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Abstract: Developing green, low-carbon building materials has become a viable option for managing
bulk industrial solid waste. This paper presents a kind of all solid waste cementitious material
(SWCM), which is made entirely from six common industrial wastes, including carbide slag and
silica fume, that demonstrate strong mechanical properties and effectively stabilize aeolian sand
(AS). Initially, we investigated the mechanical strength of waste-based cementitious materials in
various mix ratios, focusing on their ability to stabilize river sand (RS) and aeolian sand. The results
show that it is necessary to use alkaline solid waste carbide slag to provide a suitable reaction
environment to achieve the desired strength. In contrast, the low reactivity of coal gangue powder did
not contribute effectively to the strength of the cementitious material. Further orthogonal experiments
determined the impact of different waste dosages on the strength of stabilized AS. It was found that
increasing the amounts of carbide slag, silica fume, and blast furnace slag powder improved strength,
while increasing fly ash first increased and then decreased strength. In contrast, higher additions
of desulfurization gypsum and coal gangue powder led to a continuous decrease in strength. The
optimized mix is carbide slag—desulfurization gypsum—fly ash—silica fume—blast furnace slag
powder in a ratio of 4:2:2:3:3. The experimental results using SWCM to stabilize AS indicated a
proportional relationship between strength and SWCM content. When the content is >20%, it meets
the strength requirements for road subbases. The primary hydration products of stabilized AS are
C-(A)-S-H, AFt, and CaCOs. Increasing the SWCM content enhances the reaction degree of the
materials, thereby improving mechanical strength. This study highlights the mechanical properties
of cementitious materials made entirely from waste for stabilizing AS. It provides a reference for the
large-scale utilization of industrial solid waste and practical applications in desert road construction.
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1. Introduction

In a highly modernized industrial system, the increasing volume of bulk industrial
solid waste poses significant environmental challenges. Addressing and utilizing this
waste has become a critical factor in sustainable development, necessitating more scientific
and effective measures across various industries. Using bulk industrial solid waste in
building materials, particularly in engineering applications, is an effective way to utilize
resources. This approach helps address waste disposal issues, alleviates shortages of
construction minerals, reduces building costs, and contributes to green and sustainable
development. Cementitious materials made from industrial solid waste are a hot research
topic in the field of environmental materials, with significant progress already made. These
waste-based cementitious materials exhibit excellent mechanical properties, durability, and
environmental benefits, making them suitable for a wide range of construction applications.
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In terms of raw material ratios, suitable materials can be combined based on the
composition and properties of the waste. Alkaline wastes, which provide a favorable
reaction environment, are widely used in the preparation of cementitious materials. For
example, significant research has been conducted on red mud-based environmentally
friendly cementitious materials [1]. Garanayak et al. [2] studied the application of varying
proportions of granulated slag and red mud in cementitious materials, finding that alkaline
red mud is suitable for their preparation. Zhu et al. [3] used various wastes and cement
to produce red mud-based cementitious materials, discovering that the main hydration
products include calcium silicate hydrate, tobermorite, and Ca(OH);. Other alkaline wastes,
such as carbide slag and steel slag, have also been extensively studied. Ren et al. [4] pre-
pared composite cementitious materials using aluminum slag, carbide slag, coal gangue,
and magnesium desulfurization slag, finding that these materials have better mechani-
cal properties and water resistance than conventional magnesium-potassium phosphate
cement. Zhang et al. [5] used carbide slag and other stabilizing materials to produce ce-
mentitious materials. Research by Carvalho et al. [6] demonstrated that steel slag powder
can enhance the mechanical performance of cement-based composite materials. Wang
et al. [7] explored the engineering properties of composite cementitious materials made
with steel slag powder and rice husk ash, finding that their freeze resistance and durability
exceed those of pure cement. Due to its excellent physicochemical properties, fly ash not
only serves as a partial substitute for cement, but also constitutes a pivotal raw material
in the production of composite cementitious materials [8]. The incorporation of fly ash
under certain conditions can effectively enhance both the workability and mechanical
properties of the resulting paste [9,10]. Sulfates generated from the sulfate ions in gypsum-
based wastes can improve mechanical properties, making them a common additive. Wang
et al. [11] developed cementitious materials using fly ash, desulfurization gypsum, and
shell powder, showing that these materials meet the performance requirements of ordinary
Portland cement. Yang et al. [12] studied modified magnesium slag, gasification slag, and
desulfurization gypsum cementitious materials, finding that they can effectively stabilize
coal gangue and meet initial requirements for mine backfilling. Liu et al. [13] prepared
composite cementitious materials using desulfurization gypsum, fly ash, granulated blast
furnace slag, and cement, showing that desulfurization gypsum and cement can react
synergistically to enhance mechanical performance. Further research indicates significant
progress in cementitious materials made from alkaline wastes and key components such as
desulfurization gypsum. Wang et al. [14] studied cementitious materials made from red
mud, desulfurization gypsum, and fly ash, finding that the synergistic effect of alkaline red
mud and sulfates can activate silica-alumina oxides to produce mineral gels, with 28-day
strength reaching 50.6 MPa at a 50% replacement level. Wu et al. [15] prepared cementitious
materials using a combination of red mud, fly ash, desulfurization gypsum, and blast
furnace slag powder, showing that the system’s aluminosilicate minerals can effectively
replace some cement clinker through alkali and sulfate activation. Tang et al. [16] used
refined slag, blast furnace slag powder, steel slag, and desulfurization gypsum to create
filling cementitious materials, demonstrating that adding refined slag increases the content
of alumina silicate and accelerates the hydration reaction. Wu et al. [17] found that slag,
steel slag, and desulfurization gypsum-based cementitious materials show good early crack
resistance when stabilizing gravel. Gu et al. [18] prepared paste-like cementitious materials
using phosphogypsum, finding that the water-to-binder ratio and phosphogypsum con-
tent positively affect setting time and flowability, with the addition of cement and silica
fume enhancing strength and water stability. Xue et al. [19] investigated the synthesis of
cementitious materials from electrolytic manganese slag combined with granulated blast
furnace slag, clinker, and lime, showing that this method can effectively immobilize heavy
metals in electrolytic manganese slag.

