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The setting and hardening of red mud-coal metakaolin geopolymer concrete (RCGC) was studied. To
this end, four sets of RCGC blocks with different water-binder ratios (0.50, 0.55, 0.60, and 0.65) were
prepared. The workability, setting time, and compressive strength of four RCGC specimens with
different water-binder ratios were evaluated. The electrochemical performance of RCGC was analyzed
by electrochemical impedance spectroscopy (EIS), and the process of coagulation and hardening was
analyzed through equivalent circuit parameters. X-ray diffraction (XRD), nuclear magnetic resonance
(NMR), and scanning electron microscopy-energy dispersive analysis (SEM-EDS) were used to
investigate the coagulation and hardening mechanism of RCGC materials. The experimental results
show that the increase of the water-binder ratio prolonged the setting time of RCGC and increased the
slump. There is a good linear relationship between the compressive strength and the impedance
parameters Rs and Rct. Over time, the pores of the material are gradually filled with coagulation and
hardening products, and the microstructure is gradually developed.

Keywords: Geopolymer concrete; Electrochemical impedance spectroscopy; Nuclear magnetic
resonance test; Compressive strength; Microstructure.

1. INTRODUCTION

In the global construction industry, concrete is the most widely used building material. Among
them, Portland cement is one of the raw materials for concrete, and its popularity will remain high into
the foreseeable future, but what is troubling is that Portland cement (in terms of its raw materials)
requires much energy in its production process [1-2], and the ratio of Portland cement production to
carbon dioxide emissions is about 1:1 [3], accounting for 5-7% of total global emissions [4]. Although
the benefits it brings to buildings are significant, its production and use are contrary to the low-carbon
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theme of energy conservation and environmental protection in today’s world. Therefore, there is an
urgent need to seek a new low-carbon and sustainable building material to reduce the pressures on
today’s environment.

A geopolymer can account for much solid waste and reduce carbon emissions in the production
process and is an alternative green new cementitious material. Geopolymers can be synthesized at room
temperature using activators (alkaline and acidic), raw materials rich in silicon, aluminum, and other
additives [5]. They are inorganic polymer cementing materials composed of a three-dimensional network
structure within. They have many excellent properties, such as: excellent mechanical properties, good
durability under special conditions, and good high-temperature resistance [6-7]. Generally, alkaline
activators are prepared by mixing sodium silicate, sodium hydroxide, and distilled water [8-9], and
common raw materials rich in silicon and aluminum include agricultural and industrial wastes, such as
fly ash [10-12], metakaolin [13-14], slag [15-16], red mud [17-18], sugarcane bagasse ash [19], etc.
Among them, coal metakaolin is an aluminosilicate mineral formed after coal kaolin is calcined at high
temperature, with small particle size and high surface energy [20]. Red mud is a waste produced during
bauxite processing and production: it has very fine particles and contains aluminum, iron, and traces of
silicon [21]. Its mineral composition is complex, and the alkalinity is high [22]. Based on previous
studies, fine aggregates (river sand) and coarse aggregates (crushed stone) were added to the raw
materials for producing red mud coal metakaolin geopolymers [23], a geopolymer concrete of red mud
coal metakaolin was further synthesized at room temperature.

However, the development and application of geopolymer concrete requires to consider and
understand the hardening reaction characteristics of the material itself and the composition of hardening
products from many aspects. Shaoyun Pu et al. [24] explored the hydration characteristics, thermal
properties, and microscopic properties of fly ash geopolymers, and found that with prolongation of
curing, the strength of fly ash geopolymers increased, and its crystal phase was composed of brushstone,
monetite, and merlinite, and the amorphous phase was composed of -Al-O-P-, -Si-O-P-, and Si-O-Al-
O-P- units. Sigi Zhou et al. [25] evaluated the mechanical properties, setting time, and rate of expansion
of geopolymers prepared with different ratios of pozzolan and metakaolin. The results showed that the
mechanical strength increased with the content of metakaolin. The flow curve of all pastes fitted the
Bingham model. Most studies have not explored the agglomeration and hardening mechanisms of
geopolymers in depth, and the reaction process of geopolymers is often of significance to its performance
and durability.

In addition, the setting and hardening reaction process of geopolymer concrete is a continuous,
dynamic process. At present, there are many test methods available to study the hardening characteristics
of geopolymer concrete, but many of these methods are destructive. The method of detection is difficult
to apply to the whole life cycle monitoring of geopolymers, and its complex reaction process brings
considerable technical challenges to the whole cycle detection. Therefore, electrochemical impedance
spectroscopy (EIS) has been mooted as a new detection method. EIS is a technical method that uses the
input alternating current signal and output signal to study the electrochemical information of the target.
It has the advantages of simple operation, high sensitivity, and low cost, and has achieved good results
in its application to cement-based materials [26-27].
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Based on previous studies, this study explored the workability, setting time, compressive strength
and electrochemical characteristics of geopolymer concrete with four water-binder ratios, and a set of
water-binder ratios will be selected through the test results, and the mineral composition, and micro-
morphology of geopolymer concrete with this water-binder ratio were characterized by scanning electron
microscope-energy dispersion spectroscopy(SEM-EDS) , X-ray diffraction(XRD) , and nuclear
magnetic resonance(NMR) , and the setting and hardening mechanism of geopolymer concrete was
discussed. The results of the study will help to evaluate the development of red mud coal metakaolin
geopolymer concrete (RCGC) in future construction applications.

