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ARTICLE INFO ABSTRACT
Keywords: Industrial solid wastes, such as ultra-fine fly ash (RUFA) and ground granulated blast-furnace slag
Solid waste utilisation (GGBS), hold tremendous potential for recycling due to their abundance and excellent pozzolanic

Ternary geopolymer properties. However, red mud (RM), a highly alkaline waste, has not received comprehensive

Su,smnablhty . attention in the construction industry. Thus, this study investigates the synergistic effect and
Microstructure analysis - - . . . . .
Red mud geopolymerization mechanism of industrial solid wastes in ternary cementless composites based

on RM, RUFA, and GGBS. The experimental program includes macroscopic comparative analyses
of water consumption, fluidity, setting time, permeability, and compressive strength of the
ternary cementless composite. Additionally, SEM and EDS analyses examine the microscopic
morphology and elemental distribution of the composite. The results indicate that RM prolongs
the setting time while reducing fluidity and compressive strength. A 30% increase in RM content
led to a substantial rise in the initial and final setting time by approximately 191.6% and 164.7%,
respectively. In contrast, GGBS enhances the compressive characteristics of the composite systems
but shortens the setting time and reduces fluidity. Notably, Group D4 demonstrates the highest
compressive strength, reaching an impressive 47.3 MPa. Moreover, the content of GGBS in-
fluences the hydration products in the ternary cementless composite. At low GGBS content, the
material contains a significant amount of N-A-S-H gels, whereas at high GGBS content, partial N-
A-S-H gels are replaced by C-A-S-H gels. These findings significantly enhance our understanding
of the synergistic effect and geopolymerization mechanism of RM, RUFA, and GGBS, thereby
facilitating the reuse of these three industrial solid wastes.

1. Introduction

The discharge of a significant volume of solid waste from industrial production has resulted in severe ecological destruction and
environmental pollution, particularly in terms of water and soil contamination. As a result, there is a growing focus on the efficient
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utilization and safe disposal of solid waste. For instance, fly ash (FA) has been extensively studied due to its diverse pozzolanic
properties [1-3]. These solid wastes are increasingly being employed as supplementary cementitious materials (SCMs) in concrete,
owing to their technical, economic, and environmental benefits. The incorporation of various industrial wastes either as a blend with
clinker to produce cement or as separate ingredients in concrete is driven by economic considerations as well as the desire to enhance
the durability and long-term strength of concrete structures.

Red mud (RM) is a highly alkaline waste generated from bauxite alumina production [4-9]. Due to its complex mineral compo-
sition, fine particle size, and high alkalinity, RM poses challenges for recycling [10]. Currently, only a small fraction, ranging from 4%
to 5.2% of RM is recycled and reused [11,12]. Consequently, there has been a continuous accumulation of RM reserves. A significant
amount of RM is often stored in dumpsite stockpile dams [13-17], occupying valuable land and potentially leading to groundwater
pollution [18-22]. Furthermore, the fine particles of RM can contribute to air pollution when dispersed by wind [23]. Despite these
challenges, RM, primarily composed of Al;O3, SiO2 and Fe;O3 [24], holds substantial potential for utilization in geopolymers. Re-
searchers have explored the properties of RM and its incorporation as an aluminosilicate precursor in geopolymer applications. For
example, Zhang et al. [25] investigated geopolymer slurries incorporating blast furnace slag and RM, observing a decrease in fluidity
with increasing RM particle size. Wang et al. [26] examined the mechanical properties, chemical compositions, and microstructure
characterization of Bayer RM and Sintering RM using XRD, TG, and SEM analyses. They also conducted tests on strength, particle size,
density, and hydraulic properties of RM. Significant differences were observed in the fundamental chemical composition between
sintered RM and Bayer RM. Bayer RM exhibited finer and more dispersed microparticles, whereas Sintering RM exhibited higher shear
strength. Hu et al. [27] developed geopolymers as construction materials using RM and three types of fly ash (FA), highlighting the
beneficial influence of RM’s high alkalinity on geopolymerization.

