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Mechanism and CO, emissions
analysis of multi-solid-waste
synergistic red mud-based
composite cementitious materials
under orthogonal tests

Lili Cheng™, Daiyu Zhou?, Qiwan Zhang?, Lingling Wang?, Ninggui Hu? & Zeyuan Wang?

The large stockpile and low utilization rate of red mud (RM) have caused an urgent need for large
quantities of RM to be eliminated. In this study, multi-solid-waste synergistic RM-based composite
cementitious materials (MS-RMCM) were prepared using RM as the primary material, combined with
fly ash, silica fume, and quicklime. Orthogonal tests were conducted to investigate the effects of
cementitious components on the mechanical properties. The effect mechanisms were discussed by
SEM-EDS results. The results revealed that: (1) Range analysis indicated that the factors influencing
the 28 d compressive strength ranked as follows: quicklime (C) > silica fume (B) >fly ash (A). The optimal
combination was determined to be A,B,C,, achieving a maximum compressive strength of 25.13 MPa
with 53% RM. (2) Variance analysis revealed that F (fly ash)=3.961<F, ., F(silica fume)=17.778 >F .,
and F(quicklime)=61.921>F ., indicating that fly ash had no significant effect on the 28 d
compressive strength, while silica fume had a significant effect, and quicklime had a highly significant
effect. (3) Microscopic analysis showed that the strength improvement contributed by fly ash and

silica fume was mainly attributed to their good potential pozzolanic activity and microaggregate

filling effect. Quicklime enhanced the compactness by generating more hydration products after
activating fly ash, silica fume and RM. (4) Life cycle assessment calculations indicated that the carbon
emissions of MS-RMCM were 273.01 kg/t, with a unit compressive strength carbon emission coefficient
of 10.86 kg/MPa, indicating the significant advantages of MS-RMCM in reducing CO, emissions in the
construction industry.
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List of symbols

RM Red mud

C-A-H Calcium aluminate hydrate

RMCM Red mud-based composite materials
SEM Scanning electron microscopy

EDS Energy dispersive spectroscopy
C-S-H Calcium silicate hydrate

C-A-F-H Calcium aluminates ferrite hydrate

MS-RMCM  Multi-solid-waste synergistic RM-based composite cementitious materials
SCO2 Total carbon emissions

ACOq Emissions during acquisition
TCO- Emissions during transportation
PCO; Emissions during preparation

RM-WGS RM and waste glass sludge
RM-GGBS RM and ground granulated blast-furnace slag
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RS RM-based sulphoaluminate cementitious materials
RM-SAC RM based sulphoaluminate cement

Red mud (RM), an industrial solid waste and byproduct of alumina production from bauxite, was generated
at an average rate of 1.25 tons per ton of aluminal. At present, the global storage capacity of RM has been
nearly 4 billion tons?. However, the strong alkalinity, high impurity content, and complex mineral composition
of RM made large-scale comprehensive utilization challenging®?. Stockpiling RM not only occupied a large
amount of land, but also caused different degrees of harm to the soil, water, atmosphere and human beings>®.
Meanwhile, RM was rich in calcium, silicon, aluminum and other silica-aluminate minerals’. The effective
utilization of RM resource attributes will meet the requirements of circular economy development. In recent
years, researchers have done a lot of research around the utilization of RM, and found that RM had a better
application prospect in extraction of valuable metals®, construction materials’, chemical production!® and
environment and agriculture!!. The resources utilization status of RM in China is shown in Fig. 1. It can be
observed that the resources utilization rate of RM in the aforementioned sectors was 18%, 33%, 25%, and 20%
respectively. Although RM showed potential application prospects in metallurgy, chemical production and
environmental protection, the utilization ratio of RM is less than 5%° and it is far from being able to achieve
large-scale resources utilization. Therefore, using RM to produce construction materials was widely regarded as
the optimal approach.

Red mud-based composite materials (RMCM) are not only consumed a large amount of RM, but also
reduced the consumption of cement, construction costs and carbon emissions. Experts and scholars have done
a lot of researches on the basic properties, activation and practical application of RM. Relevant researches!>%12
results showed that RM was rich in Si and Al elements, and contained CaO and Na,O. RM could undergo
a slow hydration reaction, but the cementitious properties were not significant, because of its low content of
active silica-alumina. In order to improve the activity of RM, Wei!® and Jiang'* used mechanical ball milling to
activate RM physically, and the 3 days (d) and 7 d compressive strength increased by 0.21 MPa and 0.49 MPa,
respectively. Although the strength of RM specimens had some improvement, it was far from meeting the
demand of engineering application, and the water consumption increased significantly. Thermal activation was
a method to remove free and bound water from RM by high temperature calcination. Then, bond breaking and
activation points appeared in the structure, prompting the rearrangement of silica-aluminate minerals. RM was
transformed from metastable structure to amorphous form. Thermal activation could improve the reactivity of
RM, but it faced issues of high energy consumption, high cost, and complex process'>~1”. Chemical activation
mostly used activators, such as water glass, gypsum and sodium hydroxide, to enhance the activity of SiO, and
A1203 in RM!%1° which was both environmentally friendly and economical. Moreover, chemical activation could
simultaneously process multiple solid wastes and the most advantageous method on preparation of RMCM.

At present, the researches on multi-solid-waste synergistic red mud-based composite cementitious materials
(MS-RMCM) focused on binary and multi-component systems. Liu et al.?’ activated RM through calcination
and ball milling, then mixed with S95 slag powders to prepare cementitious material. The 28 d compressive and
flexural strengths reached up to 40 MPa and 8 MPa after strengthened the activity of silica-alumina with water
glass. Geng et al.>! prepared cementitious materials by calcination at 800°C containing RM and coal gangue, and
the 7 d compressive strength was up to 14 MPa. Bao et al.? reported that the oil shale slag and RM after 700 °C
calcination could prepare cementitious materials with 28 d compressive strength as high as 17.31 MPa. Previous
studies have found that the binary RMCM can give full play to the advantages of SiO, and AL O,, and obtain
high compressive strength. However, the RM needed to be calcined at high temperature, which would cause the
problem of high energy consumption and high cost.