2. TEST MATERIALS AND METHODS

2.1. Material

(1) Red mud (RM) and coal metakaolin (CMK) required for the preparation of geopolymer
concrete: The red mud in this experiment was taken from an aluminum plant in Hejin, Shanxi Province,
China, and was grinded to 74 um and dried. The coal metakaolin was produced by an industry and trade
company from Xinzhou, Shanxi Province, China. It was a white powdery hard metakaolin with high
activity. The main components of the RM and CMK are displayed in Table 1.

Table 1. Main chemical components of RM and CMK

Raw Ingredient/ wt%
materials  SiO, AlLOs; TiO, Fe:03 CaO MgO KO NaxO CO» S LOI
RM 21.05 2738 4.04 642 1491 053 077 118 390 036 8.78
CMK 5262 4542 085 045 017 011 013 0.25 — - -

(2) Alkali activator: analytically pure NaOH particles (purity greater than 99.0%), distilled water
(prepared by laboratory distillation) and industrial sodium silicate (modulus: 3.12, Baume degree: 40),
were mixed in a certain proportion in the test. Among them, the chemical composition of industrial water
glass is Na20:Si02:H20 = 1:3.03:8.21.

(3) Fine aggregate: The sand is ordinary river sand (particle size less than 5 mm).

(4) Coarse aggregate: crushed stone (washed with water, dried, and screened, the particle size is
5-20 mm).

2.2. Sample preparation

A total of four groups of geopolymer concrete blocks with different water-binder ratios (0.50,
0.55, 0.60, and 0.65) were prepared. The mass ratio of red mud and coal metakaolin was 7:3, and they
were evenly mixed after weighing. The alkali activator was composed of sodium hydroxide, industrial
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sodium silicate, and distilled water mixed with Na2O/H20= 23.0. The obtained solution was left to stand
and cooled to room temperature before use.

The red mud, coal metakaolin, sand and crushed stone were put into a concrete mixer and stirred
for 6 minutes, by slowly adding the alkali activator solution, the mixture was fully stirred for 5 minutes
to obtain a RCGC mixture, poured into a cube mold, vibrated on a vibrating table for 5 minutes and
vibrated to form: all air bubbles were discharged, and finally the surface of the mold was scraped flat,
wrapped with plastic film, and placed in a standard constant-temperature and humidity curing box, under
standard curing conditions, the mold is released after curing for one day. There were two types of cube
mold: the RCGC samples were prepared in the first (100 mm x 100 mm x 100 mm) for mechanical
property evaluation. The second RCGC sample block was prepared in a smaller cube mold (70.7 mm x
70.7 mm x 70.7 mm) for electrochemical testing and analysis.

2.3. Workability test

The workability of concrete is based on the corresponding standard GB/T 50080-2016 [28]. A
trumpet-shaped slump bucket with an upper opening of 200mm, a lower opening of 200mm, and a height
of 300mm were used to pour the pre-configured geopolymer concrete into 3 layers, and each layer was
1/3 the height of the slump bucket. , inserted and smashed 25 times with an iron rod for each layer to
make it dense, then quickly pulled up the bucket, and used a ruler to measure the height difference
between the highest point of the concrete after the collapse and the top of the bucket (300mm), which
was the slump value.

2.4. Setting time test

The setting time test of concrete is based on the corresponding standard GB/T 50080-2016 [28].
A 5-mm standard sieve was used to screen an appropriate amount of slurry from the RCGC mixture, and
then the sieved slurry was poured into the prepared cylindrical mold (¢ =160 mm, h = 150 mm), we first
poured one-third of the total depth of the slurry, manually tamped the specimen, then poured in another
one-third of the sample, tamped it, and then vibrated on a shaking table until no more bubbles appeared
on the free surface, and then the sample was covered with a glass plate, and placed at room temperature
for testing.

2.5. Compressive strength test

This test uses an electronic universal testing machine (SHT4605, MTS). The compressive
strength test of concrete is based on the corresponding standard GB/T 50081-2019 [29], the control mode
was set to constant force speed, and the loading speed was 5 kN/s. The average of the three test values
was used as the final recorded compressive strength.
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2.6. Electrochemical test

The EIS test was conducted using a Wuhan CorrTest electrochemical workstation. As shown in
Fig. 1, the two-electrode method was adopted. First, electrodes were placed on both sides of the RCGC
sample, and then one end was connected to the working electrode of the workstation, and the other end
was connected to the auxiliary electrode of the workstation. The frequency range of the test conditions
was 10-1 to 105 Hz, and the alternating current amplitude was 10 mV. To improve the accuracy of the
test process, the methods of current deviation and automatic elimination of potential were used. After
the test, the RCGC samples were placed in curing box to continue curing. The data obtained by the EIS
test were processed and fitted by ZView2 and ZSimDemo3.30d software.