Fly ash (FA) is a residual waste produced by coal-fired power plants and is commonly used in the geopolymer industry. However, its
widespread application is limited due to quality issues that prevent it from meeting requirements. To improve the reactivity of FA and
meet quality standards, chemical or physical processes are often employed as pre-treatment methods [28,29]. One commonly used
pre-treatment process is mechanical grinding, which activates FA and produces a finer version known as ultra-fine fly ash (RUFA) [30,
31]. RUFA has smaller particle size and larger specific surface area compared to FA, with approximately double the specific surface
area. Additionally, RUFA exhibits higher reactivity due to its finer grains. Several researchers have successfully utilized RUFA, a new
industrial by-product, in the preparation of cementitious materials [32]. The high pozzolanic activity and amorphous structure of
RUFA contribute to the development of geopolymer composites with impressive mechanical strength, reaching up to 97.6 MPa when
activated by NaOH solution [33].

The utilization of FA in the synthesis of geopolymers has been extensively explored in various research studies. Furthermore, the
combination of RM and FA has shown potential in producing geopolymer products with enhanced properties. Yang et al. [34] con-
ducted a study where geopolymers were prepared using RM slurry and FA powder, and it was observed that the strength of these
geopolymers remained stable at temperatures up to 600 °C. However, the mechanical properties, such as Young’s modulus and
compressive strength, exhibited a rapid decline beyond 600 °C. In another study by Choo et al. [35], FA was employed as an
aluminosilicate precursor and RM served as an alkaline activator for synthesizing geopolymers based on FA. Their research demon-
strated the successful synthesis of alkali-activated FA using RM as the activator. Ternary geopolymer composites have also been
investigated in several studies, highlighting the synergistic effects of combining industrial solid wastes [36-43]. Chen et al. [44]
developed ternary geopolymer composites using RM, reactive RUFA, and recycled powder activated by sodium silicate and NaOH.
They systematically studied the macroscopic properties and microscopic characteristics of these composites, achieving impressive
compressive strength of up to 46 MPa. Besides, P et al. [45] studied the influence of different proportions of the powder waste glass on
the workability, mechanical and microstructural characterizations of composite with blast furnace slag, metakaolin and waste glass
powder. The results of the experiments showed that the optimum percentage of replacement of the waste glass powder is 35% [46-48].
Taye et al. [49] developed a novel geopolymer utilizing RM, FA, and hemp fibers. They demonstrated that the addition of hemp fibers
increased the strength of the geopolymer and altered the damage mechanism of the geosynthetics.

However, despite the potential benefits, there remains a notable research gap concerning a comprehensive understanding of the
synergistic effects and geopolymerization mechanism in blended composites involving RM, RUFA, and GGBS. To address this
knowledge gap and shed light on the synergistic effect and geopolymerization mechanism of industrial solid wastes, we have un-
dertaken a study involving a ternary cementless composite consisting of RUFA, RM, and GGBS, with the intention of on-site appli-
cation. Sodium silicate and hydroxide solution (NaOH) were used as alkaline activators in combination with the industrial solid wastes.
The properties of the composite, such as the water consumption at standard consistency, fluidity, setting time, and mechanical
properties, were comprehensively analyzed to determine the optimal formulation. Additionally, the mineral composition and
microstructure of representative samples were characterized using SEM/EDS analysis. The main objective of this study is to foster the
reuse of these three industrial by-products and offer valuable insights into augmenting traditional cement applications. The findings
from our research hold important implications for sustainable waste management practices and the advancement of alternative
cementitious materials.

2. Materials and methods
2.1. Raw materials

The selected raw materials for geopolymer synthesis contain RUFA, RM, and GGBS. Prior to use, the RM was sieved through a 0.15
mm screen mesh, while RUFA and GGBS were used directly. The particle size distribution (PSD) of the material is shown in Fig. 1, and
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their chemical oxide composition obtained from X-ray fluorescence spectroscopy (XRF) is listed in Table 1. The RUFA, obtained from
Henan Jinrun New Materials Co. Ltd., has a density of 2.45 g/cm®. The RM is sourced from Shandong Weiqiao Pioneering Group Co.
Ltd. The GGBS, obtained from Longze Water Purification Materials Co. Ltd., has a density of 2.89 g/cm®. The alkali activator used in the
synthesis consists of sodium silicate solution (SSS) and NaOH. The SSS solution comprises 32 wt% silica, 14.34 wt% sodium oxide, and
53.66 wt% water. X-ray diffraction (XRD) analysis was conducted to examine the mineral composition of the materials. The RM
predominantly contains hematite as the main crystalline phase, along with the presence of quartz and calcium aluminum oxides. Both
RUFA and GGBS exhibit amorphous phases without distinct crystallization peaks. SEM analysis was performed on the raw materials,
and the microstructure and SEM images of these three materials are illustrated in Fig. 2. The magnification of (1), (3), (5) is 2000 times,
(4), (6) is 20,000 times and (2) is 10,000 times.

