor and activator and the
needle penetration of 25 mm. The final setting time was determined as the elapsed time
between initial contact of precursor and activator and the needle penetration of 0 mm. To
ensure accuracy, two additional penetration measurements were conducted on different
areas of the paste surface to validate the final setting time.

3.2. Compressive Strength and Shrinkage of Geopolymer Mortars

The compressive strength of geopolymer mortar M1 to M4 mixes was carried after
3,7 and 28 days of casting, using 50 mm x 50 mm cube specimens. After demoulding at
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day 1, cube specimens were wrapped to prevent moisture loss and placed in a controlled
chamber maintained at a temperature of 23 & 2 °C. The test protocol complied with ASTM
C109 [22], with a loading rate ranging from 0.9 to 1.8 kN/s.

Autogenous and total shrinkage measurements for mixes M5 to M10 were conducted
by using prismatic test specimens 40 mm x 40 mm x 160 mm in size, according to EN
12617-4 and Australian Standard AS 2350.13 [23,24]. The prisms were demoulded after
1 day of casting. For the autogenous shrinkage specimens, all surfaces were covered by self-
adhesive aluminium foil to prevent any moisture loss. Total shrinkage specimens, on the
other hand, were left unsealed and exposed to a controlled environment at a temperature of
23 + 2 °C and a relative humidity (RH) of 50 £ 3% after demoulding. The initial (reference)
length of the shrinkage specimens was determined within 5 min after demoulding using a
digital meter with an accuracy of =1 pm/m. Subsequent shrinkage readings were recorded
during the experimental period. Both compressive strength and shrinkage values are
presented as the average of three measurements.

3.3. Compressive Strength and Total Shrinkage of Geopolymer Concretes

Following demoulding at day 1, 100 x 200 mm cylinders were wrapped to prevent
any moisture loss and cured in a controlled chamber at a temperature of 23 + 2 °C. The
compressive strength of the geopolymer concretes was measured after 28 days of casting.
The test loading rate of 20 &= 2 MPa/minute was applied, in accordance with Australian
Standard AS 1012.9 and ASTM C39 [25,26].

Measurements of total shrinkage were conducted using prismatic specimens with a
dimension of 75 mm x 75 mm x 280 mm, complying with ASTM C157 and Australian
Standard AS 1012.13 [27,28]. The specimens were demoulded after 1 day of casting and
exposed to the controlled environment for up to 430 days.

3.4. Physical Properties and Resistivity of Geopolymer Concretes

The physical properties of the geopolymers, including water absorption, volume of
permeable void (VPV) and bulk density, were assessed after 28 days. These properties were
determined in accordance with ASTM C642 [29] by using concrete discs with a diameter
of 100 mm and a thickness of 50 mm, which were cut from concrete cylinders. Surface
and bulk resistivity measurements were conducted after 28 days using water-saturated
concrete cylinders (100 mm x 200 mm). The experimental procedures for surface and bulk
resistivity tests followed AASHTO TP95 and ASTM C1876, respectively [30]. The details of
the physical and resistivity tests are described in the previous studies of the authors [9,31].

3.5. Chloride Diffusion Resistance Tests

All chloride diffusion tests for geopolymer concretes were carried out at 28 days.
The rapid chloride penetration test (RCPT) and the chloride migration test (CMT) were
conducted, applying an external electrical voltage to accelerate the chloride penetration
into the concrete specimens. The RCPT and CMT were in compliance with ASTM C1202
and Nordtest NT Build 492, respectively [32,33]. However, the RCPT was modified to
10 V instead of the original 60 V [34,35] while the test duration was kept at 6 h, denoted as
a modified RCPT test. For both the modified RCPT and CMT, saturated concrete discs of
100 mm diameter and 50 mm thickness were utilised.

