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Abstract: A geopolymer is normally considered an environmentally friendly binder due to the
utilisation of industrial wastes. This study focusses on the potential of geopolymer preparation
at room temperature from landfilled fly ash (LFA) which has been discharged to the land for
more than three years. To accelerate the reaction process, 20-30 wt.% LFA was replaced by
ground-granulated blast-furnace slag (GGBS). The effect of water glass modulus, Na,O content,
water-to-solid ratio, and GGBS content on the setting time and strength development of the binder
was discussed. Results showed that to activate LFA, the optimal value of the sodium silicate modulus
for alkaline solution was 1.4—-1.6 with a Na,O content of 10%, and the water-to-solid ratio was 0.4.
In addition, the setting time of the binder reduced with increasing content of GGBS replacement,
and the compressive strength increased due to the coexistence of C—(A)-S-H and zeolite-like phases.
The maximum compressive strength of the binder was 29.2 MPa after 56 days of curing. The relatively
low strength was likely due to the absence of the Q* unit with a three-dimensional structure.

Keywords: landfilled fly ash; alkali activation; setting time; strength development; microstructure

1. Introduction

Ordinary Portland cement (OPC) and concrete are considered non-sustainable construction
materials due to the high emission of greenhouse gas and large amount of energy consumption
during their manufacturing process [1]. It has been reported that industrial cement contributes 7%
of greenhouse gas emissions and consumes approximately 10% of energy worldwide, annually [2].
Some researchers have even suggested that the only way to halt global warming is to reduce the
emission of carbon dioxide caused by human activities to zero, and cement production was included [3].
One proposed solution is to replace Portland cement in concrete by industrial wastes, such as fly ash.

Fly ash is a by-product of coal combustion, mainly produced at power stations. It has fine particles
with a size smaller than 75 um, as it is collected from flue gases by electrostatic precipitators [4].
The annual production of coal fly ash is approximately 1400 million tons worldwide [5], which includes
around 600 million tons in China with the utilisation rate estimated to be 75% [6]. Currently, fly ash
is predominantly used in the construction industry, for example, as a supplementary cementitious
material to replace cement in concrete in China. The glassy structure with reactive SiO; and Al,O3
components makes it possible to react with Ca(OH),, a hydration product of cement. On the other
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hand, 25% of the fly ash which is not utilised is still disposed of in landfill. The cumulative emission
was approximately 2.5 billion tons in 2017, and it was estimated that 150 million tons are disposed on
the land each year in China [7]. This creates serious environmental problems. Meanwhile, long-term
weathering causes transformation in the physical and chemical composition [8,9]. Reactive components
leach out and the hydraulic potential of landfilled fly ash (LFA) is much lower than that of conventional
fly ash, which is usually not suitable to be used in the cement and concrete industry [10,11]. Therefore,
more effective technology is demanded to reduce the landfilling as well as to reduce the greenhouse
gases [9].

Alkali-activated fly ash (fly ash-based geopolymer) is considered as an environmentally favourable
alternative to Portland cement for the lower amount of CO, emission, massive waste recycling and lower
cost [12-16]. Furthermore, a geopolymer has advantages of high strength, and excellent resistance to fire,
acid and sulphate attack [13,17,18], which makes it attractive in this application. A case study conducted
by Sandanayake et al. [19] showed that a fly ash-based geopolymer gave a reduction of 3.63—41.57% for
the CO, emission, and 23.80-30.25% reduction for production cost. However, some researchers argue
that fly ash-based materials do not provide optimal results of CO, emissions for geopolymers as a viable
alternative to cement concrete, not only because of the high amount of alkali solution used, but also the
requirement of heat curing to accelerate the reaction [20-23]. For the geopolymer prepared from Class F
fly ash in particular, its structure development at ambient temperature was slow due to the high content
of chemically inactive glassy phases in the source material [24].

Interestingly, it was found that the use of solid materials containing CaO can accelerate the
setting of Class F fly ash-based geopolymer and enhance its strength under ambient conditions.
Portland cement was used as an accelerator agent to improve the early strength and final strength of fly
ash-based geopolymer [21,25]. The authors suggested the optimal replacement of fly ash by Portland
cement to prepare a geopolymer at room temperature was 10-15%, and Portland cement content at
this range could reduce microcracks in geopolymer concrete. In addition, it was also reported that
partial replacement of fly ash by OPC can reduce the amount of alkali solution in the geopolymer [5],
which makes the geopolymer more sustainable. Other investigations have focused on the influence of
ground-granulated blast-furnace slag (GGBS) on the properties of fly ash-based geopolymers at room
temperature. Results indicated that the compressive strength of the geopolymer was optimised by
increased amounts of GGBS, and the structure became more compacted due to the formation of C-S-H
gel (where C = Ca0O, S = 5i0; and H = H,0) [26-31]. It is believed that the co-existence of C-S-H gel
and a zeolite-like phase in geopolymer products can improve the mechanical properties and durability
of the geopolymer [32].

In the review above, it is found that few investigations have been done on the geopolymer
system of landfilled fly ash. The setting and hardening behaviour of LFA-based geopolymer is
still unclear. Meanwhile, the geopolymeric process of LFA-based geopolymer, which is highly
dependent on the compositions of the material, will be different from the conventional fly ash.
This study aims to investigate the potential of preparation of a sustainable LFA-based geopolymer
binder at room temperature. The effect of alkali activator concentration and GGBS content on the
setting time and compressive strength of the binder is discussed based on the reaction process and
microstructure development.