MS-RMCM generally included alkaline solid waste (red mud, carbide slag), siliceous solid waste (silica fume,
glass powder), silica-alumina solid waste (fly ash, slag), gypsum solid waste (phosphogypsum, desulfurization
gypsum) and quicklime. Among them, alkaline solid waste provided the alkaline environment to promote the
hydrolysis, and gypsum solid waste mainly facilitated the formation of hydration products?. Li et al.* prepared
ternary cementitious materials of RM-fly ash-desulfurization gypsum, and found that the 7 d compressive
strength (5.49 MPa) was higher than that of RM-fly ash (4.25 MPa) and RM-desulfurization gypsum (3.73 MPa).
Luo et al.® analyzed the effect of blast furnace slag, chromium slag, RM on the early compressive strength, and
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Fig. 1. Resources utilization status of red mud in China.
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Constituent materials | CaO | SiO, | Fe,0, | AL,O, | SO, | Na,0 | MgO | K,O | TiO, | Others
RM 31.12 | 18.63 | 14.42 | 13.72 - 1335 | 2.8 022 | 483 [091
Cement 61.71 | 19.90 | 4.46 5.16 |3.96 - 1.73 | 1.20 - 1.88
Quicklime 98.29 | 0.60 | 0.11 0.14 |0.24 - - 058 | - 0.04
Silica fume 0.48 | 97.60 | 0.07 0.81 |0.46 - 0.21 - - 0.37
Fly ash 7.58 | 52,65 | 9.22 |18.89 |1.89 - 5.11 - - 4.66

Table 1. Chemical compositions of RM and admixtures (%).

Fig. 2. Micro-morphology of RM.

prepared ternary cementitious materials, which 7 d compressive strength was 15.73 MPa. In the study of Wang
et al.?¢, the compressive strength of multi-component solid waste low-carbon cementitious materials reached
35 MPa, which was superior to the mechanical properties of P.O.32.5 cement. R. Kirthiga et al.?’ focused on
potential utilization of sugarcane bagasse ash as agricultural waste and silica fume as industrial waste to develop
cement-based mortar. Ding et al.?® conducted a solidification experiment of RM with fly ash, lime, and clay. The
results showed that with the increase of lime proportion in the two-ash ratio, the strength of all ages increased,
of which the 28 d strength was the most significantly affected by the two-ash ratio. He et al.?’ added slag and
silica fume into RM activated by NaOH. They found that both single and combined addition of slag and silica
fume could improve the strength of solidified RM. The effect of combined addition was more significant,
and the compressive strength of 28 d reached 13.12 MPa. In conclusion, MS-RMCM effectively utilized the
active chemical components of various solid wastes to enhance the mechanical properties of the materials.
Additionally, the higher incorporation of industrial solid wastes helped to reduce preparation costs. However,
although the above studies achieved synergistic benefits, the overall RM dosage was not significant, and the
mechanical properties were poor at higher dosage of RM. Moreover, studies on the systematic mechanism were
relatively limited.

This study used RM after low-temperature roasting as the main raw material to prepare MS-RMCM. Fly ash
and silica fume were added, and quicklime was incorporated for chemical activation. The effects and significance
of each cementitious component on flexural and compressive strengths were investigated through orthogonal
tests. The optimal level of each cementitious component and the optimal ratio were obtained. In addition,
the synergistic mechanisms were revealed by scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS) results. The results of this study provided a basis for the selection of mineral admixtures in
MS-RMCM and laid a foundation for the resources utilization and large-scale disposal of RM.

Experiment
Experimental materials
RM was obtained from an alumina factory in Guizhou, China. After natural air drying and crushing, the RM
powders were obtained through 0.6 mm hole sieving, and baked in the oven at 105°C for 5 h to obtain the raw
RM powders. The cement P.0.42.5 produced in the Guiyang Conch Panjiang Cement Plant, and quicklime was
selected with 98.3% CaO. Silica fume was used with SiO, content greater than 97% and a specific surface area
of 20-28 m?/g. Additionally, F10 melamine water reducer was used in this study and the water-reducing rate is
16%-22%. The chemical compositions of RM and the other admixtures are provided in Table 1.

The microscopic morphology of the raw RM powders is shown in Fig. 2. It can be seen from the SEM image
that RM is scattered and the particle size is various. The shape of RM is diversified and not fixed. The particle size
distribution of RM is shown in Fig. 3. In the cumulative curve, the particle size of 80% RM is less than 300 um.
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Fig. 3. Particle size distribution of RM.

Factors (%)

Sample number | Fly ash (A) | Silica fume (B) | Quicklime (C)
1 10 2 4
2 10 4 8
3 10 6 12
4 10 8 16
5 15 2 8
6 15 4 4
7 15 6 16
8 15 8 12
9 20 2 12
10 20 4 16
11 20 6 4
12 20 8 8
13 25 2 16
14 25 4 12
15 25 6 8
16 25 8 4

Table 2. Level of factors in orthogonal tests.

Test design

In this study, RM was used as the main material. MS-RMCM was prepared by adding a certain proportion of
mineral admixtures such as fly ash, silica fume and quicklime, as well as water reducer into RM. In order to
ensure the early strength, the cement dosage was fixed at 10%, and the sum of the remaining powder was 90%. By
changing the blending ratio of fly ash, silica fume and quicklime, the orthogonal tests were designed to explore
the effect of mineral admixtures on the flexural and compressive strengths. Based on the study by Liu et al. #3031,
the dosage of fly ash, silica fume and quicklime were determined to be 10-25%, 2-8% and 4-16%, respectively.
The dosage of water reducer was established as 1% of the total mass of dry powders, and the water-to-binder
ratio was taken as 0.4.