The bulk diffusion test is a non-steady-state diffusion test in accordance with ASTM
C1556 and NT Build 443 [36]. After 28 days, concrete cylinders were cut into discs with a
diameter of 100 mm and a thickness of 75 mm. All surfaces of the concrete discs, except for
the top surface, were coated to ensure that the chloride diffusion occurred solely from the
top surface. After 35 days of immersing in 165 g/L NaCl solution, concrete was powdered
every 2 mm up to 25 mm depth. Subsequently, the total (acid-soluble) chloride content was
measured from the concrete powder by utilising a potentiometric titration machine. The
apparent chloride diffusion coefficient (D,) was determined using non-linear curve fitting,
as described in ASTM C1556 or NT Build 443 [36].
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3.6. Alkali-Silica Reaction and Length Change in Sulphate Solution

Alkali-silica reaction (ASR) testing was conducted using the accelerated mortar bar
test (AMBT) method, based on the ASTM C1260 protocol similar to Australian Standard AS
1141.60.1) [37,38]. The length change of the specimens exposed to the sulphate solution was
monitored in accordance with ASTM C1012 [39]. Prismatic specimens with dimensions of
25 mm x 25 mm x 285 mm were used for two tests. The mortar mix composition used to
fabricate the mortar prisms was similar to concrete mix C3, as specified in Table 4, with the
exclusion of the 20 mm and 10 mm coarse aggregates. Five specimens were created for each
test. The expansion due to the ASR in the AMBT was monitored for up to 21 days, whilst
the length change of the mortar prisms exposed to the sulphate solution was measured
over a period of 1 year.

4. Results and Discussion
4.1. Setting Time of Geopolymer Pastes

Figure 4 presents the initial and final setting times of the geopolymer pastes in minutes.
Mixes P1 to P5 exhibited significantly shorter setting times compared with mixes P6 to P8.
Mixes P1 and P2 had the same GGBFS content, activator molar ratio (MR) and Na,O/binder
ratio. The longer initial and final setting times of mix P2, as compared with mix P1, can be
attributed to the higher water/solid ratio of P2. Pastes P3 and P4, which had similar mix
compositions to P1, were fabricated to investigate the effects of LS-based and PCE-based
admixtures on the setting time. The presence of LS-based and PCE-based admixtures in the
mix composition produced no positive influence on the setting time, indicated by similar
initial and final setting times among P1, P3 and P4 mixes.

160 -

B [nitial setting time

140 -
B Final setting time

120 ~
100 ~
80 1
60 1

Duration (minutues)

40
201

Pl P2 P3 P4 P5 P6 P7 P8
Geopolymer pastes

Figure 4. Initial and final setting time of geopolymer pastes.

In geopolymer paste P5, SNS and ATMP admixtures were added to the mixtures and
the GGBFS/binder ratio was reduced from 38.9 wt.%. However, the initial and final setting
times of the P5 mix were similar to that of the P1 mix, indicating that the SNS and ATMP
admixtures could not increase the setting time in GGBFS-FNS geopolymer paste. Among
all the pastes, mix P6 exhibited the longest initial and final setting times, with an initial
setting time of 90 min and a final setting time of 140 min. This can be attributed to the
highest water/solid ratio of 0.40 and lowest GGBFS/binder ratio at 23.6 wt.%. When the
water/solid ratio was decreased to 0.36 and the GGBFS/binder ratio was increased to
26.9 wt.% in paste P7, the initial and final setting times reduced to 65 min and 100 min,
respectively. Mix P8 had the same water/solid ratio as P7 but a higher GGBFS/binder
ratio than P7, at 32.9 wt.%, resulting in shorter initial and final setting times of 56 min and
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90 min, respectively. In summary, a higher water/solid ratio extended the setting time
whilst a higher GGBFS content reduced the setting time in the GGBFS-FNS geopolymers.
Importantly, mixes P5 to P8 complied with the Australian Standard AS 3972 [40], as their
initial setting times exceeded 45 min, making them suitable for practical applications.

4.2. Compressive Strength of Geopolymer Mortars

Based on the setting time results obtained with geopolymer pastes (Section 4.1), the
mix compositions of the geopolymer mortars M1 to M4 were formulated. Mix M1 had a
precursor and activator compositions similar to paste P6, with Sydney sand used as the fine
aggregate. Mixes M2 to M4 had the same precursor and activator compositions to paste P7.
In addition, 100 wt.% FNS aggregate as fine aggregate was utilised in mix M2, and 50 wt.%
and 100 wt.% of FNS aggregate replaced Sydney sand in mixes M3 and M4, respectively, to
investigate the influence of the FNS aggregate on the mortar compressive strength.