In terms of preparation processes, improving raw material reactivity can be achieved
by adjusting process parameters and applying new preparation technologies. Zhao et al. [20]
noted that wet-milling coal gangue can alter its crystal structure, enhancing reactivity and
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making it an effective supplementary material for cementitious materials. Additionally,
extending the milling time increases reactivity of the coal gangue and the likelihood of
dihydroxylation [21]. Jiang et al. [22] used hemihydrate phosphogypsum to prepare filling
binders, showing that the addition of quicklime can shorten setting time and improve early
strength. After adding tailings, the compressive strength meets the requirements for mine
backfilling. Gu et al. [23] studied the stabilization of loess using cement, phosphogypsum,
fly ash, and quicklime, finding that curing temperature can improve soil strength and
accelerate the formation of hydration products. Wu et al. [24] used thermal activation to
process construction demolition waste, effectively promoting the hydration reaction of
cementitious materials. Shi et al. [25] investigated the effects of carbon-to-oxygen ratio,
alkalinity range, and temperature on the reduction of iron in lignite and the production of
cementitious materials, finding that the optimal carbon-to-oxygen ratio is 1.2, the alkalinity
range is 2.4-3.3, the reduction temperature is <1137 °C, and the production temperature
is 1450 °C. Shi et al. [26] discussed the feasibility of simultaneously producing nickel—-
iron and cementitious materials under various thermal conditions, highlighting that the
complete reduction of iron is essential for the generation of C35. Zhao et al. [27] showed that
incineration fly ash treated by molten salt processes exhibits good cementitious properties.
Mao et al. [28] prepared cementitious materials using water-washed municipal solid waste
incineration fly ash (MSWI-FA), flue gas desulfurization gypsum, and aluminum ash. They
demonstrated that water washing effectively removes chloride salts, and MSWI-FA can
contribute to the production of sulfate-aluminate-based cementitious materials.

In terms of modification methods, selecting appropriate additives to provide physical
or chemical enhancement is an important research direction for improving the performance
of cementitious materials. NaOH, a commonly used alkaline activator, was employed
by Su et al. [29] to activate fly ash, red mud, recycled fines, brick powder, coal gangue
powder, and cement kiln dust. They found that NaOH concentration, water-to-binder
ratio, and curing humidity affect the strength of each material to varying degrees. A
NaySiOj3 solution is also commonly used for modification. Alam et al. [30] studied the
effect of a Na,SiOj3 solution on the strength and durability of granulated blast furnace slag
stabilizing red mud. They found that alkali activation results in higher impact strength and
wet-dry cycle durability. Further research involves combining multiple alkaline solutions
or adding active oxides as activators. Burciaga-Diaz et al. [31] reported that using a 1:1
MgO-NaOH composite activator effectively activates blast furnace slag, resulting in better
mechanical performance compared to single activators. Puertas et al. [32] investigated the
activation of blast furnace slag using solutions of water glass, NaOH/Na,CO3; mixtures,
and waste glass dissolved in NaOH/NayCOs. They found that the combination of waste
glass and alkaline solutions effectively activates blast furnace slag, with mechanical strength
and microstructural development comparable to conventional activation results. Dung
et al. [33] used active MgO and Na,COj to activate granulated blast furnace slag, showing
that these agents accelerate slag dissolution, shorten setting time, and enhance mechanical
strength. Chen et al. [34] used calcium carbide residue and Na;COs to activate waste
glass powder, finding that replacing some fly ash with waste glass powder promotes
alkali activation reactions in fly ash and blast furnace slag systems, reducing fluidity and
improving mechanical strength. Research on other modification methods, such as Shen
et al. [35] analysis, indicates that the water-to-binder ratio has the greatest impact on
the shrinkage performance of alkali-activated slag—fly ash geopolymers, while the silica—
alumina ratio most affects mortar shrinkage. Zanotti et al. [36] explored the suitability
of using geopolymers as a cement substitute, showing that adding fibers can increase
cohesiveness and improve crack resistance at interfaces. Kianynejad et al. [37] incorporated
glass wool residue fibers into carbide slag and metakaolin-stabilized poorly graded sandy
soils, showing that adding fibers improves the mechanical performance of the system and
alters the failure mode.