2.2. Mixture proportions and sample preparation

Table 2 displays the mixing proportions of all the samples used in the experiments. Experiment 1 aimed to study the impact of
replacing RUFA with RM on the properties of composites based on RUFA. Experiments 2 and 3 were conducted to examine the effects
of replacing RUFA with GGBS and replacing RM with GGBS, respectively, on the properties of RUFA/RM-based composites. Lastly, in
experiment 4, the primary objective was to examine the impact of the solution/binder (S/B) ratio on the properties of the ternary
composites. The experimental process is illustrated in Fig. 3. The content of NaOH in the mixture was 3.25 wt%, while the sodium
silicate solution constituted 30 wt% of the mixture.

To make the specimens, it is necessary to prepare the alkali-activated solution and then mix the powder with the alkali-activated
solution. To produce the alkali-activated solution, granular NaOH is combined with sodium silicate solution and water in a beaker,
which is then thoroughly homogenized using a glass rod. Subsequently, the completed alkali-activated solution is left at room tem-
perature for 24 h to allow it to cool before being used. Once the alkali-activated solution is ready, the RUFA/RM/GGBS cementless
composite is prepared in a JJ-5 mixer. All solid materials are initially premixed for 60 s at low speed. Then, the FDN (a specific
component) is dissolved in the finished alkali-activated solution. Next, the alkali-activated solution is added to the solid materials and
mixed for 60 s at low speed. At last, the mixing process continues at high speed for 120 s. Subsequently, the fresh pastes are cast into
molds. It is worth noting that the specimens demonstrate minimal drying shrinkage and do not display any surface cracks.

2.3. Experimental methods

2.3.1. Fresh and hardened tests

The water consumption at standard consistency of the composites was determined following the procedure outlined in the GB/
T1346-2011 standard. The test involved measuring the amount of water required to achieve the standard consistency of the mixture.
The standard consistency is reached when the test pin stops sinking and a distance of 6 + 1 mm is maintained between the test rod and
the base of the test mold. At this point, the quantity of water used is recorded as the standard consistency water consumption. The
water demand test was tested three times and the average value was taken as the result.

The initial and final setting times of the composite slurry were determined using the Vicat apparatus and a conical model, following
the guidelines outlined in GB/T 1346-2011. The conical model used for the test has a bottom inner diameter of 100 mm, an upper
inner diameter of 70 mm, and a height of 60 mm. To determine the initial setting time, the alkali-activated solution was added to the
composite slurry. The time at which the distance between the initial setting test needle and the bottom glass plate reached 4 mm
+ 1 mm was recorded as the initial setting time. For the final setting time, a circular final setting test needle was used. The time at
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Fig. 1. The appearance and PSD of raw materials.
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Table 1
Physical and chemical properties (wt%) of the raw materials.
RUFA RM GGBS

Al,03 25.67 25.11 13.7
SiOy 58.7 16.93 31.1
CaO 4.74 6.02 40.9
Na,O 1.94 11.6 0.38
Fe,03 4.3 36.43 0.647
MgO 1.75 0.67 9.16
TiOy 1.16 1.54 1.26
Others 1.74 1.7 2.853
Loss of ignition (%) 2.8 - 0.96
Density (g/cm®) 2.55 3.46 2.93
Blaine surface area (cm?/! 2) 44360 22300 4240

(c) Ultra-fine fly ash

Fig. 2. The microstructure and SEM analysis of raw materials.

which the final setting test needle did not leave any visible traces on the sample was recorded as the final setting time. In order to
obtain more accurate results, the initial and final setting times were tested three times.

The fluidity tests were performed according to the specifications outlined in GB/T 8077-2012. In the fluidity test, a conical model
was utilized. The model had a height of 60 mm, and its bottom and top internal diameters were 60 mm and 36 mm, respectively. To
conduct the test, the slurry was poured into the conical model, which was placed on a wet glass plate. Subsequently, the model was
lifted vertically, allowing the slurry to flow freely. After the slurry had flowed for a duration of 60 s, the maximum diameter in two
vertical directions was measured using a ruler. The average value of these two measurements was then recorded as the fluidity of the
slurry. The results of fluidity were calculated based on the average results of three samples.