Figure 5 presents the development of the compressive strength for up to 28 days of
mixes M1 to M4. M1 showed the lowest compressive strength among all mortar mixes,
with only 13 MPa after 28 days. This can be attributed to the high water/solid ratio as
well as the low Na,O/binder and GGBFS/binder ratios compared with mixes M2 to M4.
In contrast, mix M2 exhibited the highest compressive strength, from 15 MPa at day 3 to
more than 40 MPa after 28 days. Mix M3 had a similar compressive strength to M2 at
3 days. However, replacing 50 wt.% FNS aggregate with Sydney sand in mix M3 reduced
the compressive strength at 7 and 28 days compared with mix M2. Specifically, the 3-day
and 28-day compressive strength values of mix M3 were 15% and 9% lower, respectively,
than those of mix M2,. Similarly, when 100 wt.% Sydney sand was used in mix M4,
the compressive strength values were further reduced. The compressive strength of M4
developed from around 8.4 MPa at day 3 to 29 MPa at day 28, which was 28% lower than the
28-day M2 compressive strength. In conclusion, the presence of FNS aggregate in GGBFS—
FNS geopolymers can enhance the compressive strength of mortar. Previous studies
indicated the improved mechanical and durability properties of OPC-based concretes with
the presence of FNS aggregate, attributed to the better interfacial transition zone of FNS
aggregate and cement paste [9,12]. However, the effect of FNS aggregate on GGBFS-FNS
geopolymer properties requires further research to draw a definitive conclusion.
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Figure 5. Compressive strength development of geopolymer mortar mixes from M1 to M4.

4.3. Autogenous and Total Shrinkage of Geopolymer Mortars

Mortar mixes M5 to M10 were formulated to investigate the effects of the water/solid
and GGBFS/binder ratios and the presence of the water absorber admixture on autogenous
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Autogenous shrinkage (um/m)

and total shrinkage. Figure 6 shows the development of autogenous (a) and total shrinkage
(b) for mixes M5 to M10 over a period of 480 days. Regarding autogenous shrinkage in
Figure 6a, the inclusion of the water absorber in mixes M6, M8 and M10 significantly
reduced the autogenous shrinkage in comparison with M5, M7 and M9. To be specific,
the autogenous shrinkage of M6, M8 and M10 presented an expansion (positive values)
for up to 200 days after casting, following by shrinkage, reaching around —200 pm/m
after 480 days. By contrast, all autogenous shrinkage values of M5, M7 and M9 exceeded
—1000 um/m just 14 days after casting. Among mortar mixes without the water absorber
admixture (M5, M7 and M9), the highest development rate of autogenous shrinkage was
observed in the first 50 days, followed by a modest increasing rate up to 480 days. Moreover,
mix M7 with a 50 wt.% GGBFS/binder ratio and a water/solid ratio of 0.38 presented
the lower autogenous shrinkage during the test duration compared with mixes M5 and
M9 at approximate —2000 um/m at 480 days. Increasing the GGBFS/binder ratio to
100 wt.% in mix M5 or decreasing the water /solid ratio to 0.29 in mix M9 resulted in higher
autogenous shrinkage. The results revealed that replacing GGBFS with GFNS could reduce
the autogenous shrinkage in GGBFS-FNS geopolymers. Mix M9 showed the highest
autogenous shrinkage among all mortar mixes due to the high binder content and lowest
water/solid ratio, with the autogenous shrinkage strain reaching more than —3000 um/m
after 480 days.
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Figure 6. Development of geopolymer mortar shrinkage. (a) Autogenous shrinkage. (b) Total
shrinkage.