In summary, research on cementitious materials made from bulk industrial solid waste
has made notable progress, but several challenges remain. The complexity and variability
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of waste composition and properties make stability difficult to control. High-performance
waste-based cementitious materials often require chemical additives, raising concerns
about cost and environmental safety. Considering the high environmental compatibility of
industrial waste road materials, existing studies show that common large-scale industrial
wastes used as road materials can meet environmental standards [38,39]. Additionally,
solid waste binders can act as curing and encapsulating agents, fixing harmful substances
and heavy metals [40-42]. Given the varying mechanical strength requirements for differ-
ent road grades and structural layers, fully solid waste-based cementitious materials for
road construction have significant potential applications. Therefore, this paper explores
the recipe for preparing fully sold waste-based cementitious materials (SWCM). It also
addresses the extensive demand for stabilized AS in desert engineering. By investigating
the strength characteristics of fully waste-based cementitious materials in stabilizing AS, the
study aims to determine the optimal waste mix and understand the material mechanisms,
providing valuable references for future research and application.

2. Materials and Experimental Methods
2.1. Raw Test Materials

This study uses aeolian sand (AS) and river sand (RS) as fine aggregates, and the waste
materials include coal gangue (CG) powder, fly ash (FA), silica fume (SF), desulfurization
gypsum (DG), blast furnace slag powder (BFS), and carbide slag (CS). RS and the six types
of waste materials were sourced from the Shihezi area in Xinjiang, while the AS was
obtained from Kuga in Xinjiang. The theoretical maximum dry densities of these materials
are shown in Table 1. The particle size distribution of the AS is illustrated in Figure 1, which
shows that the main particle size ranges from 0.075 to 0.25 mm, comprising 72.69% of the
total, with 7.21% of particles smaller than 0.075 mm, and 18.43% in the 0.25 to 0.5 mm range,
indicating a concentrated distribution. The RS primarily has a particle size distribution
between 0.1 and 2 mm, with a fineness modulus of 2.11, classifying it as fine sand.

Table 1. Theoretical maximum dry density of test materials.

Materials AS CG FA SF DG BFS (&)
Density (g/ cm3) 2.63 2.84 2.59 2.26 2.84 3.02 2.45
100 100 100 100
| —— Proportion || = | —=— Proportion || gp =
,-\80 —— Accumulation|[ #* é /-\80 —=— Accuriulation - 5
9\3 = e\i =
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Figure 1. Sand particle size distribution curve.

All six waste materials are in powder form, with primary particle sizes smaller than
0.075 mm. The microscopic morphology and main chemical compositions of each waste
material are shown in Figure 2 and Table 2. Figure 2a shows that coal gangue powder has
irregular particles with smooth surfaces, a particle size distribution between 5 and 30 pm,
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0

good dispersion, and a white color. Its main chemical components are SiO,, CaO, and Al,Os.
Figure 2b shows that fly ash particles are spherical, with crystal fragments attached to their
surfaces. The particle size distribution is concentrated between 1 and 5 pm, exhibiting
good flowability, and its color is gray. The main chemical elements are SiO, and Al,Os.
Figure 2c shows that silica fume particles are also spherical but smaller, with a primary size
between 0.1 and 0.2 um. They exhibit strong agglomeration due to matrix suction, forming
tight clusters. The primary chemical component is 5iO,, and the fume contains 29.64%
carbon, giving it a dark gray appearance. Figure 2d shows that desulfurization gypsum
particles are irregular, with some resembling cubes. They are larger, with a primary size
between 20 and 60 um, have a grayish-white color, and moderate dispersion. The main
chemical component is CaSO4-0.5H,0O. Figure 2e shows that blast furnace slag powder
particles have uneven shapes, rough and uneven surfaces, and a particle size distribution
mainly between 3 and 30 um, good flowability, and a white color. The main chemical
components are SiO; and Al,O3. Figure 2f shows that carbide slag particles vary greatly
in shape, with rough surfaces and larger particles adhering to smaller ones. The particle
size ranges from 10 to 100 um, with good dispersion and a white color. The main chemical
components are CaO and SiO,. Overall, the materials are rich in active components like
CaO, Al,O3, and SiO;. These components can react synergistically in aqueous solutions
to form stable C-(A)-S-H and AFt gels, providing a chemical foundation for preparing
cementitious materials.
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Figure 2. SEM and EDS of solid waste raw materials.