The compressive strength tests were conducted in accordance with the specifications outlined in GB/T 17671-2021. The samples
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Table 2
Mixture design and surface area of the samples.

Notation =~ RUFA (wt%) RM (wt%)  GGBS (wt%) PC (wt%) NaOH (wt%)  SSS (wt%) S/B SSA (cm?/g)  Remarks

Bl 100 3.25 30 0.45 44,360 Experiment 1 (Binary group)
B2 90 10 3.25 30 0.45 42,154

B3 80 20 3.25 30 0.45 39,948

B4 70 30 3.25 30 0.45 37,742

C1 70 20 10 3.25 30 0.45 35,936 Experiment 2 (Ternary group)
Cc2 60 20 20 3.25 30 0.45 31,924

C3 50 20 30 3.25 30 0.45 27,912

Cc4 40 20 40 3.25 30 0.45 23,900

D1 50 40 10 3.25 30 0.45 31,524 Experiment 3 (Ternary group)
D2 50 30 20 3.25 30 0.45 29,718

D3 50 20 30 3.25 30 0.45 27,912

D4 50 10 40 3.25 30 0.45 26,106

El 60 20 20 3.25 30 0.4 31,924 Experiment 4 (Ternary group)
E2 60 20 20 3.25 30 0.45 31,924

E3 60 20 20 3.25 30 0.5 31,924

E4 60 20 20 3.25 30 0.55 31,924

A0 100 0.45 3400 Experiment 5 (Control group)

S/B: Solution-to-binder ratio
SSA: Specific surface area

_ Y |
Agitator NaOH Water

Premixing (60s)

Alkali solution

Fluidity Setting time Water consumption Permeability :}

Mixing
(60s with low speed, and
120s with high speed)

SEM-EDS

Experiments

Fig. 3. Mixing procedures and test items of the samples.
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were cured in a standard curing box maintained at a temperature of 20 °C and a relative humidity of 95%. After 24 h of curing, the
samples were demoulded and then placed back into the curing box for further curing. In this study, the compressive strength tests were
carried out at three different time periods: 1 day, 3 days, and 28 days. These time intervals allow for the assessment of the compressive
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strength development of the samples over time. For the compressive strength tests, a WDW-10 C testing machine was used. The
samples were subjected to a load at a rate of 2400 N/s to test their compressive strength. To eliminate accidental errors, strength tests
were performed six times for each group.

The permeability tests were conducted in accordance with the Chinese standard DL/T 5150-2017. The samples used for the
permeability test had dimensions of 80 mm, 70 mm, and 30 mm in diameter at the bottom, top, and height, respectively. To test the
permeability, 3 samples need to be prepared for each group. The SS-15 mortar permeability tester was employed for the permeability
tests. The test procedure involved applying pressure to the sample. Initially, the pressure was set at 0.2 MPa and maintained for a
duration of 1 h. Subsequently, the pressure was increased by 0.1 MPa every hour. When the pressure reached 1.5 MPa and was sus-
tained for 1 h, the sample would split, and the seepage height was measured.

2.3.2. Microstructural analysis

SEM and EDS were used to analyse the samples to measure the microstructure of the RUFA-RM-GGBS composite. SEM images were
employed to study the microstructure and chemical composition of the RUFA-RM-GGBS composite. After the compressive strength
test, a sample was selected from the broken sample for electron microscope analysis. To halt the hydration reaction, the internal parts
of the crushed sample were immersed in anhydrous ethanol. Subsequently, the samples were placed in a drying oven and kept at a
temperature of 60 °C for a period of 48 h. The bottom surface of the sample was then sanded using sandpaper to achieve a smooth and
flat surface, which is more suitable for SEM/EDS analysis. Since the samples in this study were non-conductive, a thin layer of metallic
platinum was applied to the surface of the samples. This platinum coating improves the sample’s conductivity, allowing for accurate
analysis using SEM/EDS techniques. After the application of the platinum coating and the fixation process, the microscopic
morphology of the samples was observed and analyzed.