Copper electrode

RCGC

® O
CE RE

z@

Electrochemical workstation

Figure 1. The shematic diagram of EIS test RCGC sample.

2.7. NMR test

Before the test, the RCGC sample block was saturated with water for 24 hours with a vacuum
saturator, so that the pores in the RCGC sample block were filled with distilled water. The saturated
samples were tested with a Hong 12-150 hydrogen nuclear magnetic resonance pore analyzer (Niumag,
China).

2.8. XRD test

The crushed fragments after the compressive strength test were placed in anhydrous ethanol,
soaked for 7 days, break the crushed fragments with a wall breaker, and screened through a 0.075-mm
square aperture sieve to obtain a powder specimen. A LabX XRD-6000 diffractometer which is from
Shimadzu, Japan was used to scan the powdered RCGC samples without interruption for phase testing.
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The radiation source was a Cu/Ka. target, the scanning ranged from 5° to 60°, in increments of 0.02°,
and the scanning speed (measured by diffraction angle) 26 was 4.0°/min.

2.9. SEM-EDS test

The test samples were taken from the inside of the RCGC block and were formed into RCGC
microscopic test samples measuring 15 mm x 15 mm x 5 mm using a cutting machine; the accumulation
of negative charges on the surface of the test sample was reduced by gold-spraying treatment. The gold-
sprayed samples were pasted onto an aluminum column, and a TM-3000 desktop scanning electron
microscope (Hitachi, Japan) was used to obtain micrographs of each specimen and used in conjunction
with a Quanta-70 X-ray spectrometer (Bruker, Germany) for energy dispersive analysis.

3. RESULTS AND DISCUSSION

3.1. Workability

As shown in Fig. 2, it is the effect of different water-binder ratios during mixing process on
RCGC workability. From this figure, it can be seen that the RCGC sample workability is influenced
significantly by the water-binder ratios where the increase of additional where the increase of water-
binder ratio improves the geopolymer concrete workability. From the test results, the increase in RCGC
slump is 102.4%, 143.9% and 163.4% for geopolymer concrete with 0.55, 0.60, and 0.65 water-binder
ratio with geopolymer concrete mix with 0.50 water-binder ratio. This improvement in processability is
apparently due to an decrease in the water-binder ratio, which greatly decreases the free water content.
A similar phenomenon was found in the study by Aliabdo et al. [30].
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Figure 2. Slump of RCGC samples with four different water-binder ratios(0.50,0.55,0.60, and 0.65).
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3.2. Setting time

The results of initial setting times and final setting times of RCGC samples with four water-
binder ratios are shown in Fig. 3. The increase of water-binder ratios can reduce the setting time of
geopolymer concrete slurry, and the setting time of the slurry continues to decrease with the increasing
water-binder ratio. The initial setting times of four water-binder ratios (0.50, 0.55, 0.60, and 0.65) are
480 min, 540 min, 600 min, and 1080 min, the final setting times are 850 min, 900 min, 980 min, and
2160 min. The initial setting time of RCGC slurry samples with three water-binder ratios (0.55, 0.60,
and 0.65) are 12.5%, 25.0% and 125.0% longer than that of RCGC slurry samples with water-binder
ratio of 0.50, and the final setting time is 5.8%, 15.3%, and 154.1% longer respectively. This is because
the increase of the water-binder ratio significantly increases the content of free water in the alkali
activator, hence reducing the rate of geopolymerization and prolonging the setting time of the RCGC
slurry under the same environment [24]. The results obtained in this study are consistent with other study
by Cabezaa et al. [31]-
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Figure 3. Setting times of RCGC slurry samples with four different water-binder ratios (0.50,0.55,0.60,
and 0.65).

3.3. Electrochemical impedance characteristics

Figures 4(a)-(f) are Nyquist plots of different curing ages, with both the real part (Z’) and
imaginary part (Z") of the impedance considered. In Fig. 4, the electrochemical impedance spectra of
RCGC materials of different ages are mainly composed of semi-circular capacitive reactance arcs. The
semi-circular capacitive reactance arc indicates that a gel substance had been generated by
electrochemical reaction inside the RCGC sample, and a corresponding gel system was formed 30[32].

As shown in Fig. 5, the RCGC material with a water-binder ratio of 0.50 as an example, the
diameter of the semi-circular capacitive reactance arc increases with time during the entire testing
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process. This is consistent with the findings of Fang et al. [33]. The increased semi-circular diameter
means that the volume resistance of the RCGC sample also increases [34]; as the test progresses, the
capacitive reactance arc gradually shifts to the right.