Table 2. The main chemical element content of solid waste raw materials.

Mater‘fxt\/gf“‘ents o si Al Ca Na Mg S K C Total
cG 3729 1916 564 3203 131 457 100
FA 4855 2394 2376 3.75 100
SF 4738 2276 022 29.64 100
DG 4491 27.02 28.07 100
BFS 4484 3681 1835 100
cs 33.06 565 58.29 3 100

2.2. Test Method
2.2.1. Contrast Test of Strength of Cemented RS and Stable AS

Given the large reserves of CG, nine different mix ratios were designed for comparison
experiments based on activated coal gangue powder. As shown in Figure 3, the base
materials were CG, FA, and DG. Gradually, the proportion of CG was reduced while
adding SF, CS, and BFS.

100

[ BFS
[Jcs
gol [ 1pG
I sF
e I A
i s CG
= g0l =
=
g
o 401
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20t
0

1 2 3 4 5 6 7 8 9
Group number

Figure 3. Comparative test material ratio combination design.

The sand’s bending and compressive strength for industrial solid waste binders were
tested in accordance with the specification [43] with a sand-to-binder ratio of 1:3 and a
water-to-binder ratio of 1:2. The unconfined compressive strength of stabilized AS was
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tested in accordance with the specification [44] with a total solid waste content of 30%,
water content of 15%, and cylindrical specimens of ¢ 50 x h 50 mm weighing 205 £ 0.5 g.

The overall testing procedure is shown in Figure 4. First, the solid waste materials
were dried, weighed according to the designed ratios, and then mixed and stirred for
3 min. The mixture was then combined with RS or AS, stirred for another 3 min, and
water was added and mixed for 5 min. The AS samples were pre-moistened with half
the water for 12 h. Next, the binder was poured into three-beam molds and vibrated for
shaping, then demolded after 24 h. The AS samples were formed in cylindrical molds
under static pressure for 2 h before demolding. The pressing speed was 1 mm/min. Finally,
the samples were cured in a temperature and humidity-controlled chamber at 20 & 2 °C
and 95% humidity until the designated age, followed by strength testing and sampling.

The loading speed of the compression test was 1 mm/min.
‘ [Ej == Destroyed

Standard sand Water

Molding [ >

%

Mixed soil

Aeolian sand Water

Destroyed

Figure 4. Solid waste cementitious material sample preparation and test flow chart.

2.2.2. Orthogonal Test

The orthogonal experiment design used 6 factors at 3 levels, as shown in Table 3. The
levels were determined based on an initial evaluation of material reactivity from the first
stage comparison tests and the chemical composition of the materials. Because CS has
better activity performance in the comparative test, and the activity of CG is poor. And CS’s
high CaO content provides a conducive reaction environment, while DG’s main component,
CaSQy, can react to form AFt. To ensure the strength of the solid waste combinations, we
increased the proportion of more reactive materials and reduced that of less reactive ones.
The levels for CS and DG were 2, 3, and 4, while FA, SF, and BFS were at levels 1, 2, and 3.
The levels for CG were 0, 1, and 2.

Table 3. Orthogonal test designs table.

Proportion of Dosage

Material
Level I Level II Level III
CS 2 3 4
DG 2 3 4
FA 1 2 3
SF 1 2 3
BFS 1 2 3
CG 0 1 2
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The AS mass ratio was set at 60%, with solid waste materials constituting 40% of the
total mass. The ratios of solid waste materials followed the orthogonal design levels. For
example, in the second orthogonal group, the material ratios were CS:DG:FA:SF:BFS:CG =
2:2:2:2:3:2, which translates to a total mass ratio of AS:CS:DG:FA:SF:BFS:CG = 60%:6.154%:
6.154%:6.154%:6.154%0:9.230%:6.154%. The results of the orthogonal experiment design are
shown in Figure 5.

(=

Proportion (%)

[o)
S W

0
12345678 9101112131415161718

Group number
Figure 5. Orthogonal test ratio design results.

2.2.3. Strength Test of Solidified AS

Based on the optimal ratios from the orthogonal tests, strength testing of the stabilized
AS was conducted. The final mix, detailed in Table 4, included CS at 28.56%, SF and BFS
each at 21.43%, and DG and FA each at 14.29%.

SWCM was prepared in proportions of 10%, 20%, 30%, 40%, and 50% to stabilize AS, as
shown in Figure 6. With increasing SWCM content, the surface color of the samples changed
from yellow to white and then to black. Additionally, as the amount of AS decreased, the
surface roughness of the samples also decreased. After standard curing for 3, 7, and 28 days,
the samples were soaked in water on the last day, then dried and tested for unconfined
compressive strength, as shown in Figure 7.

Table 4. The best ratio combination.

Materials CS DG FA SF BEFS
Proportion factor 4 2 2 3 3
Proportion (%) 28.56 14.29 14.29 21.43 21.43
|

0o, =20, 30% 40%  50%

Figure 6. Different content of SWCM solidified AS test block.
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Figure 7. Unconfined compressive strength test.