3. Results and discussion
3.1. Effect of the partial replacement of RUFA by RM

Fig. 4 displays the results of various tests conducted to evaluate the water consumption at standard consistency, fluidity, setting
time, permeability, and strength of all samples. The influence of the replacement of RUFA by RM on the macroscopic properties of the
composite based on RUFA was investigated. The analysis of water consumption at standard consistency revealed that as RM was
introduced into the composite, the water consumption increased. Specifically, when the RM content was raised from 0% to 30%, the
water consumption experienced an elevation of 8.2%. This is due to the small particle size of RM, which makes it require a large
amount of water.

The fluidity of the composite is significantly influenced by the incorporation of RM. The test results indicate that the addition of RM
leads to a reduction in the fluidity of the RUFA-based composite. This can be attributed to the flaky nature and high surface texture of
RM particles, which can be seen in the SEM image of RM as shown in Fig. 2. In contrast, RUFA consists of regular spherical particles,
which promote improved fluidity in the slurry. It is worth noting that even though the B4 group, which has the highest RM content,
exhibits the lowest fluidity among the tested groups, its fluidity is still slightly higher than that of the control group. This is mainly due
to the positive contribution of RUFA to fluidity.

The RUFA-RM slurry exhibits a short setting time, which is typical for alkali-activated materials. In the case of a geopolymer
composed entirely of RUFA, the initial and final setting times are as short as 42 min and 51 min, respectively. This rapid setting is
consistent with the characteristics of alkali-activated materials and can be attributed to the heat released during the reaction between
the solid alkali activator and water [50]. However, this rapid setting behavior may not be ideal for grouting applications, where a
longer working time is desirable. By incorporating RM into the composite, the setting time is prolonged. This indicates that RM can
enhance the workability of the RUFA-based composite, which is consistent with the results found by Zhang et al. [51] and Ge et al.
[52]. This is because RM has lower reactivity compared to RUFA [53]. The lower reactivity of RM slows down the rate of hydration
reactions, thereby extending the setting time of the composite. As the content of RM increases from 0% to 30%, both the initial and
final setting times increase significantly by 71.4% and 122.2%, respectively.

Based on the strength test results, the compressive strength of the composite based on RUFA ranges from 14.2 MPa to 24.6 MPa
after 28 days of curing. However, when compared to the control group, the compressive strength of the RUFA-RM composite was
significantly lower. This decrease in strength can be attributed to the incorporation of RM, which reduces the compressive strength of
the RUFA-based composite. One possible explanation for this phenomenon is the low activity of RM, which leads to a loose structure in
the material. In contrast, C-A-S-H gels play a vital role in contributing to the strength of the composite, and they are the main hydration
product of geopolymer [54]. The addition of RM can hinder the production of C-A-S-H gel, thereby reducing the strength of the
RUFA-based composite. Compressive strength is a crucial parameter in engineering, as it determines the overall quality of the
structure. Therefore, it is important to limit the content of RM to prevent excessive loss of strength.

Permeability tests have revealed that the inclusion of RM in the RUFA-based composite leads to an increase in permeability. This
outcome suggests that the addition of RM causes the structure of the composite to become looser, aligning with the earlier findings
related to strength. Consequently, it is advisable to restrict the content of RM to enhance both mechanical strength and fluidity of the
composite. Furthermore, it is essential to acknowledge the positive impact of RM on the initial and final setting time of the RUFA-based
composite. The incorporation of RM can influence the setting time, allowing for more control over the curing process. This aspect
should be considered when determining the optimal content of RM for achieving the desired setting characteristics.

In summary, limiting the amount of RM in the composite is recommended to maintain better mechanical strength, improve fluidity,
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and regulate the setting time of the RUFA-based composite.
3.2. Effect of the partial replacement of RUFA/RM by GGBS

Two methods for incorporating GGBS into RUFA/RM-based composites are commonly employed: partial replacement of RUFA with
GGBS and partial replacement of RM with GGBS. The selection of these methods leads to variations in the performance of RUFA/RM/
GGBS-based composites. In order to investigate the impact of partial replacement of RUFA/RM with GGBS, ternary composite samples
were prepared, wherein RUFA or RM was substituted with varying amounts of GGBS. Subsequently, tests were conducted to evaluate
the fluidity, initial and final setting time, and compressive strength of the samples.

The results of water consumption at standard consistency show that as the content of GGBS increases, the water consumption of the
composite also increases.