From the Nyquist plots of RCGC specimens with different water-to-binder ratios and coagulation
hardening for specimens aged for 1 d, as illustrated in Fig. 4(a), the diameter of the semi-circular
capacitive arc is smaller, which indicates that electrochemical reaction in the RCGC material is not
particularly obvious. This is because the existence of different ion conduction paths in the geopolymer
solution, mainly including the following three: the geopolymer gel, the pore solution inside the sample,
and the alternating transfer between the geopolymer gel and the pore solution. After the curing age
reaches 1 d, the polymerization reaction inside the RCGC sample has not yet been completed, and the
amount of the generated geopolymer gel material is very small, which cannot provide sufficient
conductive paths, so that the internal electrochemical reaction is not very significant. At 3 d of
coagulation and hardening, as shown in Fig. 4(b), the polymerization reaction is completed compared
with 1 d, and a large amount of geopolymer gel substances can be generated; these gel substances
accumulate inside the test block to form sufficient conductive paths, facilitating the electrochemical
reaction as normal, and a connected pore structure is formed within the RCGC sample. As shown in
Figs. 4(c) and (d), the diameter of the semi-circular capacitive arc increases greatly and shifts
significantly to the right. When the curing age reaches 14-28 d, as shown in Figs. 4(d) and (e), the rate
of change in the diameter of the semi-circular capacitive reactance arc in the Nyquist diagram decreases.
This is because the coagulation and hardening reaction is in a stable state, the polymerization reaction
inside the RCGC has been completed, and the complete pore structure has been formed inside the RCGC
material [35]. In addition, as the water-binder ratio increases, the diameter of the semi-circular capacitive
reactance arc gradually decreases, and the impedance curve shifts to the left as a whole. This is because
with the increase of the water-binder ratio, the free water inside the sample increases, at the same time,
the degree of reaction of the geopolymer in the system gradually decreases, the generated geopolymer
gel material gradually decreases, and the electrochemical reaction weakens accordingly.
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Figure 4. The Nyquist plots of the EIS diagram for RCGC samples with different water-binder ratios
(0.50,0.55,0.60, and 0.65) for 1-28 d.
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Figure 5. The Nyquist plots of RCGC samples with a water-binder ratio of 0.50 for 1-28 d.

To obtain a large amount of EIS-related information, a suitable equivalent circuit is generally
used for correlation and regression analysis. Usually, the equivalent circuit model can be established by
using capacitors, resistors, and other components in series or parallel [36-37]. On this basis, a constant
phase element (CPE) is employed to avoid the diffusion effect. As shown in Fig. 6, the circuit model
uses Rs(CPE(RcC)), where Rs represents the resistance of the electrolyte solution, and CPE denotes the
electric double layer capacitance, where CPE = K(jw)™, q represents the degree of flattening of the
capacitive arc, the fractal dimension ds = 3 — ¢ [38], which can quantitatively describe the compactness
of the microstructure, Ret is the resistance caused by charge transfer, and C is the pure resistance
capacitance. The total impedance of the equivalent circuit model is:

Z=R,+ L

joCy +
R +i
ct O)C

By using Z-view and ZSimDemo3.30d software to study the correlation fitting of the equivalent
circuit, the following parameters can be obtained: the specific values of Rs, Ret, g, and ds. These

parameters are closely related to the mechanical properties and internal microstructure characteristics of
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RCGC materials, which are the focus of research into the solidification and hardening of RCGC
materials.

Figure 6. Equivalent circuit diagram of the RCGC sample.

The impedance parameter Rs values of RCGC materials with four water-binder ratios are
displayed in the Table 2 and Fig. 7. The Rs value is the total concentration and total porosity of the
identified ions [39-40]. Theoretically, with the progress of coagulation and hardening, the total ion
concentration in the pore solution inside the system will increase significantly, and the corresponding Rs
value should be greatly reduced. However, Fig. 7 implies that the Rs value increases with the increases
of the setting and hardening time, and the increase rate of the parameter value will gradually decrease as
setting and hardening progresses. With the increase of age, the internal geological structure and reaction
of the system reach a certain level, generally 1 to 3 d, the total ion concentration in the pore solution of
the RCGC sample will gradually stabilize, but due to the continuous generation of geopolymer
condensation, glue will occupy a part of the pores [41-42], resulting in a continuous decrease in the
porosity. The increase rate of the parameter value decreases because there is less space available for the
cement hydration products to fill with the hydration process, and the rate of decrease in the porosity
decreases. A similar phenomenon can be found in the study by Niu et al. [35]. In addition, the impedance
parameter Rs of the RCGC material is also shown to increase greatly with the decrease of the water-
binder ratio.

Table 2. The values of impedance parameter Rs for 1-28d and four water-binder ratios.

Water-binder Impedance parameter Rs/(Q-cm?)
ratio 1d 3d 7d 14d 21d 28d
0.50 107 299 451 2560 623 681
0.55 83 271 425 512 562 601
0.60 65 213 390 478 510 543

0.65 39 172 337 403 463 507
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Figure 7. The values of impedance parameter Rs for 1-28 d and four water-binder ratios.