Orthogonal test is a scientific method for studying multi-factor and multi-level optimization. By applying
the orthogonal principle of orthogonal tables and mathematical statistical analysis, it scientifically selects
representative combinations from numerous experimental possibilities for testing, thereby optimizing the
relevant performance indicators®2. Considering the complexity of the experimental factors and the mixed levels
in this study, it was difficult to maintain experiment quality. Orthogonal tests were utilized to minimize the
number of tests to evaluate the effects of various factors on the mechanical properties of MS-RMCM at different
curing ages, facilitating the selection of parameter combinations with optimal mechanical performance®.
Minitab and SPSS software were employed to design a three-factor (A, B, C), four-level (1, 2, 3, 4) orthogonal
test, with data analyzed through methods such as intuitive analysis, range analysis, and variance analysis. The
mix ratio design of the orthogonal tests is shown in Table 2.

The preparation and test procedure of specimens are shown in Fig. 4. The RM, cement, fly ash, silica fume,
quicklime and water reducer were mixed and stirred at 100 r/min for 30 s until the dry powders were uniformly
blended. Water was slowly added, and mixing was continued at 100 r/min for 60 s, followed by 30 s of mixing
at 600 r/min, to ensure complete integration of water and dry powders. The mixed slurry was poured into
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Fig. 4. Preparation and test process.

the 40 mm x40 mm x 160 mm triple molds pre-impregnated release agent, vibrated to eliminate air bubbles,
smoothed with the steel rule, and covered with plastic film to avoid the loss of water. The samples were demolded
after 24 h of curing in natural environment. The tests were carried out after the natural curing to the age of 7 d
and 28 d.

Test methods

The mechanical properties were characterized by flexural strength and compressive strength, which were
determined according to Chinese standard GB/T17671-2021 "Cement Mortar Strength Inspection Method". Three
specimens were selected for strength testing in each experimental mix proportion. The flexural strength test
was determined using the three-point bending method and carried out by an electric flexural testing machine.
The specimens were placed in the flexural fixture, and after adjusting and calibrating the relevant parameters,
they were loaded at a rate of 50 N/s. The specimens tested for flexural strength were then used for compressive
strength testing. They were positioned in the compressive strength fixture of a digitally electro-hydraulic servo
pressure testing machine, and after parameter adjustment and calibration, the specimens were loaded at a rate
of 2400 N/s. The microstructures of samples were characterized by SEM-EDS. After the compressive strength
tests, a sample not exceeding 1 cm? was taken from the middle part of the specimen. After drying and spraying
gold treatment on the surface, the sample was subjected to SEM testing.

Results and discussion

Intuitive analysis

Figure 5 presents the visual results of compressive and flexural strengths at 7 d and 28 d for the specimens under
16 mix ratios. It can be seen that, with the increase of curing age, both the flexural and compressive strengths of
specimens show an increasing trend.

As shown in Fig. 5a, the 28 d compressive strength of group 7 reached the maximum 25.13 MPa. Group 1
showed the lowest compressive strength, which was 10.10 MPa. This was attributed to the low activity and high
dosage of RM in group 1 (up to 74%), which was unfavorable for the development of cementitious material
strength. The increase of RM dosage led to a reduction in the Ca element content within the cementitious
material, thereby decreasing the formation of hydration products®. In particular, group 16 showed a decline
in 28 d compressive strength, which was ascribed to the low dosage of quicklime (minimum 4%), resulting in
limited cementitious ability of the cementitious material. With the increase in curing age, the limited amount of
quicklime restrained the alkali activation effect and confined the hydration reaction, resulting in a large amount
of RM powders failing to fully release the cementitious activity. Simultaneously, the drying process during the
curing period caused the RM slurry to lose the surface tension provided by water, which in turn intensified
the dispersion between the particles and reduced the compactness of cementitious material. In terms of the
average strength of the samples, the 7 d compressive strength reached 79.18% of the 28 d compressive strength,
whereas the 7 d flexural strength only accounted for 44.30% of the 28 d flexural strength. This suggested that the
compressive strength had essentially developed by 7 d, but the development of flexural strength was relatively
slow. From the strength ratio of 7 d and 28 d (7d/28d), the fluctuation range of the compressive strength ratios
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Fig. 5. Results of orthogonal tests.
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Fig. 6. Flexural failure modes of MS-RMCM.

was primarily concentrated between 65 and 90%, while the fluctuation range of the flexural strength ratios was
distributed between 25 and 60%. Thus, it was observed that the stability of compressive strength exceeded that
of flexural strength. Notably, the 7 d flexural strength of group 13 was only 12.39% of the 28d strength, while
the 28 d flexural strength reached the maximum value of 8.19 MPa in this test. This could be explained by the
higher sensitivity of flexural strength to fluctuations compared with compressive strength. Additionally, this
group had the highest proportion of silica fume, fly ash, and quicklime, with a larger amount of supplementary
cementitious materials effectively promoting the hydration reaction. In this case, the relatively low dosage of RM
(minimum 47%) indicated that excessive RM was detrimental to the mechanical strength, which was consistent
with Liu’s conclusion®. Furthermore, the higher dosage of quicklime (maximum 16%) enhanced the alkali
activation effect of RM, resulting in more complete hydration reactions within the cementitious material. The
above analysis was also verified in the 28 d flexural failure modes of the MS-RMCM samples, as shown in Fig. 6.

It can be seen from the Fig. 6 that longitudinal cracks developed after the samples failed, exhibiting typical
brittle failure. As the dosage of quicklime increased, the deflection of crack gradually disappeared, the fracture
surface became flat, and the local fracture features transitioned from irregular to smooth. Specifically, when the
quicklime dosage reached 16%, the vertical surface cracks appeared, and the fractural cross-section was smooth
and regular.