The fluidity test results indicate that the inclusion of GGBS in the RUFA/RM/GGBS-based composite leads to a reduction in fluidity.
This finding aligns with the observations made in Zhang’s study [55]. Unlike the regular spherical shape of RUFA particles, GGBS
particles have an irregular shape, which unfavorably affects the flowability of the slurry. When the GGBS content reaches 10%, the
fluidity of the composite becomes similar to that of cement compared to the control group. However, with a GGBS content of 40%, the
fluidity of the composite is only around 63-66% of that of the control group. Furthermore, the results obtained from Groups B and C
indicate a negative correlation between the content of RM and GGBS and the fluidity of the RUFA/RM/GGBS-based composite.
Additionally, the findings from Group D demonstrate that the influence of GGBS on fluidity is greater than that of RM. This disparity
can be attributed to the irregular shape of GGBS particles and the higher CaO content present in GGBS compared to RM. Moreover, the
issue of flash setting, which refers to the rapid setting of alkali-activated materials, is associated with the presence of CaO [56]. This
rapid setting phenomenon leads to a decrease in fluidity.

The setting time test results reveal that incorporating GGBS through partial replacement of RUFA or RM leads to a reduction in both
the initial and final setting times of the RUFA/RM/GGBS-based composite. This outcome suggests that the presence of a substantial
amount of CaO in GGBS promotes hydration reactions within the composite.

The compressive strength test results indicate that the partial replacement of RUFA or RM with GGBS results in an increase in the
compressive strength of the RUFA/RM/GGBS-based composite, particularly in the early stages of curing. This trend corresponds with
the findings presented in Alam’s [57] study as well. Remarkably, when the GGBS content reaches 30%, the compressive strength of the
composite after just one day of curing surpasses that of the control group. This improvement in compressive strength can be attributed
to the rapid synthesis of calcium alumino-silicate hydrate (C-A-S-H) gels facilitated by the presence of Ca" ions available in GGBS
[58].

The results of permeability tests demonstrate that the inclusion of GGBS in the RUFA-based composite leads to a reduction in
permeability. This effect can be attributed to the promotion of C-A-S-H gel synthesis facilitated by the incorporation of GGBS. C-A-S-H
gels possess a strong filling capacity, resulting in a more compact structure of the composite. As a result, the permeability of the
composite decreases.

In summary, the addition of sufficient GGBS is crucial for achieving high compressive strength in the RUFA/RM/GGBS-based
composite. However, it is important to address potential drawbacks associated with large amounts of GGBS, such as the occurrence
of flash setting and reduced fluidity. These issues should not be overlooked and must be carefully managed during the composite
production process.

3.3. Effect of S/B

The amount of water plays a significant role in determining the properties of the RUFA/RM/GGBS-based composite. According to
the results obtained from the water consumption test at standard consistency, a negative correlation is observed between the S/B
(Solid/Binder) ratio and water consumption at standard consistency.

Furthermore, the fluidity test results reveal that increasing the S/B ratio enhances the fluidity of the RUFA/RM/GGBS-based
composite. This improvement in fluidity can be attributed to the higher S/B ratio, which results in an increased amount of free
water within the slurry. The presence of free water reduces the interaction and internal friction between the constituent particles of the
composite [59,60]. Consequently, a higher S/B ratio promotes better fluidity in the slurry.

The S/B ratio has a significant impact on the setting time of the RUFA/RM/GGBS-based composite. Increasing the S/B ratio leads to
a reduction in the concentration of silica and aluminum ions in the composite mixture, resulting in prolonged initial and final setting
times. The setting time of the composite is influenced by various factors, including the depolymerization and polycondensation of
precursors. These processes require a highly alkaline environment. However, when the S/B ratio increases, the concentration of OH-
ions, which are produced by the hydrolysis of the alkaline activator, becomes diluted. This dilution weakens the alkaline environment
within the RUFA/RM/GGBS-based composite. As a result, the initial and final setting times of the composite are prolonged.

However, The S/B ratio exhibits a negative relationship with the compressive strength of the RUFA/RM/GGBS-based composite,
which is consistent with previous findings in the field of alkali-activated materials [61]. Excess water content in the composite
negatively affects its strength because it hinders the hydration process [62]. Additionally, as the S/B ratio increases, the porosity of the
composite also increases, further reducing its mechanical strength. However, excessive water content can even prevent the composite
from properly shaping and developing strength.