The diameter of the semi-circular capacitive reactance arc in the Nyquist diagram is the
impedance parameter (Ret) [43]. The resistance parameter Rct essentially reflects the extent of
densification of the RCGC microstructure. The values of the impedance parameter Ren of RCGC
materials with four water-binder ratios are preasented in Table 3 and Fig. 8. After 1 d of coagulation and
hardening, due to the low degree of geopolymerization, the value of the impedance parameter Rt is also
small, which matches the results in the literature [42]. The value of the impedance parameter Rc: increases
rapidly with the curing age, because the space material inside the RCGC is rapidly filled with the gel
product, which leads to the densification of the pores and microstructure. After 7 d to 14 d of coagulation
and hardening, the resistance parameter Rct increases slowly, because the space that the hardened product
can fill is greatly reduced. Therefore, throughout the process of coagulation and hardening, the
impedance parameter Rt will increase continuously, and the internal microstructure of the RCGC system
will become more dense. This is consistent with literature results [33]. In addition, with the decrease of
the water-binder ratio, the impedance parameter Rt will continue to increase, showing the same trend as
the impedance parameter Rs. There are two main reasons for these Rs and Rt values to increase gradually
with decreasing water-binder ratio. (1) The decrease of the water-binder ratio will increase the total ion
concentration in the pore solution[30]. (2) The decrease of the water-binder ratio will accelerate
geopolymerization and increase the amount of gel material generated, thereby reducing the porosity.
This results in an increase in the compactness of the microstructure of the RCGC material, impairing ion
transport in the pore solution.

Table 3. The values of impedance parameter Rt for 1-28 d and four water-binder ratios.

Water-binder

Impedance parameter Ret / (Q-cm?)

ratio 1d 3d 7d 14d 21d 28d

0.50 2.0 x 10* 3.8 x 10* 4.9 x 10* 5.8 x 10* 6.6 x 10* 7.2 x 10*
0.55 1.7x 10 3.2x 10* 4.2x 10* 5.2x 10* 6.0x 10* 6.5x 10*
0.60 1.4x 10% 2.9x 10* 3.8x 10* 4.7x 10* 5.6x 10* 6.1x 10*
0.65 1.2x 10* 2.5x 10* 3.5x 10* 4.4x 10* 5.4x 10* 5.8x 10*
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Figure 8. The values of impedance parameter R for 1-28 d and four water-binder ratios.

The contents of constant phase index q and fractal dimension ds of RCGC materials with different
water-binder ratios are shown in Table 4. The fractal dimension ds reflects the compactness of the
microstructure of the RCGC material. The smaller the value of ds, the smaller the average pore size and
the median pore size, and the denser the microstructure of the RCGC material. The constant phase index
q reflects the flatness of the high-frequency semicircle. As the setting and hardening time increases, the
value of the parameter q increases, and the value of the fractal dimension ds decreases accordingly. This
indicates that during the coagulation and hardening process, the number of small pores increases, the
number of large pores decreases, the pore size distribution is optimized, and the microstructure develops
gradually therewith. This is consistent with other published results [42]. After 28 d of hydration, the ds
values of RCGC materials with different water-to-binder ratios are close to 2. This matches the literature
results [35]. The value of q increases with the increase of the water-binder ratio in the same setting and
hardening period, but the fractal dimension ds decreases gradually. This phenomenon is due to the fact
CMK will undergo geopolymerization with RM and the alkaline activator to generate more
geopolymerization products, fill part of the pores, which thereby reduces the porosity, decreases the size
of the larger pores, and increase the number of those smaller pores in the RCGC, changing their
distribution within the material system.

Table 4. The values of the constant phase index(q) and fractal dimension(ds) for 1-28 d and four water
-binder ratios.

Curing 0.50 0.55 0.60 0.65

age (d) q ds q ds q ds q ds
1 0.768 2.232 0.762  2.238 0.759 2.241 0.754 2.246
3 0.784 2.216 0.777 2223 0.773 2.227 0.760 2.24
7 0.802 2.198 0.795  2.205 0.789 2.211 0.786 2.214
14 0.809 2.191 0.801  2.199 0.797 2.203 0.793 2.207
21 0.813 2.187 0.806 2.194 0.802 2.198 0.796 2.204

28 0.816 2.184 0.809 2.191 0.806 2.194 0.801 2.199
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3.4. Compressive strength

The compressive strength of the RCGC samples (1-28 d) are shown in Fig. 9. As expected, the
compressive strength of the RCGC samples increases with the curing age, but it was found that there are
significant differences in the trend of compressive strength with different water-binder ratios. During the
whole curing process, the strength of the RCGC samples decrease significantly with the increase of the
water-binder ratio. The 28-day compressive strength of RCGC samples with water-binder ratios of 0.55,
0.60, and 0.65 decrease by 12.1%, 22.3%, and 34.4%, relative to the samples with water-binder ratio of
0.50. A similar phenomenon was found in the study by Aliabdo et al. [30]. Among them, the compressive
strength of the RCGC sample with a water-binder ratio of 0.50 can reach more than 80% of the 28-day
compressive strength in 7 days, indicating that the material has the characteristics of early and rapid
hardening.
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Figure 9. Compressive strength of RMGC samples with different water-binder ratios for 1-28 d.