The total shrinkage results in Figure 6b show similar trends to autogenous shrinkage
over 480 days. Mixes with the water absorber admixture (M6, M8 and M10) presented a
remarkable reduction in total shrinkage compared with the M5, M7 and M9 mixes without
the water absorber. However, M10 exhibited considerably higher total shrinkage than
that of M6 and M8, whilst the variations in autogenous shrinkage were almost identical
among the three mortar mixes. In all mixes, the total shrinkage also significantly increased
in the first 50 days, constituting more than 90% of the final value, and then marginally
increased until 480 days. The total shrinkage of M7 was higher than that of the M5 mix,
whilst the autogenous shrinkage of M5 and M7 presented an opposite trend. This disparity
may be attributed to the different effects of GFNS on the development of autogenous and
drying shrinkage in GGBFS-FNS geopolymer blends. Similar to autogenous shrinkage,
mix M9 exhibited the highest total shrinkage values throughout the test duration. The
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autogenous and total shrinkage values in this study were lower than in a previous study
by Cao et al. [41], with varying proportions between GFNS and GGBEFS.

4.4. Compressive Strength and Total Shrinkage of Geopolymer Concretes

Table 5 presents the 28-day compressive strength of the three concrete mixes. A combi-
nation of 50 wt.% FNS aggregate and 50 wt.% Sydney sand was utilised as fine aggregate
in concrete mixes to obtain an optimal gradation, as revealed in previous studies [9,12,42].
Concrete C1 exhibited the lowest values among all concretes at 43.54 MPa. Mix C1 was
developed with the same water/solid and GGBFS/binder ratios as paste P8. In mix C2
and C3, the GGBEFS content was increased and the Na,O/binder was increased by adding
NaOH pellets into the mix compositions. In addition, the water/solid ratio was reduced
from 0.37 in mix C1 to 0.29 in mixes C2 and C3. Consequently, the compressive strength was
improved to 64.37 MPa in mix C2. Concretes C2 and C3 had similar mix compositions but
mix C3, with the presence of the water absorber admixture, exhibited a lower compressive
strength at 55.91 MPa in comparison with mix C2. In general, all concretes satisfied the
compressive strength requirement of exceeding 40 MPa for usage in marine environments,
as described in Australian Standard AS 3600 [43].

Table 5. Compressive strength of geopolymer concretes at 28 days after casting.

Concrete Mixes Compressive Strength (MPa)
C1 43.54 4 0.96
c2 64.37 + 4.89
c3 55.91 £4.26

The total shrinkage of the three concrete mixes up to 450 days is presented in
Figure 7. Mix C1 exhibited the highest total shrinkage over the test duration. The to-
tal shrinkage of concrete C1 increased significantly during the first 70 days and then
stabilised at 450 days at around —2100 um/m. The total shrinkage in concrete C2 was
considerably lower than that of C1 concrete, due to adding NaOH pellets to the mix com-
position. Cao et al. [41] reported higher autogenous and total shrinkage of GGBFS-FNS
geopolymers when using only sodium silicate solution as an activator in comparison
with the addition of NaOH to the activator. The presence of the water absorber admixture
in concrete C3 led to the lowest total shrinkage among the three GGBFS-FNS concretes.
The effect of the water absorber admixture was the most significant at the early age. To
be specific, the total shrinkage values of the C3 concrete decreased by about 90% and
80% compared with the C1 and C2 concretes, respectively, after 1 day of drying. After
6 days of drying, the water absorber admixture reduced the total shrinkage of mix C3 by
80% and 65% in comparison with the C1 and C2 concretes, respectively. Providing that
the mix design of the C2 and C3 concretes are similar, along with the shrinkage results in
Section 4.3, the water absorber admixture is very efficient in decreasing the autogenous
and total shrinkage in GGBFS-FNS geopolymers.