2.2.4. Microscopic Test Methods

The molecular structure and chemical composition of SWCM-stabilized AS were
analyzed using the Bruker INVENIO Fourier-transform infrared spectrometer (Bruker,
Billerica, MA, USA) to identify the types of chemical products and compare compositional
changes. Bruker D8 Advance X-ray Powder Diffraction was used to obtain diffraction peaks
and angles for different SWCM-stabilized AS samples, analyzing their compositional forms
and reactivity characteristics. The JSM-IT800 Field Emission Scanning Electron Microscope
(JEOL Ltd., Akishima, Japan) observed the microstructure of the samples with varying
SWCM content and ages, analyzing surface features. Additionally, the integrated JEOL
X-ray Energy Dispersive Spectrometer (EDS) was used for rapid elemental analysis of
microregions to identify chemical products and components.

3. Results and Discussion
3.1. Comparative Test Result

The strength test results for binder-stabilized RS are shown in Figure 8. Strength
increases with age across all mix ratios, with similar patterns for bending and compressive
strengths. Figure 8a shows that bending strengths for groups 1, 2, and 3 is below 0.2 MPa
at all ages, and Figure 8b shows compressive strengths below 0.4 MPa. This indicates
low activity in the solid waste binder system when using CG as the main component,
or that the activity was not activated with this mix. In contrast, group 4, with added
CS, showed significant strength improvement, with average bending and compressive
strengths increasing by 9.5 and 16.4 times, respectively. Groups 5 to 9, which included CS
and reduced CG, also saw varying degrees of strength improvement. In particular, group
7 achieved maximum mechanical strength with 20% CS, reaching 2.7 MPa for bending
strength and 11.7 MPa for compressive strength at 28 days. This indicates a strong activity
of the CS. In the mix of six solid waste materials, carbide slag’s high CaO content generates
Ca(OH),, providing an alkaline environment that activates further chemical reactions to
form C-5-H, C-A-5-H, and AFt gels, enhancing mechanical strength [45]. Additionally,
the strength growth rate from 3 to 7 days was significantly higher than from 7 to 28 days,
indicating a gradual decrease in hydration reaction over time.

Comparing the material ratios and strength results of groups 1 to 4, it is evident that
CS contributes more to strength than SE, DG, FA, CG, and BFS. Comparisons of groups
5 and 6 show that reducing CG and adding BFS increased strength, indicating BFS has a
greater strength contribution than CG. Comparisons between groups 2 and 3, and 7 and
9 show that adding BFS and reducing SF decreased strength, suggesting BFS’s strength
contribution is lower than SF’s in this mix. Therefore, the preliminary strength contribution
ranking of materials is: CS > SF > BFS > CG, providing a basis for further orthogonal
test design.
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Figure 8. Strength test results of solid waste cemented RS.

The UCS results for stabilized AS are shown in Figure 9. As seen in Figure 9a,
strength increases with curing time for all mix ratios. Groups 1, 2, and 3 have strengths
below 0.5 MPa, indicating that the solid waste materials did not effectively bind the AS.
Groups 4 to 9, with strengths nearing or exceeding 3 MPa at 7 days, show significant
strength increase with the addition of CS. Compared to binder-stabilized RS, the strength
of binder-stabilized AS increases slowly from 3 to 7 days. Figure 9b shows a significant
decrease in strength after immersion; strengths for groups 1 to 3 approach 0 MPa, indicating
poor water stability. In contrast, groups 4 to 9 (excluding group 7) have water stability
coefficients between 20% and 40%, with group 7 showing a significant increase in water
stability due to a higher CS content.

5 80 5 100
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(a) Compressive strength (b) Water stability test results

Figure 9. Strength test results of solid waste stabilized AS.

The analysis indicates that various solid wastes can effectively bind RS when used in
appropriate ratios, demonstrating the feasibility of creating a binder material fully from
solid waste. AS, being a special construction material with poor gradation characteristics,
shows slow strength growth and inadequate water stability when stabilized with solid
waste. Additionally, minimal synergistic reactivity was observed among CG, FA, SF, DG,
and BFS, while the addition of CS provides an alkaline environment, enhancing strength
through pozzolanic reactions. Comparing the compressive strengths of binder-stabilized
RS and stabilized AS, the former shows a greater increase in strength with age, while
the latter’s strength growth is modest. Binder-stabilized RS exhibits 1 to 2.5 times higher
strength than AS, despite only a 3.33% increase in binder content, primarily due to the
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Strength (MPa)

Strength (MPa)

larger particle size of RS, suggesting that increasing the particle size of stabilizing materials
can improve mechanical strength.

3.2. Orthogonal Test Results
3.2.1. Average Strength Values

The average strength values from orthogonal tests for each solid waste material at
different ratios and ages are shown in Figure 10. It is observed that the strength of all
six solid wastes increases with age for each mix ratio, but there is a notable decrease in
strength after immersion. The average ratio of 7-day strength after immersion to the 7-day
strength without immersion is about 50%, indicating that the water stability of AS stabilized
with these six material combinations is relatively low.