The dissolution and geopolymerization reaction process of red mud and coal metakaolin in a
highly alkaline environment can be as shown in the following equation [44]:

(a) (Si-Alsolid) + OH™ [ [AI(OH), ] + [Sio(OH), | + [Si0,(OH),] + [Si0,(OH),]”
(b) [SIO(OH),] + [AI(OH),] 1 [(OH),08-0-AI(CH),] + H,0
(c) [SIO(OH),] + [SiO(OH),] 7 [(OH),08-0i(0H),] + H,0
(d) [SiO(OH),| + [sio,(0H),]” © [(0 (

() [SIO(OH), | + [Si0,(OH)]” [ [(OH),08-0si0,] + H,0

(f) 2 silicate dimers + 2 silicate cyclic I cyclic trimer + linear trimer +20H"

Formula (a) shows that the silicon and aluminum components in the raw materials (RM and
CMK) will dissolve into Si and Al active monomers and react with OH™ in a highly alkaline environment

H),081-05i0,(OH), | +
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to obtain four kinds of ions. Formulae (b) to (f) show that these ions will continue to diffuse in the pore
solution and further synthesize into dimer and trimer aluminosilicate ions: finally, these aluminosilicate
ions will aggregate to form a three-dimensional network of geopolymer gels, however, a certain amount
of water will be released during the polymerization reaction. With the decrease of the water-binder ratio
of the RCGC samples, the free water content in the solution decreases significantly. First, the increased
free water will slow the forward reaction of equations (b) to (f), breaking the balance of the original
polymerization process, and slowing the entire geopolymerization process. Secondly, some free water
will remain between the particles and in the macropores and will be gradually evaporated as the curing
process progresses, and the space occupied by the evaporated water will leave a large number of circular
cavities in the microstructure. Both these possibilities will adversely affect the strength of the RCGC
samples. The results obtained in this study match other studies [30,45].

The impedance parameters Rs and Rct can reflect the changes in the microstructure of RCGC
materials (with good sensitivity); these are closely related to the compressive strength of RCGC
materials. Therefore, in this paper, the impedance parameters Rs and R are fitted linearly with the
compressive strength. As shown in Figs. 10 and 11, a linear function (Y = AX + B) is used for linear
regression, and the correlation coefficient R? in the fitting results is greater than 0.90, indicating the good
correlation between the impedance parameters Rs and Rt and the compressive strength [33,35,46].
Moreover, the slope of the curve gradually increases with the increase of the water-binder ratio.In
conclusion, EIS can be used as a new non-destructive testing method for geopolymer concrete, and the
compressive strength development of RCGC materials within 28 days of curing can be predicted by EIS.

= (.50
” e 055 a
= A 0.60 P g
a N o« 9
= v 0.65 .
= .
= , A
§'_lp— 3 2
«:;-' £ e &
7 v
o J A'
= <
; 20 5 7
2 s — = 30107 5 572 R¥=0.99
= 3 A y=4.67x107 x 10.49 R'=098
-:; iod .’/ v ved 825107 x~5.30 R'=09%
A v=S5.02x107% x~5.81 R*=0.97
A 4
0 T T T T T T T
0 100 200 300 400 500 600 700
Rs(Qecm-)

Figure 10. The correlation between the compressive strength and the impedance parameter Rs for the
RCGC samples.
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Figure 11. The correlation between the compressive strength and the impedance parameter Rct for the
RCGC samples.

In terms of workability, when the water-binder ratio is less than 0.50, the material takes a lot of
time during the stirring process, and it is difficult to shape. When the water-binder ratio is greater than
0.50, the workability of the material is getting better and better. The setting time increases significantly
with the increase of the water-binder ratio, and the compressive strength decreases significantly with the
increase of the water-binder ratio. Based on the above research, the RCGC sample with a water-to-binder
ratio of 0.50 was selected to conduct a more detailed exploration of the mechanism of the coagulation
and hardening of the material. The following RCGC samples with a water-binder ratio of 0.50 are
abbreviated as GCO.5.

3.5. NMR analysis

NMR technology utilizes the relaxation characteristics of water molecules in the material pores
under the action of a magnetic field and can collect the distribution of the transverse relaxation time T>
without damaging the material, so that the change information of the pore structure can be quantitatively
obtained [47]. The distribution map of T» at different ages is shown in Fig. 12. The longer the transverse
relaxation time T», the larger the number of pores in the material, and vice versa. Fig. 12 indicates that
the distribution pattern of T2 is composed of one main peak and two secondary peaks. The area and
height of the main peak are much larger than those of the secondary peak. The main peak is between
0.05 and 3 ms and the secondary peak is between 10* —10* ms. This shows that the main peak is related
to the presence of small pores, and the secondary peak arises from the presence of those larger pores.
Similar phenomena can be found in the study by She et al. [48]. With the increase of age, the area and
height of the main peak and the two secondary peaks decrease, indicating that the number of pores in
the material decreases with the progress of the internal reaction of the GC0.5 sample. Compared with
the total porosity on 1 d, the total porosity of the 28-day GCO0.5 samples decreased by 14.68%.
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Figure 12. T, distribution of GCO0.5 samples at different curing ages(1d, 3d, 7d, and 28d).