2. Materials and Methods

2.1. Raw Materials

LFA was supplied by the Yuanfeng Company (Chongqing, China). The fly ash had been discharged
to the land over a period of three years to thirty years. The caking phenomenon was observed in the
material. It had a high impurity content attributed to the growth of plants. The moisture content of
the material was higher than 17%. Before being used, the fly ash was oven dried at 105 °C for 24 h
until the moisture was removed. Then, coarse particles larger than 0.63 mm were removed by sieving.
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GGBS was supplied by the Dixiang building materials company (Chonggqing, China). The chemical
compositions of these raw materials are performed according to the methods for chemical analysis of
cement suggested in Chinese Standard (GB/T 176-2017), and results are shown in Table 1. The ignition
loss of the oven-dried LFA was up to 10.56%, higher than the required value in GB/T 1596-2017.
The particle size distributions of LFA and GGBS are shown in Figure 1. The D50 size (the size at the
cumulative amount of 50% in volume) of LFA was 12.5 um, and it was 23.0 um for GGBS. Their specific
surface areas were 344 m?/kg and 410 m?/kg, respectively. X-ray diffraction (XRD) results showed that
its mineral composition included mullite, x-quartz, hematite ,and calcium silicate hydrate based on
the powder diffraction files (PDF), corresponding to the file numbers of PDF 79-1276, PDF 82-0511,
and PDF 89-8103, respectively (Figure 2). Consequently, the pozzolanic activity index of the material at
28 d was only 0.623, based on the method described in GB/T 12957-2005.

Table 1. Chemical composition of landfilled fly ash (LFA) and ground-granulated blast-furnace slag
(GGBS) (wt.%) [33].

Sample SiO, Fe, O3 Al,O3 CaO MgO Ignition Loss Others
LFA 40.41 14.65 24.99 249 / 10.56 6.9
GGBS 33.75 1.36 13.55 37.76 7.65 / 5.93
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Figure 1. Particle size distribution of (a) landfilled fly ash (LFA), and (b) GGBS.
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Figure 2. X-ray diffraction (XRD) patterns of LFA.

The alkali solution used for activating the hybrid binder was a sodium silicate solution (generally
called water glass) with moduli (1, SiO,/Na,O molar ratio) of 1.2, 1.4 and 1.6, respectively. 18.33 g,
13.75 g and 10.3 g sodium hydroxide (NaOH) tablets (supplied by Kelong Chemical Reagent Factory,
Chongging, China) were dissolved directly into 100 g commercial water glass with modulus of 2.74
(supplied by Chonggqing Jinkou Chemical plant, Chongqing, China, 10.7% NayO, 28.93% SiO; and
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49.87% H,0), respectively. The amount of water, which should be added in the solution, was determined
based on the NayO equivalent content (mass ratio of NayO to solid materials) and water-to-solid mass
ratio (w/s) of the paste.

2.2. Sample Preparation

The alkali-activated LFA-GGBS hybrid binders were prepared in a step by step procedure. LFA was
replaced by GGBS with the weight ratios of between 20% and 30%. Initially, LFA was mixed with GGBS
homogeneously. Alkali solution was then added in the solid mixture and mixed for approximately
three minutes to make a homogenous paste. The paste was cast in a 40 x 40 x 40 mm? cubic mould
and cured in a standard room (>95% RH, 20 + 2 °C) for 24 h before the specimen was removed.
After removal from the mould, the specimen was still cured under standard conditions until the age for
the measurement of compressive strength was achieved. In this study, the effect of the GGBS content
of the solid materials, the modulus of the alkali solution, Na,O content and water-to-solid ratio on the
properties of the hybrid binders were investigated. The parameters are listed in Table 2.

Table 2. Parameters which influence the properties of alkali-activated LFA-GGBS hybrid binder.

Factors Values
GGBS content 20%, 25% and 30%
Modulus of alkali solution (n) n=12,14and 1.6
Na,O content (mass ratio of solid materials) 6%, 8%, 10% and 12%
Water to solid ratio (w/s) 0.35, 0.40, 0.45 and 0.50

2.3. Characterisation of Samples

Setting time of the paste, i.e., the time in which the material loses its plasticity and becomes
hardened, was measured by a standard Vicat equipment according to ASTMC 191-04. The initial
setting time was determined when the penetration depth of the initial setting needle was 25 mm,
and final setting time was decided when the needle was not able to penetrate in the paste and no
obvious marks were observed on the surface of the paste. Compressive strength of the hardened paste
was measured after curing for 3 days, 7 days, 28 days and 56 days (also expressed as 3d, 7 d, 28 d and
56 d, respectively) under standard conditions, by a hydraulic universal testing machine following the
Standard GB/T 17671-1999. The fluidity was tested according to GB/T 8077-2000. A mini-slump cone
was used in the measurement. The paste was filled in the cone within 30 s from the completion of
mixing. Then the flow ring was lifted and the timer was started simultaneously. The paste was allowed
to spread for 30 s before the diameter of the spread in two directions was measured. The fluidity was
the average flow diameter of the paste.

Temperature evolution, which can reflect the geopolymeric process of the hybrid binder, was evaluated
based on the method described by Bai el al. [34]. The fresh paste was placed in a 200 mL cylinder thermos
container and a thermocouple was embedded in the centre of the sample. Temperature was recorded at
one-minute intervals immediately after casting, and the test lasted for approximately 18 h. The difference
between the tested temperature for the mixture and the surrounding temperature was defined as the
“temperature increase”. The profile of “temperature increase rate” was the differential of the temperature
increase-time profiles

An electrodeless resistivity meter (CCR-2) supplied by Bwin Technology Limited was used to
detect the electrical resistivity of the hybrid binder. The paste was placed in a cylindrical mould and
the outside wall of the mould was slightly beaten to make sure the air bubbles were removed from the
paste. This process was completed in 10 min. Data were recorded at one-minute intervals immediately
after the samples were fixed in the container. The measurement lasted for 3 days.

X-ray powder diffraction (XRD) was used to analyse the mineral phases of the LFA and hybrid
binders at different curing ages by an X-ray diffractometer (Spectris Pte. Ltd, Singapore) with Cu-Ka
radiation (A = 1.5406 A). The scanning range was from 5° to 70° 20, and the scanning rate was 2°/min
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with step of 0.02°. The functional groups of the hydration products of the hybrid binders were
characterised by Fourier transform infrared spectroscopy (FTIR, Nicolet iS50, Thermo Fisher Scientific,
Waltham, MA, USA). Scanning electronic microscopy (SEM, Tescan Vega 11, Tescan Ltd., Brno, Czech)
was used to investigate the morphology of the hybrid binders. The instrument was supplied by Tescan
Ltd. (Brno, Czech) and was equipped with a secondary electron detector and EDS (energy-dispersive
spectroscopy, INCA Energy 3500 X, Oxford, UK). The geopolymerisation reaction was stopped by
immersing the samples in ethanol liquid for two weeks. Before measurement, the samples were dried
by vacuum at 40 °C and followed by coating in gold with a thickness of ca. 20 nm, to improve the
electronic conductivity.