From Figure 10a,d,e, it can be seen that the 7-day strength of CS, SF, and BFS increases
with higher mix ratios. Figure 10c shows that the 7-day strength of FA increases and then
decreases with higher mix ratios. Figure 10b,f reveal that the 7-day strength of DG and
CG decreases with increasing mix ratios. SF achieves its maximum UCS-7d strength of
8.99 MPa at the K3 level, while the minimum strength of 6.75 MPa is observed at the K1
level for CS. This indicates that SF and CS have a significant impact on strength, with higher
SF providing greater strength and lower CS lacking a reactive environment, thus failing
to achieve adequate strength. Comparing the UCS-7d strength change rates, SF and CS
show more significant strength changes with varying mix ratios, while BFS and CG have a
smaller impact on strength.
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Figure 10. The variation law of mean intensity.

3.2.2. Range Analysis Results

The range analysis results are shown in Table 5. The strength contribution rates, in
descending order, are SF, CS, DG, FA, BFS, and CG. The strength variation for each solid
waste material at different mix ratios is illustrated in Figure 11, revealing that the optimal
mix ratio is A3B1CyD3E3F;.
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Table 5. Range calculation results.

Compressive Strength

Group

A (CS) B (DG) C (FA) D (SF) E (BES) F (CG)
k1 3.41 4.44 4.13 2.99 3.64 4.35
k2 4.10 3.96 4.15 4.08 4.25 3.97
k3 4.59 3.69 3.81 5.02 4.20 3.77
R 1.18 0.75 0.34 2.03 0.61 0.58
Effect sequence SF > CS > DG > FA > BFS > CG
Optimal Composition A3B1CyD3EsFy
10
—8—CS DG —+—CFA—+—SF——BFS—<+—C(CG
9 i
= /
E 8 o *,J& -"
=P \ 4 ey
= \ /
£ /
=2
6 -

50— T
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Level

T T T L— T T

Figure 11. Comparison of mean strength change rules.

3.2.3. Variance Analysis

The variance analysis results are shown in Table 6. The analysis indicates that CS
and SF have a particularly significant impact on overall strength, while DG has a signifi-
cant effect, and FA, BFS, and CG do not have significant impacts. The order of impact is
SF > CS > DG > FA > BFS > CG, which is consistent with the range analysis results. How-
ever, unlike the comparative test results, orthogonal testing reveals that changes in SF levels
cause more significant strength variations compared to CS. This is because CS provides
a chemical reaction base, while SF, due to its low density, has a physical filling effect and
high SF content results in a higher initial density.

Table 6. Variance calculation results.

Source Square Deviation Freedom F Significance
cs 12.338 2 26.05 0.002
DG 4.192 2 8.851 0.023
FA 1.54 2 3.252 0.125
SF 14.035 2 29.633 0.002
BFS 0.518 2 1.093 0.404
CG 0.163 2 0.344 0.725

Error 1.184 5

3.2.4. Linear Regression

By using the solid waste content factors as independent variables, a linear regression
equation relating content factors to strength can be derived, as shown in Equation (1),
with R? = 0.93. The fitted and predicted results are illustrated in Figure 12. Based on the
orthogonal test mean analysis, range analysis, and variance analysis, the optimal mix ratio
for the solid waste materials is shown in Figure 13, with CS at 28.57%, SF and BFS each at
21.43%, and DG and FA each at 14.29%.
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Y =0.995X; — 0.58833X; —0.28833X3 + 1.07667X4 + 0.20667X5 — 0.10167X¢ + 4.75111 (1)

where: X; is CS, X, is DG, X3 is FA, X4 is SE, X5 is BFS, and Xg is CG.
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Figure 12. Comparison of Linear Regression Results.
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Figure 13. The best proportion of materials.

3.3. Strength Test Result of Solidified AS

Figure 14 shows the relationship between SWCM content and the strength of stabilized
AS. From Figure 14a, it is evident that the strength has a strong linear correlation with
SWCM content across different ages. Table 7 shows that the correlation coefficient (R?)
is greater than 0.98. The parameter k represents the rate of strength increase, which
increases as the SWCM content rises. This indicates that with more SWCM, the quantity of
hydration gels produced from chemical reactions increases, thereby accelerating the rate
and extent of strength gain. Additionally, Figure 6 shows that, as the SWCM proportion
increases, gradation improves and surface roughness decreases, indicating that SWCM
also contributes to physical improvements. Figure 14b depicts how strength varies with
age and SWCM content. The UCS strength consistently increases with age. According to
Figure 15, the average strength growth rate from 3 to 7 days is significantly higher than that
from 7 to 28 days, except when the SWCM content is 10%. As SWCM content increases,
the average strength growth rate from 3 to 7 days shows a trend of initially increasing,
then decreasing, and finally increasing again, while the rate from 7 to 28 days continually
decreases. This indicates that as curing age extends, the reactive components in the waste
are gradually depleted, reducing the volume of hydration reactions and thus slowing the
rate of strength gain.