According to Yang et al. [49], the pore size classification is also a factor that affects the
compressive strength. Those with a pore aperture size of less than 0.02 um are deemed harmless, those
with a pore aperture size between 0.02 and 0.05 pm are deemed less harmful, and those with a pore
aperture size greater than 0.05 um are deemed harmful. Fig. 8 shows the pore size distribution of
geopolymer concrete.

B 0.050m I 0.02pm<r<0.05um I r<0.02um

10.63% 10.21% 9.61% 9.07%

104 -

80

60 -

40

the distribution of pore size/%

1d 3a 7d 28d
Maintenance time

Figure 13. Histogram of the pore gradation distribution of GC0.5 samples at different curing ages(1d,
3d, 7d, and 28d).
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During the first 28 days of curing, over time, the proportion of harmless pores in the total
continued to increase (the total increase over 28 days is 8.62%); harmful pores showed a decreasing
trend (decreasing by 30.34% and 27.75% in 28 days). Since the internal polymerization reaction of the
GCO0.5 sample will continue, the hardened product generated will fill a part of the pores of the large pore
size and harmful pores, and the large pore size and harmful pores will gradually evolve into smaller, less
harmful or harmless pores. As the structure becomes more fully developed, the compressive strength of
the GCO0.5 samples increases: this is consistent with the findings obtained by EIS. The results of this
study match other study [50].

3.6. XRD analysis

Fig. 14 shows XRD spectra of the 1, 7, and 28-d GCO0.5 samples. During the 28-d curing period,
the crystalline phase strength of cannonite and katoite is almost unchanged. In the Fig.14, the diffraction
peak intensity of quartz crystals decreases with age within 28 d, indicating that a small amount of quartz
crystals had dissolved in the solution in an alkaline environment [51]. The crystalline phase strength of
albite and microcline decreased significantly from 1 to 28 d. The albite and microcline will dissolve in
the solution in a highly alkaline environment, and the dissolved product is conducive to further
polymerization to generate a geopolymer gel substance. Under alkaline conditions, the reaction of albite
and microcline are shown below:

Albite (NaAlSizOg):

NaAlSi;0g + 2H,0 + 60H™ < Al(OH); + 3H,Si0%™ + Na* (1)
Microcline (KAISizOg):

KAISi;Og + 2H,0 + 60H™ < Al(OH); + 3H,Si0% + K* (2)

This is consistent with other observations of geopolymer systems [52-53]. The formation of zeolite
mineral minerals is observed in the Fig. 14. Zeolite minerals are formed by the reaction of OH~ ions in
the pore solution with the silica-alumina components in the GC0.5 samples [23].

— Fitted date Error

T-quartz 2-albite 3-microcline 4-zeolite S-cancrinite 6-katoite

Intensity/a.u.

Figure 14. XRD spectra of GC0.50 samples at different curing ages (1d, 7d, and 28d).
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Since the GCO0.5 sample is an amorphous aluminosilicate, as can be seen from Fig. 14, a slightly
raised diffraction peak envelope appears in the interval 25° <26 < 30°, and the effect persists with age,
indicating the formation of a geopolymer gel phase [54]. The crystallinity at three different ages was

calculated through JADEG software analysis, using the following equation [55]:

Czixloo%

2
C: degree of crystallinity;
S1: sum of the areas under the peaks;
S2: sum of the XRD peaks and areas under peaks in a specific region.

The crystallinity of the samples at three different ages (1, 7, and 28-d) was determined to be
94.56%, 92.32%, and 89.63% respectively. This indicates that the amount of amorphous geopolymer gel
formation increases gradually within the 28 d curing period.

3.7. SEM-EDS analysis

Fig. 15(a)-(d) are SEM images of geopolymer concrete hardening for 1, 3, 7, and 28-d under
standard curing conditions. From Fig. 15(a), after curing for 1 day, a small amount of gel material is
formed, and the gel material is attached to some powder particles that have not yet reacted; there are
many pores in the GCO.5 sample system at that time, and its structure is relatively loose. At 1 d, the rate
of gel formation is slow so no stable three-dimensional network structure can be formed at this juncture.
After curing for 3 d, the number of unreacted particles is greatly reduced, and the amounts of fibrous
products and flocculent aluminosilicate gels formed significantly increase. The generation of larger
pores in the 3-d samples may have been caused by external forces during the preparation of the samples.
After curing for 7 d, many foil-like products will be formed, and these foil-like products will be
superimposed on each other, becoming tightly connected, and the density of the structure will be
significantly increased. After curing for 28 d, the surface of the sample is smooth and flat, and the
compressive strength of the sample is maximized at that time. The mechanical strength of the
geopolymer was related to their microstructure with the less porous samples being the strongest. Similar
findings were also found in the study by FUA et al. [56].