3. Results and Discussion
3.1. Setting and Hardening of the Binder

3.1.1. Influence of Alkali Solution

In this section, the influence of Na,O content and modulus of alkali activator on the setting
time and compressive strength of the alkali activated LFA-GGBS hybrid binders were investigated.
GGBS content of the solid materials was 25%, and the water-to-solid weight ratio was 0.4. Results are
shown in Figures 3 and 4, respectively.

Figure 3 shows that the initial setting time of the hybrid binders was between 180 min and 330 min,
while the final setting time ranged from 240 min and 420 min. This agreed with the requirement of
common Portland cement in GB 175-2007 that the initial setting time should be longer than 45 min,
but the final setting time should be shorter than 600 min. It should be noted that the setting time
increased dramatically with alkali content at all the moduli of the alkali solution applied in this study.
This was probably because increasing Na,O content would have a negative effect on the dissolution of
the CaO of the GGBS, which in turn results in a slower formation rate of C-S5-H gel [14]. When Na,O
content was kept constant, the setting of the hybrid binders was not significantly affected by the
modulus of the alkali solution, as shown in the figure.

A different tendency was observed from the results of compressive strength shown in Figure 4.
It can be seen that a higher Na,O content generally provided a higher compressive strength of the hybrid
binders, despite the increased setting time. For example, when the modulus was 1.2, the compressive
strength of the hybrid binder with 6% Na,O content was 3.1 MPa, 4.0 MPa, 9.1 MPa and 12.1 MPa
for3d, 7 d, 28 d and 56 d, respectively. When the Na,O content increased to 12%, the compressive
strength was 12.1 MPa, 14.1 MPa, 20.6 MPa and 22.7 MPa, corresponding to 3d, 7 d, 28 d and 56 d
curing, respectively. The reason is that the dissolution of the glassy-like structure of LFA and GGBS
usually occurs in a strong alkali environment. The pH value of the alkali solution was increased by a
higher Na,O content, which will promote the amount of dissolved fly ash and slag particles [35]. As a
result, more gels are formed to produce a denser structure, and the compressive strength is improved.
However, it should be noted that a high Na,O content possibly has a negative effect on the strength
development. When the Na,O content was 12%, the 56-day strength of the hybrid binder was lower
than the 28-day strength at the modulus of 1.4 and 1.6 (Figure 4b,c).

In addition, the compressive strength was also improved by increasing the modulus of the water
glass. For the modulus of 1.6, the 3-day strength was 6.5 MPa, 10.2 MPa, 13.2 MPa and 15.7 MPa,
while 56-day strength was 21.1 MPa, 23.3 MPa, 26.6 MPa and 29.4 MPa, corresponding to the binder
with NayO content of 6%, 8%, 10% and 12%, respectively. This showed that an alkali solution with a
modulus of 1.6 was suitable to activate the LEA-GGBS hybrid binder. It is known from the experiment
that 12% NayO is neither beneficial to the setting of the binder, nor to the strength development at
the later age. When the Na,O content was 10%, no great difference of the compressive strength was
observed at the modulus between 1.4 and 1.6. For further study, therefore, an alkali solution with
NayO content of 10% and modulus of 1.4-1.6 can be used as an activator.
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Figure 3. Setting time of alkali activated LFA-GGBS hybrid binder with different alkali solutions (GGBS
content = 25%, water/solid ratio = 0.4): (a) modulus of water glass n = 1.2; (b) modulus of water glass
n = 1.4; (c) modulus of water glass n = 1.6.

35 4
| (@a)yn=12 (b)n=1.4 (c)n=1.6

w
o
1

N
o
| L

Compressive strength (MPa)
- N N
()] o [¢)]
1 1 1
| m
oo

54 —a—28d
1 —w—:56d
0'I'I'I'I'I'I'I'I|'|'|'|'|'|'|'l'||'|'|'|'|'|'|'|'|
5 6 7 8 9 101112135 6 ¥ 8 9 101112135 6 7 8 9 10 11 12 13
Na,O content (%) Na,O content (%) Na,O content (%)

Figure 4. Compressive strength of alkali activated LFA-GGBS hybrid binder with different alkali
solution (GGBS content = 25%, water/solid ratio = 0.4): (a) modulus of water glass n = 1.2; (b) modulus
of water glass n = 1.4; (c) modulus of water glass n = 1.6.

3.1.2. Influence of Water-to-Solid Ratio

The influence of water-to-solid ratio (w/s) on the fluidity, setting time and compressive strength
of the hybrid binder is shown in Figure 5. There is no doubt that the fluidity of the paste increased
almost linearly with the water-to-solid ratio. When wy/s ratio was 0.35, the fluidity was 138 mm.
The paste was quite sticky and not suitable for casting. As the ratio increased to 0.45, the viscosity of
the paste decreased dramatically with the fluidity increasing to 206 mm, and bleeding was observed.
Results showed that the hybrid binder with a water-to-solid ratio of 0.40 provided a paste with suitable
fluidity (160 mm) for casting. Similar to the increasing tendency of fluidity, the setting time also
increased as the wy/s ratios increased. The initial setting time and final setting time was 269 min and
357 min, respectively, for the binder with w/s ratio of 0.35, and the values were up to 305 min and
411 min at a w/s of 0.50. A linear decrease in compressive strength with increasing wy/s ratios was
present for all the cured ages. Three-day strength was 16.8 MPa at a w/s of 0.35, but this decreased
by 44% to 9.4 MPa, whereas the 28-day strength of the binder decreased from 29.3 MPa to 14.4 MPa.
The decrease of compressive strength was mainly due to the increased porosity of the binder as the w/s
ratio increased [36].
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Figure 5. Setting and hardening properties of alkali-activated LFA-GGBS hybrid binder with different
water/solid ratios (GGBS content = 25%, NayO content = 10%, n = 1.6): (a) fluidity of the binder;
(b) Setting time of the binder; (c) compressive strength of the binder curing for different ages.