4.5. Physical Properties and Resistivity of Geopolymer Concretes

Table 6 presents the physical properties and resistivity of the C1 and C3 concretes
after 28 days of casting. The results of the C2 concrete are not available in Table 6. For
comparison purposes, the results of the geopolymer concretes containing GGBFS and fly
ash, denoted as GGBFS-FA concretes, are included in Table 6, obtained from a previous
study [44]. The GGBFS content in GGBFS-FA concretes varies from 0 wt.% to 100 wt.%,
as shown in Table 6. Overall, the physical properties and resistivity of GGBFS-FNS
concretes fall within the range of common GGBFS-FA geopolymer concretes, indicating
that GGBFS-FNS geopolymer concretes can replace GGBFS-FA geopolymer concretes in
practical applications. Noticeably, the C3 concrete had the lowest water absorption and
second-lowest VPV among all concretes listed in Table 6. In GGBFS-FA concretes (mixes F1
to F5), increasing the GGBFS content in the precursor resulted in higher water absorption
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and VPV values. By contrast, in GGBFS-FNS concretes, increasing the GGBFS content from
32.9 wt.% in C1 to 50 wt.% in C3 concrete led to the reduction of both water absorption
and VPV. This can be attributed to the addition of the water absorber admixture in mix
C3, acting as an internal curing agent, refining the microstructure of the GGBFS-FNS
geopolymers compared with GGBFS-FA geopolymers. The C1 and C3 concretes exhibited
negligible variations in bulk density values, falling within the normal concrete range of
23002400 kg/m3. Surface and bulk resistivity values were higher in the C3 concrete than
in the C1 concrete, which is consistent with the increase in GGBFS content. The F1 to
F5 concretes also exhibited an increase in resistivity when increasing the GGBFS content.
These results indicate that the GGBFS content in the precursor significantly impacts the
resistivity of geopolymer concretes.
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Figure 7. Total shrinkage of concrete prisms.

Table 6. Physical properties and resistivity of GGBFS-FNS and GGBFS-FA geopolymer concretes.

Mix GGBFS/Binder ~ Water Absorption (%) VPV (%) Bulk Density = Surface Resistivity =~ Bulk Resistivity

(kg/m®) (kQ-cm) kQ-cm)
C1 329 74 18.9 2402 53 21
C3 50 4.4 13.7 2315 11.1 4.0
F1 0 6.8 17.3 N/A 2.7 0.8
F2 25 6.1 10 N/A 4.4 1.5
F3 50 8.1 19.6 N/A 26.2 10.3
F4 75 8.8 20.8 N/A 40.8 16.0

F5 100 8.8 21.2 N/A 38.8 15.8
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Charge passed (Coulombs)

4.6. Chloride Diffusion Resistance Tests

Figure 8 shows the charge passed in Coulombs using modified-RCPT 10 V (a) and non-
steady-state migration coefficients of CMT (b) for mixes C1 to C3. The results of GGBFS-FA
concretes (F1 to F5) are included in Figure 8 for comparison purposes. The C1 concrete
had the highest charged passed and migration coefficient among the three GGBFS-FNS
concretes. This can be explained by the low GGBFS content and low Nay;O/binder due
to the absence of NaOH pellets in the mix composition. Previous studies reported that
increasing GGBFS and NaOH content could enhance the chloride diffusion resistance of
geopolymer concretes [18,35,45]. The effect of GGBFS content on the modified-RCPT and
CMT test results observed for mixes C1 to C3 concretes is similar to that for the GGBFS-FA
concrete mixes F1 to F5. Comparing the C2 and C3 concretes with the same GGBFS content
and molar ratio, the C3 concrete exhibited lower values of charges passed and non-steady-
state migration coefficient than the C2 concrete. This indicates that the presence of the
water absorber admixture can reduce the chloride diffusion in GGBFS-FNS geopolymer
concretes. To be specific, the C3 concrete had approximate 500 Coulombs of charge passed
and a 10 x 10712 m?/s non-steady-state migration coefficient in modified-RCPT and CMT,
which is 31% and 61% lower than that of the C2 concrete, respectively.
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Figure 8. Charge passed from modified-RCPT 10 V (a) and migration coefficients from CMT (b) of
geopolymer concretes.