Furthermore, the permeability of the RUFA/RM/GGBS-based composite decreases as the S/B ratio increases. This is because during
the process of mechanical strength formation, excess water gradually evaporates, increasing the internal porosity of the material, and
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subsequently increasing its permeability.
In summary, an increase in the S/B ratio can improve the fluidity of the composite and prolong the initial and final setting times.

3.4. SEM-EDS analyses

SEM images of the RUFA/RM/GGBS-based composite at different magnifications are shown in Fig. 5. The images clearly depict a
relatively dense matrix in all the samples. However, it is noteworthy that some incompletely reacted RUFA particles and microcracks
can also be observed. The reaction products exhibit a dense packing around the RUFA particles that have not yet undergone complete
reaction, indicating the composite’s high reactivity to polycondensation. Microcracks are typically concentrated around the unreacted
RUFA particles, and while they may have resulted from the crushing process during sample preparation, these particles themselves can
be vulnerable areas that contribute to the formation of microcracks. Additionally, the appearance of these microcracks may be
associated with the phenomenon of dry shrinkage commonly observed in alkali-activated materials. Although they may have been a
result of the crushing process, these particles can easily be the weak part that causes these microcracks to form. the emergence of
microcracks could also be linked to the dry shrinkage behavior observed in alkali-activated materials.

Furthermore, the SEM images depict the existence of air voids or gaps within the composite material, ranging in size from 5 to
50 um. These gaps may be attributed to the introduction of air bubbles during the mixing process or the evaporation of excess water.
Notably, as the GGBS content increases, the size of the gaps tends to decrease. This phenomenon provides an explanation for the
observed increase in compressive strength and impermeability with higher GGBS content. Moreover, the variation in GGBS content
influences the gel type present in the samples. At relatively low GGBS content and high RUFA content, the predominant gel type is N-A-
S-H (sodium aluminosilicate hydrate) [44]. However, as the GGBS content increases, the N-A-S-H gel gradually gives way to C-A-S-H
(calcium aluminosilicate hydrate). In other words, sodium ions (Na™) are gradually replaced by calcium ions (Ca%"). C-A-S-H gels
exhibit higher strength and greater filling capacity [63,64]. This change in gel type is also evident in the results of energy-dispersive
EDS. The Si/Ca ratio of sample C1, with low GGBS content, is approximately half that of sample C3, indicating the dominance of
N-A-S-H gels in C1 [65]. However, in sample C3, with high GGBS content, N-A-S-H gels are replaced by C-A-S-H gels, because N-A-S-H
gels are unlikely to dominate the gel phase in systems with a high calcium content [66]. The synthesis of this gel increases the thickness
of the composite structure and thereby enhances its strength. Additionally, based on the data and previous research [67-70], the SEM
images also reveal the presence of various hydration products such as C-S-H, CH, and Aft, further confirming the progress of the
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Fig. 5. SEM analysis of the samples (C1, C2 and C3 curing at 28d).
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hydration process within the samples.

To investigate the constituent elements of the reaction products, EDS analysis was carried out on these RUFA/RM/GGBS com-
posites, as shown in Fig. 6. The colors represent the spatial distribution of these elements. The EDS analysis reveals the presence of
several elements including C, O, Na, Al, Si, Ca, and Fe within the sample cross-section, as illustrated in Fig. 6. Among these elements,
the predominant contribution of Ca is attributed to the presence of GGBS, which participates in the formation of C-A-S-H gel, thereby
enhancing the overall strength of the composite. Al and Si are both constituent elements of geopolymers, playing a crucial role in the
formation of the composite structure.

3.5. Sustainability analysis

In the pursuit of RM-based ecological cementless composites, an assessment of greenhouse gas (GHG) emissions was conducted to
compare them with normal cement paste. The GHG emissions associated with cement production are primarily generated during its
manufacturing process [71]. China, being the world’s leading cement producer, accounts for more than 60% of global production [72].
In 2021, the production of 1 metric ton of cement resulted in high CO4 emissions of 780 metric tons, indicating a specific emission rate
of 0.78 kg CO/kg [73-75]. Similarly, the GHG emissions for other composite ingredients including RUFA, RM, GGBS, NaOH, and SS
can be estimated as 0.005, 0.303, 0.067, 3.2, and 0.4 kg COy/kg, respectively [73,75-77]. Notably, RM, as a solid waste with a sig-
nificant quantity and high geopolymerization potential, exhibits only half the GHG emissions compared to cement. This further
emphasizes its substantial sustainability value in geopolymer production. The specific CO5 emissions for the various mixture in-
gredients are summarized in Table 3.