Buildings 2024, 14, 3059 14 of 20

16 )
A 28d Fit curve of 28d 1o —=— SWCM10%
o 7d Fil curve of 7d SWCM20%
- s 3d ——Fitcurve of 3d 2 SWCM30%
12~ SWCM40%
—e— SWCMS50%

Strength (MPa)
m .
Stength (Mpa)
(s3]

A 4 -
0 | | { . . . .__//
10 20 30 40 50 é _;, ] 2‘8
SWCM Contents (%) Curing age (d)
(a) Different SWCM content (b) Different ages

Figure 14. Mechanical strength characteristics of SWCM solidified AS.

Table 7. The linear fitting parameters of the relationship between SWCM content and strength at
different ages.

Curing Age (d) Relatlor.lal K a Residual Sum of R2
Expression Squares
3d y=kx+a 0.1276 —0.4774 0.1890 0.9885
7d y=kx+a 0.1895 —0.7055 0.0706 0.9980
28d y=kx+a 0.2483 1.0387 0.9533 0.9848
30
L 3—7d
$ 7—28d
2
& 20
b=
S
2
&0
10
=
3
-
<
0 T T T T T
10 20 30 40 50

SWCM Contents (%)

Figure 15. Different curing age and strength growth rate.

Figure 16 shows the water stability test results for SWCM-stabilized AS. It is observed
that the strength decreases after immersion under various ages and mix ratios. Specifically,
at 7 days, a higher SWCM content leads to greater strength loss upon immersion and
decreased water stability. At 28 days, the water stability coefficient fluctuates between 75%
and 86%. When the SWCM content reaches or exceeds 30%, there is a noticeable decline
in the water stability coefficient. The effectiveness of completely industrial waste-based
binders is limited due to the restricted content of active components and resultant chemical
reactions. This limitation prevents full curing of wind-blown sand. Additionally, finer
particle sizes of solid waste materials increase the micro-porosity of samples. Through the
SEM test, it can be seen that increased SWCM content leads to more micro-cracks due to
hydration shrinkage. These pores and cracks provide pathways for water infiltration, weak-
ening the inter-particle bonding and reducing frictional resistance. Under load, capillary
water pressure forms inside the material, further decreasing its water stability.
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Figure 16. Different UCS strength and water stability.

According to the specification [46], the UCS standard for industrial waste-based
stabilizing materials should exceed 1.1 MPa for subbase applications. This study shows
that when SWCM content reaches 20% or more, the strength of the stabilized AS meets the
regulatory requirements. By adjusting the SWCM content, the material can be suitable for
subbase construction in various road classes.

3.4. Microstructural Properties
3.4.1. FTIR Analysis

Figure 17 shows the infrared spectra of stabilized AS with different SWCM contents
after 28 days. It is observed that with increasing SWCM content, the O-H bond peak from
Ca(OH), at 3643 cm ™! becomes more pronounced. Peaks for crystalline water’s -OH bonds
at 3448 cm ! and 1624 cm ™1, carbonate C-O bonds at 1426 cm™?, Si-O bonds in C-(A)-S-H
at 1148 cm !, 1007 ecm !, and 455 cm !, and Al-O bonds in ettringite and C-A-S-H gel at
874 cm~! also increase [45,47,48]. This indicates that higher SWCM content promotes the
formation of silicoaluminate gels and carbonates in the hydration products.

SWCM10%
. .
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o) ]
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& g
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e L —— SWMCM10%
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(a) FTIR spectra 400~4000. (b) FTIR spectra 400~900.

Figure 17. FTIR test results of 28 d with different SWCM contents.

Figure 17b shows that at peaks of 779 em— 1, 712 em™1, 520 ecm 1, and 462 cm ™1, the
intensity for SWCM30% exceeds that of SWCM50%, while at 660 cm ! and 601 cm !,
SWCM50% shows the highest intensity. The intensity of peaks related to residual materials
like SiO, decreases with increasing SWCM content. Additionally, higher SWCM content
shifts the peaks towards higher frequencies, likely due to structural changes within the
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Interface

o

(a) SWCM10%

molecules or interactions with metal ions in the materials, forming solid solutions with the
gel [49].

3.4.2. SEM Analysis

Figure 18 illustrates the microstructural characteristics of SWCM-stabilized AS with
10%, 30%, and 50% SWCM content after 28 days of curing. Figure 18a shows that the sand
particles are coated with an amorphous hydration gel, though the gel coverage is limited.
Visible cracks and small pores are present due to dehydration and shrinkage, formed by
particle voids and material dissolution. Figure 18b,c reveal that as SWCM content increases,
the gel coverage significantly expands. At 30% SWCM, the surface gel appears as a network
of amorphous composite gel. At 50% SWCM, distinct rod-like gels appear and interweave.
With continued hydration, these rod-like gels grow into plate-like and amorphous colloids.
Figure 18c also shows partially reacted FA particles with needle-like gels on their surface,
connected to the bottom cluster gels.

anonphous gel
Itcrface

(b) SWCM30%

(c) SWCM50%
Figure 18. SEM images of different contents of SWMCM solidified AS.