Fig. 16(a)-(d) show the elemental distribution diagrams of GC0.5 samples at different ages (1,
3, 7, and 28-d). From Fig. 16(a), it can be observed that the amount of Na, Al, Si, and Ca is very small,
indicating that the amount of the elements dissolved in the raw material is very small, and there will be
a large amount of unreacted raw material powder particles at that time. This is consistent with the
literature results [23].Compared with Fig. 11(a), the number of elements shown in Fig. 16(b) is
significantly increased, and it can be observed that the space-filling Ca element rarely appears in the
presence of Si and Al, indicating that these products are geopolymer gel substances [57]. From the
element distributions in (b) and (c), it can be speculated that this flake product may be NaCaHSIiO4
(sodium calcium silicate). The elements shown in Fig. 1(d) are present in large quantities and are
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uniformly distributed, indicating that the products generated by the reaction are uniformly distributed,
and the mechanical strength of the GCO0.5 sample material is maximized at this time.
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Figure 15. SEM images of GCO0.5 samples at different curing ages (1d, 3d, 7d, and 28d).

(a) 0.50-1d

(c) 0.50- 7d (d) 0.50-28d

Figure 16. Elemental distribution map of GCO0.5 samples at different curing ages (red: Na, light blue:
Al yellow: Si, dark blue: Ca).
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Fig. 17(a)-(c) are the EDS patterns of the three points marked in the SEM image of the GC0.5
sample. It has been reported that the silica-alumina ratio can be used to characterize the degree of
polymerization of the internal reaction of the geopolymer and the compactness of the microstructure in
the gel material [58]. Table 5 lists the amounts of each element at three points: the result of calculation
the silicon-aluminum ratio at points A, B, and C gradually increase, indicating that during the 28-day
curing period, the geopolymerization reaction generates more gel substances, which is consistent with
the results obtained by XRD and explain why the compressive strength of the material is enhancing.

Table 5. Contents of different elements of areas A, B, and C as detected by EDS.

Element (atomic ratios, %) Molar

Point Ca @) Na Al Si Au ratios
Si/Al

A 2.07 68.84 9.72 8.34 10.01 1.02 1.20
B 3.11 62.55 11.01 9.89 12.36 1.13 1.25
C 5.34 57.73 8.92 10.67 14.22 3.11 1.33

0) 0
(B) LS

Na
Al

Counts/cps

Counts/cps
Counts/cps

Ca C
Au .

Energy/KeV Energy/KeV Energy/KeV

Figure 17. EDS diagrams of GC0.5 sample in three points(A, B, and C).

4. CONCLUSIONS

In this study, the impedance parameters (Rs and Rct) and fractal dimension of RCGC materials
were analyzed by electrochemical impedance spectroscopy and equivalent circuit fitting analysis. Taking
a water-binder ratio of 0.50 as an example, the phase composition, pore change, and microstructure of
RCGC materials were investigated using XRD, NMR, and SEM-EDS. The following conclusions were
obtained:

(1) The variation of the water-binder ratio changes the coagulation and hardening process of
RCGC materials. The increase of the water-binder ratio will significantly prolong the setting time of the
RCGC material and improve the working performance of the RCGC material accordingly.
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(2) The Nyquist diagram of the RCGC material is mainly composed of semi-circular capacitive
reactance arcs, the diameter of which decreases with the increase of the water-to-binder ratio, and the
capacitive reactance arcs gradually shift to the left. In addition, the diameters of the semi-circular
capacitive reactance arcs of the Nyquist plots at different curing ages increase with time, and the
capacitive reactance arcs gradually shift to the right. The impedance parameters Rs and Rt of the RCGC
material decrease with the increase of the water-binder ratio and increase with the progress of the
coagulation and hardening process, and the fractal dimension ds gradually increases with the increase in
the water-binder ratio. This suggests that the reduction of the water-binder ratio reduces the overall
porosity of the RCGC material and densifies the microstructure thereof.

(3) The compressive strength shows a similar increasing trend to the impedance parameters Rs
and R¢t. The impedance parameters Rs and Rt are significantly correlated with the compressive strength,
and the relationship is quasi-linear with all correlation coefficients exceeding 0.90. Non-destructive
monitoring of the compressive strength of RCGC is thus deemed to be feasible.

(4) XRD and EDS analysis results show that with the increase of curing age, the degree of
polymerization increases significantly, and the amount of aluminosilicate polymer formed increases.
The results of scanning electron microscopy and nuclear magnetic resonance analysis show that the
amorphous geopolymer gel formed continuously in RCGC fill some of the pores, and the large pore size
pores gradually evolve into small pore size pores, which optimized the pore structure characteristics of
RCGC. The findings of the study correspond to the electrochemical studies and explain the changes in
the impedance parameters Rs and Rt.
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