3.1.3. Influence of Ground-Granulated Blast-Furnace Slag (GGBS) Content

Different GGBS content was used in the hybrid binder to investigate the variation of setting time and
compressive strength, and results are shown in Figure 6. A remarkable decrease in the setting time was
observed with an increase of GGBS content. The initial setting time was approximately 380 min for the
binder containing 20%, and a decrease of around 80 min appeared with an increase of GGBS content of
5%. In terms of final setting time, the value was nearly 470 min for the hybrid binder with 20% GGBS,
and it decreased to 343 min when the GGBS content was increased to 30%. The reason was that with
the presence of a high amount of Ca ions (37.46% CaO content in GGBS), the polymerisation degree of
GGBS was lower than that of LFA which contained 2.49% CaO [37]. In this case, GGBS was much easier
to dissolve in the alkali solution to form hydration products, than fly ash. Consequently, the setting
time was reduced. On the other hand, introducing more GGBS in the hybrid binder would improve the
compressive strength, as shown in Figure 6b. When the GGBS content was 20%, the compressive strength
was 9.0 MPa, 11.4 MPa, 18.2 MPa and 21.1 MPa for 3d, 7 d, 28 d and 56 d curing, respectively. The values
increased by 33.3%, 27.2%, 14.3% and 14.3%, respectively, at the GGBS content of 25%. For the binder
with a GGBS content of 30%, the increase in compressive strength was 50.0%, 59.4%, 33.0% and 38.4%
for 3d,7d, 28 d and 56 d curing, respectively. This can likely be attributed to the increasing amount of
C-5-H and C-A-5-H gels (where C = CaO, A = A,O3, S = SiO,, H = H,O) with a higher content of
GGBS [32]. Furthermore, with an increasing amount of GGBS replacement, the Si/Al ratio of the material
increased, which would also improve the strength of the binder [35].
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Figure 6. Setting time (a) and compressive strength (b) of alkali activated LFA-GGBS hybrid binder
with different GGBS content (Na,O content 10%, n = 1.4, and w/s = 0.4).
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3.2. Reaction of the Hybrid Binder

3.2.1. Isothermal Temperature Increase

Figure 7a—c show the temperature-increase with time plots for the alkali-activated hybrid binders
with different GGBS contents for short-time curing. No obvious difference was observed between the
temperature increase curves in the initial hour after the mixtures were prepared (Figure 7a,c). This is
probably due to the dissolution of silicon and aluminium containing source materials in the high
alkali solution [38]. After one-hour curing, the temperature increase became higher for the GGBS
replacement of 30% than that for the 20%, and the rate of temperature-increase dramatically jumped up
to a maximum value in approximately 10 min. This is likely ascribed to the faster dissolution rate of slag
particles than fly ash particles [37], and in this case, a higher amount of geopolymerisation products
will be produced at a higher replacement level of GGBS. In the following four to five hours, the rate of
the temperature increase dramatically decreased to zero. This process was related to the fluidity loss of
the paste, and setting occurred. It was found that the peak of temperature increase for the pastes of
30% and 20% GGBS content appeared at approximately 6 h and 7 h, respectively. The results somehow
confirm the final setting time of the paste, as shown in Figure 6a. A decrease in the temperature
increase rate followed and the rate of temperature increase became negative. The reason was that the
experiment conducted in this study was under semi-adiabatic conditions and heat diffusion became
dominant. It can be suggested that the geopolymerisation reaction slowed down at this period due
to the formation of a more compacted structure. The maximum temperature increase provided by
the binder containing 30% GGBS was 6.3 °C, approximately 46.5% higher than that provided by the
binder with 20% GGBS. This indicates a higher total heat generated by the former hybrid binder,
and consequently the binder showed a much higher compressive strength, as shown in Figure 6b.
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Figure 7. Temperature increase of alkali activated LFA-GGBS hybrid binder with different GGBS
content (NayO content 10%, n = 1.4, and w/s = 0.4): (a) temperature increase; (b) temperature increase
rate; (c) temperature X hour.

3.2.2. Electrical Resistivity

The electrical resistivity of the alkali activated hybrid binder is shown in Figure 8. Obviously,
the variation of electrical resistivity was similar between the two hybrid binders with different GGBS
content, such that three periods were included according to the rate of the electrical resistivity curves.
However, the initial electrical resistivity was higher for the hybrid binder with 30% GGBS than the
binder with 20%. This is probably ascribed to the higher specific surface area of GGBS than LFA,
and the former paste was stickier than the latter. Electrical resistivity decreased dramatically as time
increased, indicating the increased number of ions in the solution. This was a result of the dissolution
of GGBS and LFA particles in the high pH solution. Thus, the rate of electrical resistivity became less
negative corresponding to the period I, as shown in the figure. This process occurred in the first hour
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after the mixture was prepared. The following period (period II) was a setting period. In this period,
GGBS and LFA particles are continuously dissolving. Meanwhile, polymerisation was possible as the
ions concentration in the solution increased. As a result, the rate of electrical resistivity became much
less negative, despite the fact that the electrical resistivity still decreased. In this case, the dissolution
of the particles was also dominant. It should be noted that at the first cross point (C1), the value of
the electrical resistivity of the binder with 30% GGBS content was lower than that of the binder with
20% GGBS. This point is related to the initial setting of the former binder, demonstrating that a higher
amount of GGBS would accelerate the dissolution of the particles. At approximately seven hours after
mixing, the electrical resistivity gradually increased, indicating the increased amount of polymerisation
products. This was related to the hardening process of the binder [39]. The dissolution of the GGBS
and LFA particles became difficult as the porosity decreased and the thickness of the polymerisation
products on the particles increased. Consequently, polymerisation and diffusion of the ions became
dominant. In addition, a second cross point (C2) was observed, and the electrical resistivity of the
binder with 30% GGBS was higher than that of 20% GGBS at approximately 45 h after reaction. This is
because GGBS shows higher reactivity with a lower degree of connectivity in its structure than fly
ash [37]. In this case, the rate of dissolution and polymerisation of GGBS will be faster than fly ash.
Therefore, the binder with 30% slag had shorter setting time and higher strength than those with lower
GGBS content.
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Figure 8. Electrical resistivity of alkali activated LFA-GGBS hybrid binder with different GGBS content

(NayO content 10%, n = 1.4, and w/s = 0.4): (a) 20% GGBS; (b) 30% GGBS content.