This was because the lower dosage of quicklime resulted in the low concentration of OH", reducing the
alkaline activation effect. Thus, the activation effect of RM was limited under the lower dosage of quicklime and
higher dosage of RM, which led to uneven hydration reaction, decreasing the local bond strength. Therefore,
cracks would appear the deflection near the concentrated hydration crystals. The lower bond strength between
the concentrated hydration crystals and matrix caused the relatively lower flexural and compressive strengths.
The more significant concentration of hydration crystals in Group 5 caused more significant cracks deflection and
poorer surface smoothness. With the increase of quicklime, the activation effect of RM enhanced, reducing the
concentration of hydration crystals in the local regions. Moreover, the increase of silica fume and fly ash further
enhanced active effect of cementitious components, causing the relatively uniform distribution of hydration
products. Consequently, the specimen of group 13 with 16% quicklime exhibited the higher compactness and
relatively smoother fracture surface. As a result, the flexural strength increased from 2.25 MPa to 8.19 MPa, as the
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Sample number | Fly ash (A) | Silica fume (B) | Quicklime (C)
1 0.63 0.12 0.25
2 0.46 0.18 0.36
3 0.36 0.21 0.43
4 0.29 0.24 0.47
5 0.60 0.08 0.32
6 0.66 0.17 0.17
7 0.41 0.16 0.43
8 0.43 0.23 0.34
9 0.59 0.06 0.35
10 0.50 0.10 0.40
11 0.67 0.20 0.13
12 0.56 0.22 0.22
13 0.58 0.05 0.37
14 0.61 0.10 0.29
15 0.64 0.15 0.21
16 0.68 0.22 0.10

Table 3. Normalization of mix proportion for the orthogonal tests.

O 7 d flexural strength Quicklime dosage (C) @ 28 d flexural strength  Quicklime dosage (C)
S & S o S S o ) o S
S 3 7 v S ~ > g V S
$.500.00 ¢ 2 = > S 8.50 0.00 4— > b S
% e
® 2
5.30 5.30
0.25
331 331 2
?}5 @
2.06 2,06 %, 0.50 &
§ §
1.29 129
0.802 0.802
000 0.500
o
%
(a) 7 d flexural strength (b) 28 d flexural strength

® 7d compressive strength Quicklime dosage (C) O 28 d compressive strength Quicklime dosage (C)
¢

N $ > S \d NI o N
s X 3 & S A N N & N
26.000.00 = « £ £ £ 26.000.00 < £ 3
./% ‘%
23.00 23.00
0. 0.
20.00 = 2000 %
17.00 17.00
14.00 14.00
11.00 11.00
8.000
?o 8.000 2
¢ %
(c) 7 d compressive strength (d) 28 d compressive strength

Fig. 7. Three-phase impact diagram of the orthogonal tests.

dosage of quicklime increased from 8 to 16%. In addition, as shown in the Fig. 6, increasing the quicklime dosage
contributed to a reduction in the number of pores, which confirmed that the improvement in the compactness
of cementitious material.

The results of further normalization of orthogonal tests are shown in Table 3. Three-phase impacts of the
orthogonal test factors (A, B, C) on flexural and compressive strengths were established, as shown in Fig. 7.
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A [B Jc Ja B Jc [a [B Jc [a [B |C

7 d flexural 28 d flexural 7 d compressive 28 d compressive
Level | strength strength strength strength

K1 0.93 [0.92 | 0.84 | 227 |3.97 |2.30 | 13.67 | 11.51 | 11.98 | 18.44 | 15.83 | 13.42
K2 1.10 | 0.95 | 1.07 | 2.07 | 2.98 | 1.75 | 15.53 | 14.42 | 14.52 | 19.87 | 18.96 | 18.83
K3 1.05 | 0.96 | 1.18 | 2.58 | 2.26 | 3.26 | 14.67 | 16.09 | 16.34 | 18.76 | 20.44 | 20.58
K4 1.01 | 1.24 | 0.99 | 4.47 | 2.19 | 4.10 | 14.57 | 16.41 | 15.59 | 17.60 | 19.44 | 21.83
R 0.17 {032 | 0.34 | 2.40 | 1.78 | 2.34 | 1.85 |4.90 |437 |227 |4.61 |842

Table 4. Characteristic parameters for the range analysis.

Results 7 d flexural strength | 28 d flexural strength | 7 d compressive strength | 28 d compressive strength
Significance C>B>A A>C>B B>C>A C>B>A
Optimum combination | A,B,C, ABC, AB,C, AB.C,

Table 5. Results of the range analysis.

The optimal flexural strength at 7 d and 28 d appeared in zone I and zone II, respectively, while the optimal
compressive strengths at both 7 d and 28 d were found in zone I. This confirmed that the fluctuation sensitivity
of flexural strength was greater than that of compressive strength. Upon comparing the strength of 7 d and 28 d,
it was found that as the curing age increased, the development of flexural strength was considerably superior to
that of compressive strength.

Range analysis
The range analysis method, abbreviated as the R method, is employed to evaluate the results of orthogonal tests.
The flexural and compressive strengths were used as evaluation indices for range analysis.

Define X, as the m-th level value of the influencing factor n (m=1,2,3,4; n=A, B, C). Y,  represents the
evaluation index value corresponding to the m-th level of  factor. N orthogonal tests are carried out under X |
resulting in N values, denotedas Y, (k=1,2, ..., N). The values of K and R are calculated by the below Egs. 3243

mnk

N
1
Kmn = NkZYmnk (1)
=1

Rn = max {Kln, K2n7 K3n7 K4n} — min {K1n7 K2n7 K3’ﬂ7 K4n} (2)

In the equations, K, represents the average value of influencing factor n at the m-th level; R, denotes the range
value of the factor n.