Figure 19a shows that the rod-like gel at point ‘a’ in Figure 19d mainly consists of Ca,
O, and Si, indicating that its chemical composition is C-5-H. Figure 19b,c reveal the presence
of carbon, suggesting that the amorphous region contains a mix of carbonate and silicate
gels. Carbonates are primarily formed by the reaction of CaO from carbide slag with water
to produce Ca(OH),, which then reacts with CO, to form calcium carbonate precipitation.
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Figure 19. Cont.
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Figure 19. EDS spectrum.

3.4.3. XRD Analysis

Figure 20 shows the XRD diffraction patterns of stabilized AS with different SWCM
contents after 28 days. The most prominent peaks are for SiO;, followed by CaCOj3. The
peaks for hydrated silicate gel are weaker due to its complex structure and the presence of
AFt and Ca(OH),. Additionally, partially unreacted CaSO4-0.5H,O crystals are detected
around 20 = 14.7°. As SWCM content increases, peaks for SiO, and CaSO4-0.5H,0 diminish
and eventually disappear, indicating more complete chemical reactions and near-total
consumption of raw materials at higher SWCM levels. The XRD results show that the
main hydration products are calcium silicate hydrate, calcium aluminate hydrate, calcium
carbonate, and ettringite. Key chemical reactions include CaO from carbide slag reacting
with water to produce OH™ ions. In an alkaline environment, materials dissolve, releasing
acid anions and metal cations. As shown in Formulas (2)—(9). SiO, and Al,O; dissolve
to form [H3SiO4]~ and [H3Al04]>~, which further form [AI(OH)¢]*~. CaSO,-0.5H,0O
provides Ca?* and SO4%~; [AI(OH)s]*~ ions combine with Ca?* and SO42~ to form AFt;
[H3SiO4]~ with Ca?* and H,O generates C-S-H; [H3SiO4]~ and [H3zAlO4]?>~ with Ca?*
form C-A-S-H; and Ca(OH); reacts with CO; in the air to produce CaCOj3 [45,50].
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Figure 20. XRD test results of 28 d with different SWCM content.
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Therefore, it can be seen that the key component, CaO, plays a crucial role in the
strength of the system. CaO provides activation and hydration effects; a sufficient amount
is needed to activate other potentially reactive components and promote their hydration
reactions [51,52]. As the proportion of SWCM increases, the formation of hydration gels
like calcium silicate and calcium aluminate increases, enhancing the material’s strength.

SiO, + OH™ + HyO — [H3Si04] ™ )

ALO; + OH™ — AlO, ™ + H,0 3)

AlO,” + OH™ 4 H,0 — [H3Al04]*~ (4)

[H3A104]>” + OH™ + H,O — [AI(OH)/]*~ 6)
[AI(OH)(J*~ + Ca?* 4 SO?~ 4+ HyO — CagAly(SOy);(OH),,-26H,0 (6)
[H3Si04] ™ + [H3A10,4]*~ + Ca®** — mCaO - nSiO; - pAl,03 - qH,O 7)
[H35i04] ™ + Ca®™) + H,0 — Ca,SiOs, , - nH,O (8)

Ca?* + OH™ 4+ CO, — CaCO3 + H,O 9)

4. Conclusions

(1) Carbide slag provides an alkaline environment that promotes hydration reactions,
thereby increasing the strength of waste-based cementitious materials. Compared to
stabilized AS, the strength of stabilized RS is higher, indicating that increasing the main
material’s particle size effectively enhances strength.

(2) Orthogonal test analysis shows that the sensitivity of strength for waste-stabilized AS
is in the order of SF > CS > DG > FA > BFS > CG. The optimal mix ratio is CS:DG:FA:SF:BFS
= 4:2:2:3:3.

(3) The SWCM content is linearly related to the strength of stabilized AS. Initially,
strength increases more rapidly with higher SWCM content, but later exhibits the opposite
trend. Overall water stability decreases with increasing SWCM content. Adjusting SWCM
content can make stabilized AS meet the requirements for various road base levels.

(4) With lower SWCM content, hydration reactions are insufficient, and the active
components in the waste do not fully react. As SWCM content increases, the quantity of
hydration products increases. The main hydration products of SWCM-stabilized AS are
calcium silicate hydrate, calcium aluminate hydrate, calcium carbonate, and ettringite.

Research on SWCM cementitious materials provides a reference for waste utilization
and green building materials. Future studies could further optimize the mix ratios of
all-waste cementitious materials and comprehensively study the mechanical properties of
stabilized AS to advance waste utilization and desert road construction.
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