The total chloride profile and the apparent chloride diffusion coefficients from bulk
diffusion tests are shown in Figure 9. Concrete C1 had the lowest chloride content of
0.22 wt.% at the surface, as shown in Figure 9a. The chloride content gradually decreased
over the depth in the C1 concrete, with less than 0.05 wt.% at 25 mm depth. Concretes
C2 and C3 exhibited a higher chloride content at the sample’s surface than concrete C1.
However, the chloride content decreased significantly with the depth. Specifically, the C2
and C3 concretes had no chloride after 17 mm and 11 mm depth, respectively, showing
a better performance against chloride diffusion than mix C1. As a result, concretes C2
and C3 had lower apparent chloride diffusion coefficients (D,) than that of concrete C1, as
shown in Figure 9b. Consistent with the modified-RCPT and CMT results, the C3 concrete
demonstrated the best chloride resistance performance among the three GGBFS-FNS
concretes. Specifically, the D, values of the C3 concrete were 81% and 67% lower than the
D, values of the C1 and C2 concretes, respectively. Noticeably, the C3 concrete had a similar
apparent chloride diffusion coefficient D, to the GGBFS-FA concrete with 50 wt.% GGBFS
(F3 concrete). This indicates that the GGBFS-FNS and GGBFS-FA concretes with the same
GGBFS content can achieve similar chloride diffusion resistance by incorporating the water
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absorber admixture into the GGBFS-FNS geopolymers. The bulk diffusion test (ASTM
C1556) has been proven to provide a better evaluation of the chloride diffusion resistance of
geopolymer concrete, as a significant amount of mobile ions in the geopolymer pore solution
can interfere with the results of the modified-RCPT and CMT [46—48]. Furthermore, the
D, value of the C3 concrete was lower than the D, values obtained with 100% OPC-based
concrete, as reported in previous studies [12,18,35]. In conclusion, for both compressive
strength and chloride diffusion tests, the C3 geopolymer concrete with 50 wt.% GFNS and
the inclusion of the water absorber admixture fulfilled the requirements for concrete to be
utilised in marine environments.
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Figure 9. (a) The variation of total chloride content in GGBFS-FNS geopolymer concretes. (b) Apparent
chloride diffusion coefficient of geopolymer concretes.

A performance-based specification has been proposed to establish the correlation
between RCPT, CMT and chloride bulk diffusion tests for geopolymer concretes using
various precursor materials [18,35]. Figure 10 presents the correlations including the
chloride test results of the GGBFS-FNS concretes. Figure 10a shows the correlation between
the modified-RCPT 10 V and the bulk diffusion test, whilst Figure 10b shows the correlation
between CMT and the bulk diffusion test. The relationship observed among the three
chloride tests for GGBFS-FNS geopolymers was well aligned with other geopolymer
concretes. In other words, the proposed performance-based specification is effectively
applicable to GGBFS-FNS geopolymers, enabling the evaluation of their chloride diffusion
resistance and their suitable usage in chloride (marine) environments.

4.7. Alkali-Silica Reaction (ASR) and Length Change in Sulphate Solution

The expansion of the mortar bars caused by the ASR in the AMBT is presented in
Figure 11. The expansion limits after 16 days and 21 days of exposure to NaOH 1 M
solution at 80 °C, as defined by AS 1141.60.1 and ASTM C1260, respectively, are integrated
in Figure 11. The expansion of GGBFS-FNS mortar bars due to the ASR was lower than
the limits set by both AS 1141.60.1 and ASTM C1260. This indicates that the concrete C3 is
non-reactive in terms of the risk of ASR-induced expansion. These findings are consistent

with previous studies that have reported the non-reactivity of FNS aggregate in geopolymer
materials [49].
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Figure 10. (a) Performance-based specification between RCPT and bulk diffusion test [35].
(b) Performance-based specification between CMT and bulk diffusion test [18].