The results of flexural and compressive strengths shown in Fig. 5 were processed using SPSS software, and
the results of characteristic parameters were presented in Table 4. Based on the results of Table 4, the influence
of each factor on the index was determined according to the value of R, and the optimal levels and combinations
of factors were identified based on the K values. The results are shown in Table 5. In the results of the orthogonal
tests, the larger R value of a factor represents the greater influence on the evaluation indicators. A larger K value
indicates that the factor exhibits optimal performance at that corresponding level. Based on the data results, it
was observed that the effect of different cementitious components on the flexural and compressive strengths
changed with the curing age. In particular, fly ash had an overall insignificant effect on the strength of MS-
RMCM. The effect of each factor on the 28 d compressive strength was ranked as follows: quicklime (C) > silica
fume (B) >fly ash (A). The optimal combination was determined to be A,B,C,. For the 28 d flexural strength,
the effect was ranked as follows: fly ash (A) > quicklime (C) >silica fume (B), with the optimal combination
identified as A,B,C,.

In order to visually illustrate the effect of different factors on the flexural and compressive strengths of MS-
RMCM, the range values (R) of each factor at different ages are shown in Fig. 8. The quicklime had a significant
impact on both the 28 d flexural and compressive strengths. In particular, the R of 7 d flexural strength for silica
fume (0.32) was very close to quicklime (0.34). Therefore, it is reasonable to say that silica fume and quicklime
contributed nearly equally to the early flexural strength of MS-RMCM.

Variance analysis

To further analyze the effects of fly ash, silica fume, and quicklime on the flexural and compressive strengths of

MS-RMCM, variance analysis was conducted. The results were imported into SPSS software, where three-factor

main effect variance analysis tables for each evaluation index were established. The results are shown in Table 6.
F is used to evaluate the significance of one factor on the test results; F0A1(3,6) =3.29; F0A05(3,6) =4.76;

F0'01(3,6) =9.78. F>F, , indicates that the factor is highly significant, marked as "**"; Foor>F>F - indicates

that the factor is significant, marked as ™"; F, ,.>F>F indicates that the factor has a certain level of effect;

> Fo.05 .
and factor with F<F, has an insignificant effect. P is an indicator of reliability of the results. When P<0.05,
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Index Factor | Sum of squares | Degree of freedom | Mean square | F P Significance
A 0.063 3 0.021 0.348 0.793
7 d flexural strength B 0.264 3 0.088 1455 | 0318 | B>C>A
C 0.241 3 0.080 1.325 0.351
A 14.557 3 4.852 3.340 0.097
28 d flexural strength B 8.217 3 2.739 1.885 | 0.233 | A>C>B
C 12.907 3 4.302 2.961 0.120
A 6.900 3 2.300 1.372 0.338
7 d compressive strength | B 60.231 3 20.077 11.974 | 0.006 | B**>C*>A
C 43.599 3 14.533 8.667 0.013
A 10.568 3 3.523 3.961 0.071
28 d compressive strength | B 47.428 3 15.809 17.778 | 0.002 | C*>B*>A
C 165.194 3 55.065 61.921 | <0.001

Table 6. Variance analysis for orthogonal tests.

it indicates that the levels of this factor have significant difference; When P>0.05, no significant difference is
considered.

As shown in Table 6, the effects of all three factors on the flexural strength were not significant. Fly ash
showed no significant effect on the 7 d compressive strength and only a moderate effect on the 28 d compressive
strength, though the significance was not high. For silica fume, F>F,  and P<0.01, indicating that the silica
fume had a significant impact on compressive strength throughout the curing process. The F for quicklime at
7 d was between F . and F, , reflecting that quicklime had a certain effect on the 7 d compressive strength.
At 28 d, the effect became highly significant, with F=61.921>F ), and P<0.001. Overall, the conclusions from
the variance analysis were almost consistent with those from the range analysis. Fly ash showed no significant
effect on the compressive and flexural strengths of MS-RMCM. Silica fume had a highly significant effect on the
compressive strength. Quicklime had a more noticeable significant effect on the 28 d compressive strength than
on the 7 d compressive strength.

Factors index analysis

Effect of cementitious components on the flexural strength

The effects of various cementitious components on the flexural strength of MS-RMCM are shown in Fig. 9.
It can be observed that the effects of these components on the flexural strength at different curing ages vary
significantly.

As shown in Fig. 9a, with the increase of fly ash, the 7 d flexural strength of the samples first increased and
then decreased, while the 28 d flexural strength initially decreased and then increased. When the fly ash dosage
reached 15%, the 7 d flexural strength reached its peak at 1.1 MPa. Increasing the fly ash dosage further resulted
in a maximum fluctuation of only 0.09 MPa, indicating that the effect of fly ash on early flexural strength was
relatively small. Figure 9b shows that as the silica fume dosage increased, the 7 d flexural strength increased
gradually, while the 28 d flexural strength decreased progressively. The maximum fluctuation in the 7 d flexural
strength at this point was 0.32 MPa, suggesting that although silica fume contributed to the improvement of
early flexural strength, the extent of this improvement was small. When the silica fume dosage was 2%, the 28 d
flexural strength was 3.97 MPa, and when the silica fume dosage increased to 8%, the flexural strength decreased
by 44.88%. This indicated that silica fume was not conducive to the later flexural strength and its side effect was
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Fig. 9. Mean effect plots of 7 d and 28 d flexural strengths.

significant. The main reason was the larger specific surface area of the silica fume particles. During the early
stages of hydration, sufficient Ca(OH), facilitated the formation of C-S-H, improving the compactness of the
cementitious material. However, as the hydration reaction proceeded, the Ca(OH), was gradually consumed.
With further increase in silica fume, the unreacted silica fume particles began to agglomerate, forming weakly
hydrated zones and weakening the interconnectivity of the cementitious material®®, which ultimately caused a
decrease in mechanical strength.