3.3. Microstructure of the Hybrid Binder

3.3.1. X-ray Diffraction (XRD) Analysis

Figure 9 gives the XRD patterns of the hybrid binder with different GGBS content at different
curing ages. Compared with the pattern of LFA, humped shapes at 20 of between 20° and 40° appeared
in all the hybrid binders, indicating the formation of a C-S-H gel and a zeolite-like gel after alkali
activation [40,41]. Despite that no obviously new peaks were created in the alkali-activated samples
compared with LFA, the intensity of the peak with d-spacing of 0.302 nm (26 of 29.2°) increased with
an increased amount of GGBS content. This peak was characteristic for C-5-H gel [42], which is due to
the dissolution and precipitation of the GGBS in the high alkaline solution. It demonstrated that the
coexistence of C-S5-H gel and zeolite-like gel could improve the mechanical properties of the hybrid
binders as the compressive strength of the binder increased with GGBS content. Mineral phases such
as mullite, quartz and hematite were not involved in the geopolymerisation reaction since these phases
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were still present in the hybrid binders, and no obvious difference was observed from the intensity of
the XRD patterns.

30% slag, 56 d, M: Mullite; Q: Quartz; F: Hematite; C: C-S-H
F F F F
30% slag, 3 d, | M M MMN}: MMM MM M M MFF Q

25% slag, 56 }!\ b

B .
20% slag, 56 d \ L™,
20% slag, 3 d\ \

\\\NMW

LFA 1\ /ﬂ i
MLM«W L«JL U s
(IJ | 1ID "~ 2IO ~ 30 | 40 SIO GIO ?ID
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Figure 9. X-ray diffraction (XRD) patterns of alkali activated LFA-GGBS hybrid binder with different
GGBS content at different curing ages.

3.3.2. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR analysis on the hybrid binder with 30% GGBS is shown in Figure 10. The bands appearing
at the region of 2000-4000 cm™! are attributed to the stretching vibration of hydrogen groups (Si-O-H).
The vibration at 1647 cm™ results from the bending of the hydroxyl band. These bands indicated the
presence of weakly bound water molecules that were adsorbed on the surface on the geopolymeric
products [41]. The decrease of intensity in the region of 2000-4000 cm~! showed a reduced amount of
water molecules as the reaction proceeded, demonstrating that the water molecules are consumed
during the polycondensation reaction [43]. The bands located at the region of 1400-1500 cm™~! are the
signal of asymmetric stretching vibration of CO%‘, and the band position at 872 cm™! is attributed to
the bending vibration of the C-O bond of carbonates [43]. It was found that the amount of carbonation
product was higher when the sample was cured for 56 days than curing for 3 days.

The bands positioned in the range of 800-1350 cm™' are related to the stretching vibration of
Si-O-R (with R = Si, Al, Na, etc.). The band at 1003 was ascribed to the Q? units of Si-O-Si for 3-day
curing (Figure 10b). The polymerisation degree of the binder increased for 56 days of curing as the
vibration shifted to a higher wavenumber (1034 cm™!). In addition, a “shoulder” peak appeared at
1156 cm™!, representing the formation of Q3 units. For further understanding of the structural variation
caused by curing age, the bands’ vibration between 800-1350 cm~! were deconvoluted into four peaks.
The results are shown in Table 3 and Figure 11.

In Figure 11, CO%‘ vibration appeared at 863-882 cm™! for different curing ages. A band with
wavenumber of 944 cm™~! as a representative of Q? units was present in the sample when cured for
3 days [44,45]. However, as the curing age increased to 56 days, this type of Q* unit disappeared. Instead,
the fitting area of a silica-rich gel with a vibration of 1027 cm™! increased by 37.9%. This band is likely a
representative of Q? units with finger print structure [46], demonstrating the increased connectivity of
the silicate chain by curing. Q? units were present at 1150 cm™! in the sample of 3-day curing. When the
curing age increased to 56 days, Q? units shifted to a higher vibration wavenumber (1167 cm™') with
an increased fitting area, indicating the higher degree of geopolymerisation of the structure. Q* units
were absent in the structure, indicating that alkali-alumina silicates with three-dimensional structure
characteristics were not formed [29]. Consequently, although the compressive strength of the hybrid
increased, the value was still not as high as expected.
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Figure 10. Fourier transform infrared (FTIR) spectrum of alkali-activated LFA-GGBS hybrid binders
(NayO content 10%, n = 1.6, and w/s = 0.4, 30% GGBS): (a) 4000-2000 cm™~!; (b) 2000-400 cm™.

Table 3. Peak properties after deconvolution of alkali activated LFA-GGBS hybrid binders (Na,O
content 10%, n = 1.6, and w/s = 0.4, 30% GGBS).

3d 56 d
Band Wavenumber Area Fit Wavenumber Area Fit
(cm-1) %) FWHM (em-1) (%) FWHM
CO§‘ 863 5.17 66 875-882 6.76 10.1, 66.9
Q? 944 22.85 122.5 / / /
Q? (Silica-rich gel) 1032 47.46 157 1027 65.46 157.5
Q3 1150 24.52 172.9 1167 27.78 139.6
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Figure 11. Deconvolution of Si-O band ranging from 800 to 1350 cm™! of alkali activated LFA-GGBS
hybrid binders with different GGBS content at different ages (NayO content 10%, n = 1.6, and w/s = 0.4):
(a) 30% GGBS, 3 d; (b) 30% GGBS, 56 d.