Figure 12 shows the length change of mix C3 mortar bars exposed to sodium sulphate
solution (50 g/L) for up to 1 year, following ASTM C1012. The compressive strength of
the C3 mortar reached 37 MPa after 1 day of casting, exceeding the compressive strength
requirement of 20 MPa for immersion in the sodium sulphate solution, as described in
ASTM C1012. During the first 30 days of immersion, the C3 mortar bars presented a slight
expansion of 0.02%, followed by a gradual reduction of the mortar bars” length. After
1 year immersed in the sodium sulphate solution, the length change became negative,
indicating shrinkage of the mortar bars. While ASTM C1012 provides no expansion limit,
Figure 12 incorporates the 0.1% limit after 12 months of immersion for high sulphate-
resistant binders, as outlined in ASTM C595 [50]. The length change of the C3 mortar bars
remained significantly lower than the 0.1% expansion limit for up to 1 year. In conclusion,
this result reveals the dimensional stability of mix C3 when immersed in a sodium sulphate
solution, qualifying C3 as a high sulphate-resistance mortar, according to ASTM C595.
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5. Conclusions

This study aims to investigate the properties of GGBFS-FNS geopolymers with var-
ious mix compositions for engineering applications. In addition, investigations of the
microstructure and porosity of GGBFS-FNS alkali-activated materials will be conducted
in the second stage of this research programme. The main findings from this study are
summarised as follows:

e  The conventional admixtures (lignosulfonate-based, polycarboxylate-based, sodium
naphthalene formaldehyde sulphonate and amino trimethylene phosphonic admix-
ture) had no impact on the initial and final setting times of the GGBFS-FNS geopolymer
pastes. The increase in the water/solid ratio extended the setting time, whilst the
increased GGBFS content reduced the setting time. The initial and final setting times
of the GGBFS-FNS geopolymers, with a GGBFS content ranging from 23.6 wt.% to
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32.9 wt.% and a water /solid ratio ranging from 0.36 to 0.40, satisfy the requirements
of Australian Standard AS 3972 for industry applications.

e  The GGBFS-FNS geopolymer mortars achieved compressive strength values exceeding
30 MPa after 28 days of casting. The presence of FNS aggregate as fine aggregate
increased the compressive strength of the GGBFS-FNS geopolymer mortars.

e  The water absorber admixture significantly decreased the autogenous and total shrink-
age of the geopolymer mortars up to 480 days after casting. The first 50 days of drying
accounted for approximately 90% of the final total shrinkage value in all mortar mixes.
The GGBFS-FNS mortars with the highest binder content and lowest water/solid ratio
exhibited the highest shrinkage values.

e The increase in Na,O/binder by adding NaOH pellets increased the compressive
strength of the GGBFS-FNS concretes. All concrete mixes in this study met the
compressive strength requirement for usage in marine (chloride) environments.

e  Similar to mortars, the water absorber admixture significantly reduced the total shrink-
age of the GGBFS-FNS geopolymer concretes. The water absorber admixture was the
most effective in reducing shrinkage during the first 7 days.

e  Concrete C3, with the presence of the water absorber, exhibited the lowest water ab-
sorption in comparison with other GGBFS-FNS and GGBFS-FA concretes. Moreover,
the inclusion of the water absorber admixture decreased the VPV and increased the
surface and bulk resistivity.

e  The charges passed (modified-RCPT 10 V), the non-steady-state migration coefficient
(CMT) and the apparent chloride diffusion coefficient (bulk diffusion test) of the C3
concrete were also the lowest, indicating the benefit of the water absorber admixture in
improving the chloride diffusion resistance of GGBFS-FNS geopolymer concretes. Ad-
ditionally, the correlations between the three chloride tests for GGBFS-FNS concretes
agreed well with the performance-based specifications proposed for fly ash/GGBFS
geopolymer concretes.

e  The expansion of the C3 mortar in the AMBT test was lower than both the AS 1141.60.1
and ASTM C1260 limits, indicating that the C3 mix composition is non-reactive in
terms of the risk of the ASR. When immersed in the sodium sulphate solution, the
length change of the C3 mortar bars was significantly lower than the 0.1% expansion
limit for up to 1 year. This reveals that C3 is classified as a high sulphate resistance
mortar according to ASTM C595.

In conclusions, GGBFS-FNS geopolymers demonstrate satisfactory performance for
various engineering applications, meeting standard requirements for setting time and
compressive strength. Furthermore, the durability properties indicate that GGBFS-FNS
concretes can be suitable for using in aggressive environments including marine (chloride)
environments and sulphate environments.
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