The GHG emissions for conventional cement paste and ecological cementless composites were calculated based on a consistent
volume of 1 m?, and the results are presented in Table 4. The reduction index, which indicates the extent of GHG emission reduction
compared to a reference mixture (A0), was calculated by subtracting the GHG emission of a specific mixture from that of A0 and
dividing the result by the GHG emission of AO. The highest reduction index of 0.66 was achieved by mixture B2, indicating that it
represents the best ecological and sustainable RM-based mixture design. Taking into account the comprehensive properties discussed
earlier, the final mixture design can be determined by considering multiple factors. It is worth noting that all the mixtures in this study
exhibited a reduction index higher than 0.5, confirming the effectiveness of the introduced ternary cementless composite in signifi-
cantly reducing GHG emissions by eliminating the use of cement.

4. Conclusions

In this study, a ternary cementless composite was formulated by combining RM, RUFA, and GGBS. The properties analyzed
included water consumption at standard consistency, fluidity, initial and final setting times, permeability, and compressive strength.
Based on the results obtained from the comparative analysis, the following conclusions can be drawn:

(1) The addition of RM to the RUFA/RM/GGBS cementless composite resulted in increased water consumption at standard con-
sistency and permeability. This also led to reduced fluidity and compressive strength, as well as prolonged setting times.

(2) The incorporation of GGBS in RUFA/RM/GGBS cementless composites yields significant benefits, including higher compressive

strength and reduced permeability. However, the addition of GGBS also presents certain challenges, notably flash setting, which

results in prolonged setting times, diminished fluidity, and increased water consumption at standard consistency.

In the RUFA/RM/GGBS cementless composite, various hydration products were observed, including C-S-H, Aft, CH, N-A-S-H,

and C-A-S-H gels. The composition of these hydration products was found to be influenced by the content of GGBS. Specifically,

when the GGBS content was lower, there was a preference for the presence of N-A-S-H gels. However, with higher GGBS content,
some of the N-A-S-H gels were replaced by C-A-S-H gels. This indicates that the proportion of GGBS in the composite has a direct
impact on the type of gels formed during the hydration process.

(4) Indeed, with the increase in GGBS content, the composite exhibited smaller microcracks. This phenomenon played a crucial role
in enhancing the compressive strength of the material and concurrently reducing its permeability. The smaller microcracks
contributed to a more compact and denser structure, ultimately leading to improved mechanical properties and a decreased
tendency for fluid or other substances to permeate through the material.

(5) The greenhouse gas emissions of all the mixtures in this study are much lower than those of cement. Mixture E4 has only 36% of
the greenhouse gas emissions of cement. This emphasizes the substantial sustainability value of the RUFA/RM/GGBS
cementless composite in geopolymer production.
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Fig. 6. EDS mapping and line scan of the samples (C1, C2 and C3 curing at 28d).

Table 3
The specific CO, emissions (kg COze/kg) for various mixture ingredients.
PC[73,75] RUFA[77] RM[76] GGBS[77] NaOH|[73,75] SS[73,75]
0.780 0.005 0.303 0.067 3.2 0.4
Table 4
The GHG emissions for mixture designs based on the consistent volume of 1 m®.
Mixture notation PC-RUFA-RM-GGBS (%) S/B CO, (kg/ms) Reduction index
Bl 0-100-0-0 0.45 296.75 0.70
B2 0-90-10-0 0.45 339.94 0.66
B3 0-80-20-0 0.45 384.32 0.61
B4 0-70-30-0 0.45 429.94 0.57
Cl 0-70-20-10 0.45 395.26 0.60
c2 0-60-20-20 0.45 406.34 0.59
C3 0-50-20-30 0.45 417.57 0.58
Cc4 0-40-20-40 0.45 428.96 0.57
D1 0-50-40-10 0.45 488.74 0.51
D2 0-50-30-20 0.45 452.90 0.55
D3 0-50-20-30 0.45 417.57 0.58
D4 0-50-10-40 0.45 382.74 0.62
El 0-60-20-20 0.4 435.74 0.56
E2 0-60-20-20 0.45 406.34 0.59
E3 0-60-20-20 0.5 380.65 0.62
E4 0-60-20-20 0.55 358.02 0.64
A0 100-0-0-0 0.45 995.74 0
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