As observed in Fig. 9¢, with the increase of quicklime, the 7 d flexural strength initially increased and then
decreased, while the 28 d flexural strength first decreased and then increased. When the quicklime dosage
was 12%, the 7 d flexural strength reached the maximum 1.18 MPa, and at 16% quicklime dosage, the 28 d
flexural strength peaked at 4.10 MPa. The main reason for the improvement of later flexural strength was the
activation of the cementitious components by quicklime, which led to the formation of C-S-H and C-A-H,
thereby enhancing the compactness of the cementitious material structure. After calcining at 105 °C, the
cementitious activity of RM was enhanced. Under the effect of OH" provided by quicklime hydrolysis, the Si-O
and Al-O bonding on the surface of RM particles were broken (Fig. 10). The polymeric structures in RM,
which were originally formed by [SiO4] and [AlO4] tetrahedra, split into monomers or dimers. These active
units then underwent a series of depolymerization-repolymerization-condensation reactions in the presence of
Ca(OH),, forming zeolite-like structures®. The microstructural cementitious material condensed and hardened,
and through the bonding effects of C-S-H, the mechanical properties were improved. Meanwhile, quicklime
exhibited good water retention properties'®, leading to the formation of a water film on its surface, which
facilitated more complete reactions between the particles. Furthermore, the heat released by quicklime when
it interacted with water further accelerated the hydration process. As a result, increasing the quicklime was
beneficial for enhancing the flexural strength at later stages.

Effect of cementitious components on the compressive strength
The effects of various cementitious components on the compressive strength of MS-RMCM are shown in Fig. 11.
It can be seen that the effects of these components on the compressive strength at both early and later stages are
similar.

From Fig. 11a, it can be seen that when the fly ash dosage was 15%, the compressive strength of the samples
at both 7 d and 28 d reached their maximum, 15.53 MPa and 19.87 MPa, respectively. However, as the fly ash
dosage continued to increase, the compressive strength at all ages gradually decreased. Figure 12 shows the
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microstructure of the samples with 15% and 25% fly ash, as well as the element composition of the sample with
15% fly ash. When the fly ash dosage was 15%, the internal structure of the sample was compact, and a large
number of spherical particles, block-shaped particles, and aggregates of gels and crystals presented within the
cementitious material. Among these, the spherical and block-shaped particles formed the structural framework
through the filling of hydration crystals. According to the EDS elemental analysis shown in Fig. 12c, the spherical
particles were identified as unreacted fly ash. The block-shaped materials, containing more than 15% Fe, were
determined to be RM. The aggregates of gels and crystals, which contained significant amounts of Ca, Al, and
Si, as well as some Fe, were hypothesized to be a mixture of C-S-H, C-A-H, and C-A-F-H. This indicated that
under the alkaline activation of quicklime, fly ash and other cementitious components generated a large amount
of hydration gels and crystals, which enhanced the strength of the cementitious material. However, as the fly ash
dosage increased, the quantity of unreacted fly ash particles gradually increased, while the hydration products
were insufficient to fully fill the pores between the particles and the cementitious material. Furthermore, due
to the lubricating properties of fly ash particles?, the bond strength between the unreacted particles and the
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Fig. 12. SEM images and element composition of samples with various fly ash (Note: The unmarked peaks in
the EDS represented Au element, which was the residual from the gold sputtering process used for testing. This
applied to all similar instances).

cementitious material was insufficient. The large number of pores between the particles and the cementitious
material developed into internal defects (as shown in Fig. 12b), which led to a macroscopic reduction in strength.
It can thus be concluded that excessive fly ash reduced the bond strength and compactness of the cementitious
material. Based on the above analysis, the optimal fly ash dosage was determined to be 15%.

As shown in Fig. 11b, with the increase of silica fume, the 7 d compressive strength gradually increased,
while the 28 d compressive strength first increased and then decreased. When the silica fume dosage was
6%, the 28 d compressive strength reached its optimum 20.44 MPa, with an increase of 4.61 MPa. When the
silica fume dosage was 8%, the 7 d compressive strength peaked at 16.09 MPa, with an increase of 4.90 MPa.
This was attributed to the good latent pozzolanic activity and micro-aggregate filling effect of silica fume®®,
which effectively enhanced the compactness of the hardened material. Figure 13 shows the microstructure of
specimens with different silica fume dosage and the element composition of the specimen with 6% silica fume.
It can be observed that when the silica fume dosage was 2%, the internal structure of the cementitious material
was loose. As the silica fume dosage increased to 6%, a large amount of C-S-H, C-A-H, and C-A-F-H mixtures
formed within the material, tightly surrounding the unreacted silica fume particles and providing a bonding
effect. Some of the C-A-H transformed into hydrogarnet (C,AH,), and the unreacted silica fume particles filled
the pores, enhancing the compactness of the cementitious material, thereby contributing to the improvement of
compressive strength. After the silica fume dosage increased to 8% (Fig. 13c), the unreacted silica fume particles
agglomerated, created isolation zones with either no or weak hydration bonding, which reduced the integrity
of the cementitious material. As a result, the 28 d compressive strength decreased. This suggested that excessive
silica fume was unfavorable for enhancing the later-stage strength. Based on this analysis, the optimal silica fume
dosage was determined to be 6%.