3.3.3. Scanning Electron Microscopy (SEM) Analysis

The microscopy photographs of LFA and hybrid binder are shown in Figure 12. By contrast with
the morphology of commercial fly ash, which consists of spherical and vitreous particles [41], particles
with an irregular shape and rough surface were also found in LFA, and the size ranged from 1 pm
to 40 pm, and coarse agglomerates with depositional bonding structure in the appearance of long
“threads” can be observed in Figure 12a. This agrees with the description in [11]. It was caused by the
weathering effect during the land filled period. Consequently, the reactivity decreased. Geopolymeric
matrices were developed at three days of curing, despite the presence of unreactive fly ash particles
(Figure 12b). In addition, micro-cracks with a width of approximately 2 pm were obvious in the
geopolymeric matrix. The presence of cracks was probably caused by thermal stresses during the
geopolymerisation process. When the curing time increased to 56 days, the size of cracks was reduced
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due to the reaction of fly ash such that more geopolymeric products were formed to fill the cracks.
Energy-dispersive X-ray spectroscopy (EDX) measurements, shown in Table 4, indicate that the main
geopolymeric products were the co-existence of N-A-S-H gel (where N = Na,O, A = Al,03, S = 5i0,
and H = H,0) and C-(A)-S5-H gel. However, LFA was not completely consumed, even for 56-day of
curing, as fly ash particles were still observed in the sample, which means the reactivity of LFA did not
completely react at room temperature. Suitable curing will be required to accelerate the reaction for
further investigation.

(a) LFA (a) 30% slag, 3 d BT (C) 30% slag, 56 d

Geopolymeric

matrix

<+“— LQFA

‘ 5
Partially reacted Ty 'Eic ks
LOEA Partially reacted

LQFA

Figure 12. Scanning electron microscope (SEM) photographs of (a) LFA; (b) alkali-activated LFA-GGBS
hybrid binders with 30% GGBS curing for 3 d; (c) alkali activate LFA-GGBS hybrid binders with 30%
GGBS curing for 56 d.

Table 4. The average content of different elements (%) for each point in Figure 12.

Ratio of the Element at Different Position

Elements
1 2 3 4 5
C - - - 49 -
Na 3.55 8.95 3.26 16.9 3.75
Ca 20.00 4.35 12.50 21.63 7.87
O 50.42 67.96 60.15 49.45 64.52
Si 18.55 15.78 14.05 10.5 29.01
Al 7.48 2.95 5.76 - 4.57
Fe 6.19 - - - -
Mg - - 4.28 - -

4. Conclusions

In this study, landfilled fly ash with low quality was activated by water glass to investigate the
possibility of preparing a sustainable fly ash-based geopolymer at room temperature. Ground granular
blast furnace slag was added to optimise its setting and hardening properties. Results showed that the
hybrid binder was more reactive when the alkali content was 10% and the modulus of water glass was
1.4-1.6. The addition of GGBS was effective in accelerating the geopolymerisation of the hybrid binder
to reduce the setting time and improve the strength. Compared to the binder with a GGBS content
of 20% in the solid material, the initial setting time and final setting time of the binder with a GGBS
content of 30% was reduced by 41.6% and 27.6%, respectively. In addition, the three-day strength
was improved by 50.0%. This was due to the GGBS being more reactive than fly ash, and it can be
dissolved more easily in the alkali solution to form N-A-5-H and C—(A)-S-H, based on the study of
the isothermal temperature increase and electrical resistivity. Microstructural analysis also showed
that the fly ash was still present in the binder, even for 56-day curing, with a compressive strength of
29.2 MPa, even though the geopolymerisation degree was greatly improved compared to that of 3 days
of curing. Furthermore, Q* units of alumina-silicates with a three-dimensional structure were not
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detected in the sample cured for 56 days. In this case, suitable curing should be adapted to accelerate
the reaction of low-quality fly ash in a future study.

Author Contributions: Conceptualisation, W.L. and S.W.; Formal analysis, L.L. and B.W.; methodology, S.W.,
B.W. and K.S,; Supervision, X.P,; Validation, W.L., X.P. and L.Z.; Writing—original draft preparation, S.W., L.L. and
K.S.; Writing—review and editing, W.L., S.W., X.P. and L.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant number 51678368,
and the Fundamental Research Funds for the Central Universities, grant number 2019CDJGFCLO002. The research
was also funded by Guangdong Provincial Key Laboratory of Durability for Marine Civil Engineering, Shenzhen
Durability Centre for Civil Engineering, Shenzhen University, grant number GDDCE 18-8.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Flower, D.J.M,; Sanjayan, J.G. Greenhouse Gas Emissions Due to Concrete Manufacture. In Handbook of Low
Carbon Concrete; Nazari, A., Sanjayan, J.G., Eds.; Butterworth-Heinemann: Oxford, UK, 2017; Chapter 1;
pp- 1-16.

2. Yang, KH. Song, ] K.; Song, K.I. CO2 Reduction Assessment of Alkali-Activated Concrete Based on
Korean Life-Cycle Inventory Database. In Handbook of Low Carbon Concrete; Nazari, A., Sanjayan, J.G., Eds.;
Butterworth-Heinemann: Oxford, UK, 2017; Chapter 7; pp. 139-157.

3.  Pierrehumbert, R. There is no Plan B for dealing with the climate crisis. Bull. At. Sci. 2019, 75, 215-221.
[CrossRef]

4. Ahmaruzzaman, M. A review on the utilization of fly ash. Prog. Energy Combust. Sci. 2010, 36, 327-363.
[CrossRef]

5. Assi,L.N,; Carter, K.; Deaver, E.; Ziehl, P. Review of availability of source materials for geopolymer/sustainable
concrete. J. Clean. Prod. 2020, 263, 121477. [CrossRef]

6.  Report on the Comprehensive Utilization of Large Emmission of Industrial Solid Wastes in China in 2017; Ni, W. (Ed.);
Industrial Solid Waste Network: Beijing, China, 2018.

7. Report on the Development of Fly Ash Industry in 2017. Available online: http://www.ccement.com/news/
content/9301050184546.html (accessed on 27 December 2017).

8. Wozniak, M.; Zygadto, M. The transformation of coal fly ash deposited on wet landfills. Energy Sources Part
A Recovery Util. Environ. Eff. 2016, 38, 2734-2740. [CrossRef]

9.  Messina, F; Ferone, C.; Colangelo, F. Alkali activated waste fly ash as sustainable composite: Influence of
curing and pozzolanic admixtures on the early-age physico-mechanical properties and residual strength
after exposure at elevated temperature. Compos. Part B Eng. 2018, 132, 161-169. [CrossRef]

10. Wu, B,; Peng, X,; Li, S.; Wang, S.; Xu, Y.; Chen, Y. Effects of admixtures on alkali-activated low rank fly ash
concrete. Concrete 2019, 353, 101-105.