Figure 11c shows the effect of quicklime on compressive strength. With the increase in quicklime dosage, the
7 d compressive strength initially increased and then decreased, while the 28 d compressive strength gradually
increased. Compared with silica fume, quicklime had a more significant effect on improving compressive
strength. At a quicklime dosage of 12%, the 7 d compressive strength peaked at 16.34 MPa, a 21.85% increase.
At 16% quicklime dosage, the 28 d compressive strength reached its highest value of 21.83 MPa, an increase of
82.22%. In terms of early strength, excessive quicklime led to a reduction in the compressive strength. This was
primarily due to the tendency of Ca(OH),, C-S-H, and RM particles to agglomerate during the early hydration
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Fig. 13. SEM images and element composition of samples with various silica fume.

stage. The excessive Ca(OH), weakened the strength of the cementitious material, making it less capable of
resisting the external forces®®. Moreover, the hydration of quicklime generated significant heat, creating thermal
stress. This stress was unevenly distributed due to the effect of the pore structure®. When the thermal stress
exceeded the internal bond strength, local defects developed within the cementitious material, leading to a
decrease in strength. Figure 14 shows the microstructure and element composition of MS-RMCM specimens at
different quicklime dosage. As seen in Fig. 14a,b, with increasing quicklime dosage, the cementitious material
gradually became denser. When the quicklime dosage was 4%, the cementitious material contained numerous
cracks and a limited amount of C-S-H. Due to the low quicklime dosage, the alkaline activation effect on silica
fume, fly ash, and RM was poor, leading to the presence of a large number of unreacted particles within the
cementitious material. When the quicklime dosage was 16%, the hydration products of silicoaluminate went
through the depolymerization and re-polymerization under the effect of OH™%. A three-dimensional network
structure was formed, which continuously bonded and condensed, thereby enhancing the strength. At this
point, the proportion of unreacted particles decreased, and some residual particles were tightly enveloped by the
hydration products, contributing to the fine aggregate filling effect. This caused the internal structure to be more
orderly and densely packed. Nevertheless, the formation of hydration products limited the reaction between
OH" and SiO,, AL,O,, resulting in excessive quicklime having a limited effect on improving the strength at later
stages®®. At the same time, the excessive quicklime generated a large amount of heat during hydration, which
could lead to internal expansion and cracking. Based on the above analysis, the optimal quicklime dosage was
identified as 16%.

Carbon emissions analysis

The excessive emission of greenhouse gas makes the global climate problem increasingly serious. Carbon
emissions reduction has become the urgent task to alleviate the current climate problems. In the context of low-
carbon transformation of cement industry, developing low-carbon cementitious materials, especially the solid
waste, has been the effective measure to reduce carbon emissions.

Based on the results of orthogonal tests, this paper selected the optimal mix ratio of 53% RM, 15% fly ash,
6% silica fume, and 16% quicklime as a case to calculate the CO, emissions through the life cycle assessment
method*!. The study only considered carbon emissions during the preparation process of MS-RMCM, excluding
the emissions related to its subsequent utilization and waste disposal processes. The total carbon emissions (S, )
from the preparation process primarily included emissions from raw material acquisition (A, ), emissions
from raw material transportation (Tcoz)’ and emissions during preparation (Pcoz)' The carbon emissions are
calculated by the below Egs. 2.

Sco, = Aco; + Tco, + Peo, (3)

Aco, =Y Mix E “)
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Too, = Z M; x D; x TE; (5)
Pco, = Z M; x El; x EE; (6)

In the above equations, M, represents the mass of i raw material in 1 ton of MS-RMCM, t; E, denotes the carbon
emission factor of the i raw material, kg/t; D, is the transport distance, km; TE, indicates the carbon emission
coefficient during transportation, kg/(t-km); El, represents the electricity consumption in processing 1 ton of i
raw material, kWh/t; EE, refers to the carbon emission factor for electricity consumption, kg/kWh.

Since RM was an industrial solid waste, the raw material acquisition process was assumed to have no carbon
emissions!?. According to Eq. (4), the total carbon emissions in acquisition 1 ton of raw materials for MS-
RMCM amounted to 266.29 kg, as shown in Table 7.

The transportations of RM, fly ash, and other cementitious components, as well as additives, were primarily
carried out by 30-ton heavy-duty diesel trucks. Referring to Chinese standard GB/T 51,366-2019 "Calculation
Standards of Building Carbon Emissions", the carbon emission factor was determined to be 0.078 kg/(t-km).
Based on Eq. (5), the total carbon emissions generated during the raw material transportation stage were 4.79 kg,
with the calculation results presented in Table 8.
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Raw materials RM | Fly ash | Silica fume | Quicklime | Cement | Water reducer | Water
Mix ratio/% 53 15 6 16 10 1 40
Mass M, /t 0.53 | 0.15 0.06 0.16 0.1 0.01 0.4
Carbon emission factors E kg/t | 0'2 | 8% 14% 1190% 735% 28.50% 0.17%
Acoz/kg 0 1.20 0.84 190.40 73.50 0.29 0.07

Table 7. CO, emissions in acquisition 1 ton of raw materials for MS-RMCM (kg).

Raw materials RM | Flyash | Silica fume | Quicklime | Cement | Water reducer | Water
Mass M, /t 0.53 |0.15 0.06 0.16 0.1 0.01 0.4
Distance D, /km 55 170 15 10 40 20 0
Carbon emission factor TE, kg/(t-km) | 0.078*

Teo kg 2274 [ 1989 [0.070 0.125 (0312 0016 o

Table 8. CO, emissions in transportation 1 ton of raw materials for MS-RMCM (kg).

Raw materials | Mix ratio/% | Mass Mi/t | Process | Electricity consumption El, kWh/t | Carbon emission factor EE kg/kWh | P /kg

Crushing | 3.33 1.663
RM 53 0.53 0.94212
Sieving 0.53 0.265

Table 9. CO, emissions in preparation 1 ton of raw materials for MS-RMCM (kg).