11.  Wirth, X,; Glatstein, D.A.; Burns, S.E. Mineral phases and carbon content in weathered fly ashes. Fuel 2019,
236, 1567-1576. [CrossRef]

12. Li, Z,; Li, S. Effects of wetting and drying on alkalinity and strength of fly ash/slag-activated materials.
Constr. Build. Mater. 2020, 254, 119069. [CrossRef]

13.  Mobili, A.; Belli, A.; Giosue, C.; Bellezze, T.; Tittarelli, F. Metakaolin and fly ash alkali-activated mortars
compared with cementitious mortars at the same strength class. Cem. Concr. Res. 2016, 88, 198-210.
[CrossRef]

14. Provis, ].L.; Palomo, A.; Shi, C. Advances in understanding alkali-activated materials. Cem. Concr. Res. 2015,
78,110-125. [CrossRef]

15. Garcia Lodeiro, I.; Cristelo, N.; Palomo, A.; Fernandez-Jiménez, A. Use of industrial by-products as alkaline
cement activators. Constr. Build. Mater. 2020, 253, 119000. [CrossRef]

16. Elahi, M.M.A.; Hossain, M.M.; Karim, M.R.; Zain, M.EM.; Shearer, C. A review on alkali-activated binders:
Materials composition and fresh properties of concrete. Constr. Build. Mater. 2020, 260, 119788. [CrossRef]

17.  Saridemir, M.; Celikten, S. Investigation of fire and chemical effects on the properties of alkali-activated
lightweight concretes produced with basaltic pumice aggregate. Constr. Build. Mater. 2020, 260, 119969.
[CrossRef]


http://dx.doi.org/10.1080/00963402.2019.1654255
http://dx.doi.org/10.1016/j.pecs.2009.11.003
http://dx.doi.org/10.1016/j.jclepro.2020.121477
http://www.ccement.com/news/content/9301050184546.html
http://www.ccement.com/news/content/9301050184546.html
http://dx.doi.org/10.1080/15567036.2015.1110645
http://dx.doi.org/10.1016/j.compositesb.2017.08.012
http://dx.doi.org/10.1016/j.fuel.2018.09.106
http://dx.doi.org/10.1016/j.conbuildmat.2020.119069
http://dx.doi.org/10.1016/j.cemconres.2016.07.004
http://dx.doi.org/10.1016/j.cemconres.2015.04.013
http://dx.doi.org/10.1016/j.conbuildmat.2020.119000
http://dx.doi.org/10.1016/j.conbuildmat.2020.119788
http://dx.doi.org/10.1016/j.conbuildmat.2020.119969

Materials 2020, 13, 3130 14 of 15

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Zhang, P; Gao, Z.; Wang, J.; Guo, J.; Hu, S.; Ling, Y. Properties of fresh and hardened fly ash/slag based
geopolymer concrete: A review. J. Clean. Prod. 2020, 270, 122389. [CrossRef]

Sandanayake, M.; Gunasekara, C.; Law, D.; Zhang, G.; Setunge, S.; Wanijuru, D. Sustainable criterion
selection framework for green building materials—An optimisation based study of fly-ash Geopolymer
concrete. Sustain. Mater. Technol. 2020, 25, e00178.

Ouellet-Plamondon, C.; Habert, G. Life cycle assessment (LCA) of alkali-activated cements and concretes.
In Handbook of Alkali-Activated Cements, Mortars and Concretes; Pacheco-Torgal, F.,, Labrincha, J.A., Leonelli, C.,
Palomo, A., Chindaprasirt, P., Eds.; Woodhead Publishing: Oxford, UK, 2015; pp. 663—686.

Assi, L.; Ghahari, S.; Deaver, E.; Leaphart, D.; Ziehl, P. Improvement of the early and final compressive
strength of fly ash-based geopolymer concrete at ambient conditions. Constr. Build. Mater. 2016, 123, 806-813.
[CrossRef]

Gorhan, G.; Aslaner, R.; Sinik, O. The effect of curing on the properties of metakaolin and fly ash-based
geopolymer paste. Compos. Part B Eng. 2016, 97, 329-335. [CrossRef]

Hamidi, R-M.; Man, Z.; Azizli, K.A. Concentration of NaOH and the Effect on the Properties of Fly Ash
Based Geopolymer. Procedia Eng. 2016, 148, 189-193. [CrossRef]

Cai, J.; Li, X;; Tan, J.; Vandevyvere, B. Thermal and compressive behaviors of fly ash and metakaolin-based
geopolymer. J. Build. Eng. 2020, 30, 101307. [CrossRef]

Aliabdo, A.A.; Abd Elmoaty, A.E.M.; Salem, H.A. Effect of cement addition, solution resting time and curing
characteristics on fly ash based geopolymer concrete performance. Constr. Build. Mater. 2016, 123, 581-593.
[CrossRef]

Al-Majidi, M.H.; Lampropoulos, A.; Cundy, A.; Meikle, S. Development of geopolymer mortar under ambient
temperature for in situ applications. Constr. Build. Mater. 2016, 120, 198-211. [CrossRef]
Phoo-ngernkham, T.; Maegawa, A.; Mishima, N.; Hatanaka, S.; Chindaprasirt, P. Effects of sodium
hydroxide and sodium silicate solutions on compressive and shear bond strengths of FA-GBFS geopolymer.
Constr. Build. Mater. 2015, 91, 1-8. [CrossRef]

Nath, P; Sarker, PK. Effect of GGBFS on setting, workability and early strength properties of fly ash
geopolymer concrete cured in ambient condition. Constr. Build. Mater. 2014, 66, 163-171. [CrossRef]
Puertas, F.; Martinez-Ramirez, S.; Alonso, S.; Vazquez, T. Alkali-activated fly ash/slag cements: Strength
behaviour and hydration products. Cem. Concr. Res. 2000, 30, 1625-1632. [CrossRef]

Oh, J.E.; Monteiro, P].M.; Jun, S.S.; Choi, S.; Clark, S.M. The evolution of strength and crystalline phases for
alkali-activated ground blast furnace slag and fly ash-based geopolymers. Cem. Concr. Res. 2010, 40, 189-196.
[CrossRef]

Lee, N.K,; Lee, H.K. Setting and mechanical properties of alkali-activated fly ash/slag concrete manufactured
at room temperature. Constr. Build. Mater. 2013, 47, 1201-1209. [CrossRef]

Provis, J.; Van Deventer, ].S. Alkali Activated Materials: State-of-the-Art Report, RILEM TC 224-AAM; Springer:
London, UK, 2014.