The carbon emissions during the preparation stage primarily resulted from the activation treatment of RM
which included crushing and screening processes. Other materials were finished products and could be directly
used for production. According to the official website of the Ministry of Ecology and Environment of the People’s
Republic of China, the carbon emission factor for electricity consumption was found to be 0.942 kg/kWh. Based
on Eq. (6), the total carbon emissions during the raw materials preparation stage were 1.93 kg, as shown in Table
9.

According to Eq. (3), the total carbon emissions from producing 1 ton of MS-RMCM amounted to 273.01 kg,
with a carbon emission factor of 0.273 kg/kg. The carbon emissions of high-dosage RM-based cementitious
materials primarily originated from the raw material acquisition stage, contributing 266.29 kg CO,, which
accounted for approximately 97.54% of the total emissions. Among these, quicklime accounted for 71.50% of
the raw material carbon emissions, while cement contributed 27.60%. When the RM was entirely replaced with
cement, the total carbon emissions increased to 660.01 kg, indicating that replacing cement with RM reduced
CO, emissions by 58.64%.

To further analyze the CO, reduction effect of the MS-RMCM, the carbon emissions per compressive strength
were used as an indicator to compare the emissions data of red mud-based cementitious materials. As shown in
Fig. 15, based on the Chinese standard GB/T 51,366-2019 "Calculation Standards of Building Carbon Emissions”,
the carbon emissions of cement were 735 kg/t. Compared with cementitious materials RM-WGS made from
RM and waste glass sludge*, the MS-RMCM in this study reduced CO, emissions per compressive strength by
49.30%. Shi et al.*” reported that the carbon emissions of RM-GGBS cementitious materials prepared with RM
and ground granulated blast-furnace slag reached 599.40 kg/t, primarily due to the use of sodium silicate as an
activator during preparation, which significantly increased CO, emissions. Additionally, while Zhang*® reported
that RM-based sulphoaluminate cementitious materials (RS) exhibited lower carbon emissions per compressive
strength than those in this study, the preparation process involved high-temperature calcination, leading to
complex procedures and higher initial equipment investment. Therefore, the MS-RMCM in this study not only
achieved large-scale consumption of RM but also demonstrated significant advantages in CO, reduction.

Conclusions

In this study, fly ash, silica fume, quicklime, and cement were added to RM to prepare multi-solid-waste
synergistic red mud-based composite cementitious materials (MS-RMCM). Orthogonal tests were conducted
to investigate the effects of various cementitious components on the flexural and compressive strengths. The
mean effect plots were utilized to identify the effect trends and appropriate values of each component, providing
a basis for selecting admixtures in the research of RM-based cementitious materials. Additionally, microscopic
analysis was employed to reveal the mechanism of each cementitious component. On the basis of optimal mix
ratio, the CO, emissions analyses were carried out. The RM utilization rate in the cementitious material reached
45%-75%, achieving large-scale and resource-efficient utilization of RM in the construction industry. The main
conclusions are summarized as follows:

(1) The effects of fly ash, silica fume, and quicklime on the flexural and compressive strengths of MS-RMCM
vary with curing age. For the 28 d compressive strength, the degree of effect of each factor is ranked as
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follows: quicklime (C) > silica fume (B) > fly ash (A). The optimal combination is determined to be A,B.C,,
achieving a maximum compressive strength of 25.13 MPa with 53% RM. For the 28 d flexural strength, the
ranking is: fly ash (A) > quicklime (C) > silica fume (B), with the optimal combination identified as A,B,C,.
Variance analysis reveals that the effects of fly ash on both compressive and flexural strengths are not signif-
icant, while the effect of silica fume on compressive strength is highly significant. The effect of quicklime on
the 28 d compressive strength is more significant than the effect at 7 d.

The compressive strength and early flexural strength exhibit a trend of first increasing and then decreasing
with the increase of fly ash. When the fly ash dosage is 15%, the compressive strength at 7 d and 28 d, as well
as the 7 d flexural strength, reaches their maximum of 15.53 MPa, 19.87 MPa, and 1.10 MPa, respectively.
Based on a comprehensive evaluation of the compressive and flexural performances, the optimal dosage of
fly ash is identified as 15%.

The addition of silica fume enhances the 7 d compressive and flexural strengths. However, the 28 d com-
pressive strength shows an initial increase followed by a decrease as the silica fume increases. At a silica
fume dosage of 6%, the 28 d compressive strength reaches the maximum (20.44 MPa), which is attributed to
the high potential pozzolanic activity and micro-filler effect of silica fume. Conversely, excessive silica fume
causes the unreacted particles to aggregate, forming weakly hydrated zones that reduce the compactness of
the cementitious material. Therefore, the optimal silica fume dosage is determined to be 6%.

Quicklime positively contributes to the development of both flexural and compressive strengths, with great-
er increase in later strength observed as the quicklime dosage increases. When the quicklime dosage reaches
at 16%, the 28 d flexural and compressive strengths reach their maximums of 4.10 MPa and 21.83 MPa,
respectively. The strength improvements are primarily attributed to the activation of the cementitious com-
ponents by quicklime, which facilitates the formation of C-S-H that filled the original pores, thereby in-
creasing the compactness. Considering the expansion and cracking caused by excessive hydration heat, the
optimal quicklime dosage is determined to be 16%.

Using the optimal combination from the orthogonal tests as a case, the total life-cycle CO, emissions
of MS-RMCM are calculated, and the CO, reduction effect of the material is assessed based on the car-
bon emissions per compressive strength. The carbon emissions from producing 1 ton of MS-RMCM are
273.01 kg, with a carbon emission coefficient of 10.86 kg/MPa. By substituting RM for cement, the CO,
emissions are reduced by 58.64%, highlighting the significant CO, reduction advantages of MS-RMCM in
the construction industry.

Data availability

All data generated or analyzed during this study are included in this article, the data used in this paper are
original data. And the datasets used and/or analyzed during the current study available from the corresponding
author on reasonable request.
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