Wau, B. Research on Preparation and Performance of Alkali-Activated Low Activity Fly Ash Composite Cementitious
Materials; Chonggqing University: Chongging, China, 2018.

Bai, J.; Wild, S. Investigation of the temperature change and heat evolution of mortar incorporating PFA and
metakaolin. Cem. Concr. Compos. 2002, 24, 201-209. [CrossRef]

Komljenovi¢, M.; Bas¢arevi¢, Z.; Bradi¢, V. Mechanical and microstructural properties of alkali-activated fly
ash geopolymers. |. Hazard. Mater. 2010, 181, 35-42. [CrossRef]

Aliabdo, A.A.; Abd Elmoaty, A.E.M.; Salem, H.A. Effect of water addition, plasticizer and alkaline solution
constitution on fly ash based geopolymer concrete performance. Constr. Build. Mater. 2016, 121, 694-703.
[CrossRef]

Yang, N. Non-Tradition Cementitious Materials Chemistry; Wuhan University of Technology Press: Wuhan,
China, 2018.

Xu, H.; Van Deventer, ].S.J. The geopolymerisation of alumino-silicate minerals. Int. ]. Miner. Process. 2000,
59, 247-266. [CrossRef]

Wei, X. Kinetics of Structure Formation and Properties of Concrete by Electrical Resistivity Mesurement; Wuhan University
of Techology Press: Wuhan, China, 2016.

Chindaprasirt, P.; De Silva, P.; Sagoe-Crentsil, K.; Hanjitsuwan, S. Effect of SiO, and Al,O3 on the setting and
hardening of high calcium fly ash-based geopolymer systems. |. Mater. Sci. 2012, 47, 4876-4883. [CrossRef]


http://dx.doi.org/10.1016/j.jclepro.2020.122389
http://dx.doi.org/10.1016/j.conbuildmat.2016.07.069
http://dx.doi.org/10.1016/j.compositesb.2016.05.019
http://dx.doi.org/10.1016/j.proeng.2016.06.568
http://dx.doi.org/10.1016/j.jobe.2020.101307
http://dx.doi.org/10.1016/j.conbuildmat.2016.07.043
http://dx.doi.org/10.1016/j.conbuildmat.2016.05.085
http://dx.doi.org/10.1016/j.conbuildmat.2015.05.001
http://dx.doi.org/10.1016/j.conbuildmat.2014.05.080
http://dx.doi.org/10.1016/S0008-8846(00)00298-2
http://dx.doi.org/10.1016/j.cemconres.2009.10.010
http://dx.doi.org/10.1016/j.conbuildmat.2013.05.107
http://dx.doi.org/10.1016/S0958-9465(01)00042-7
http://dx.doi.org/10.1016/j.jhazmat.2010.04.064
http://dx.doi.org/10.1016/j.conbuildmat.2016.06.062
http://dx.doi.org/10.1016/S0301-7516(99)00074-5
http://dx.doi.org/10.1007/s10853-012-6353-y

Materials 2020, 13, 3130 15 of 15

41.

42.

43.

44.

45.

46.

Abdullah, M.M.A.B.; Hussin, K.; Bnhussain, M.; Ismail, K.N.; Yahya, Z.; Abdul Razak, R. Fly Ash-based
Geopolymer Lightweight Concrete Using Foaming Agent. Int. J. Mol. Sci. 2012, 13, 7186. [CrossRef]
[PubMed]

Taylor, HEW. Cement Chemistry; Thomas Telford: London, UK, 1997.

Essaidi, N.; Laou, L.; Yotte, S.; Ulmet, L.; Rossignol, S. Comparative study of the various methods of
preparation of silicate solution and its effect on the geopolymerization reaction. Results Phys. 2016, 6, 280-287.
[CrossRef]

Garcia-Lodeiro, I.; Fernandez-Jiménez, A.; Blanco, M.T.; Palomo, A. FTIR study of the sol-gel synthesis of
cementitious gels: C-S-H and N-A-S-H. J. Sol-Gel Sci. Technol. 2008, 45, 63-72.

Garcia Lodeiro, I.; Macphee, D.E.; Palomo, A.; Fernandez-Jiménez, A. Effect of alkalis on fresh C-5-H gels.
FTIR analysis. Cem. Concr. Res. 2009, 39, 147-153. [CrossRef]

Bjornstrom, J.; Martinelli, A.; Matic, A.; Borjesson, L.; Panas, I. Accelerating effects of colloidal nano-silica for
beneficial calcium-silicate-hydrate formation in cement. Chem. Phys. Lett. 2004, 392, 242-248. [CrossRef]

® © 2020 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 (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3390/ijms13067186
http://www.ncbi.nlm.nih.gov/pubmed/22837687
http://dx.doi.org/10.1016/j.rinp.2016.05.006
http://dx.doi.org/10.1016/j.cemconres.2009.01.003
http://dx.doi.org/10.1016/j.cplett.2004.05.071
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Raw Materials 
	Sample Preparation 
	Characterisation of Samples 

	Results and Discussion 
	Setting and Hardening of the Binder 
	Influence of Alkali Solution 
	Influence of Water-to-Solid Ratio 
	Influence of Ground-Granulated Blast-Furnace Slag (GGBS) Content 

	Reaction of the Hybrid Binder 
	Isothermal Temperature Increase 
	Electrical Resistivity 

	Microstructure of the Hybrid Binder 
	X-ray Diffraction (XRD) Analysis 
	Fourier Transform Infrared (FTIR) Spectroscopy 
	Scanning Electron Microscopy (SEM) Analysis 


	Conclusions 
	References

