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Abstract: This study aimed to assess the viability of utilizing lime–fly ash (LF) and red mud (RM) in
the modification of silty soil (LF-RMS) for subgrade filling. The primary objective of this research
was to analyze the mechanical characteristics and examine the curing mechanisms associated with
said modified materials. Different curing times were utilized in the analysis of mechanical properties
(e.g., via unconfined compression testing), microstructure (via scanning electron microscopy, X-
ray diffraction, and thermogravimetric-differential thermal analysis), and environmental indices
(via assessment of corrosivity, heavy metal concentration, and radioactivity) with various dosages
of red mud (DRM) and Lime–fly ash (DLF). Analyses of the curing mechanisms, failure modes,
microstructures, and degrees of environmental impact associated with LF-RMS were also undertaken.
The tests indicated that the unconfined compressive strength (UCS) exhibited an initial increase
followed by a decrease as the DRM and DLF levels increased. Additionally, the strength of LF-RMS
increased with an increase in curing time. It is worth noting that the specimen composed of 20%
LF and 23% RM (D20%LF+23%RM) demonstrated a maximum UCS value of 4.72 MPa after 90 days
of curing, which indicates that it has the strongest ability to resist deformation. The strength of the
specimen cured for 90 days was 1.4 times higher than that of the specimen cured for 7 days (1.97 MPa).
Furthermore, the toxic concentration and radionuclide index of LF-RMS were significantly reduced
compared to those of pure RM. The overall concentration of heavy metals in the D20%LF+23%RM

specimen decreased by more than 60% after curing for 28 days. The internal irradiation index and
the external irradiation index decreased by 1.63 and 1.69, respectively. The hydration products in
LF-RMS play a key role in the solidification of heavy metals, and the alkaline environment provided
by RM also contributes to the precipitation and replacement of heavy metals. In this study, red mud,
fly ash and lime were used to modify silty soil. The central tenets of sustainable development may be
achieved through the reuse of RM as a road filler.

Keywords: red mud; lime–fly ash; silty soil; road performance; environmental impact

1. Introduction

One byproduct of processing alumina is red mud (RM). Over 5 billion tons of RM are
thought to be in storage globally [1,2]. Although the global average rate of RM use is 15%,
it is just 4% in China. The resource utilization rate of RM is significantly lower than the
average of other forms of industrial solid waste [3,4]. RM is a solid waste containing high
levels of alkalinity, heavy metals, and radioactivity. Therefore, long-term stockpiling on a
large scale not only wastes land resources but also erodes the surrounding soil and pollutes
groundwater [5–7].

RM can be used in large quantities for the construction of roads. RM contains a large
number of active substances, and these make up the majority of RM that is utilized in
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road construction [8,9]. Moreover, fly ash also exists as a solid waste, and research on its
application in road building is relatively mature [10–12]. Through alkali excitation, RM
can be combined with other additives for the production of high-strength cementitious
materials [13–15]. In recent years, there has been a gradual increase in research into RM as
a road construction material. Ma et al. [16] utilized RM as an additive to loess to produce
subgrade materials for roads. They found that the unconfined compressive strength (UCS)
of the mixture mixed with a 30% RM dosage (DRM) was 1.6 times greater than the UCS
of loess of the same age after 28 days of curing. Sarath et al. [17] used fly ash and cement
to stabilize RM as a road construction material; their specimens with a fly ash dosage of
20% and a cement dosage of 5% exhibited the largest UCS after 28 days of curing, reaching
2340 kPa. Furthermore, the concentration of toxic metals in the RM fell within an acceptable
range. Chandra et al. [18] studied the applicability of RM and fly ash geopolymers as
subgrade materials. After 28 days of curing, the UCS of the modified specimen increased by
three times. Liu et al. [19] studied the strength characteristics of lime–fly ash (LF)–stabilized
Bayer RM using orthogonal tests. The ratio of LF was considered to have the greatest
influence on the 7-day unconfined compressive strength of the specimen, and the main
factor affecting the 28-day UCS was the chemical composition of the RM. It was further
determined that 50% lime and fly ash +70% SRM (from Shandong Aluminum Industry
Co., Ltd. (Shandong, China)) +30% soil represented the optimal proportion, and its 7-day
UCS was 1.799 MPa; this mixture could therefore be used as subgrade material. The liter-
ature indicates that the addition of red mud, fly ash, and lime can significantly enhance
the performance of modified materials, allowing relevant requirements of road materials’
mechanical properties and environmental consequences to be met. However, there is a
lack of research on the strength attributes and microstructure of materials simultaneously
modified with red mud, fly ash, and lime. Furthermore, it is important that we further
investigate whether the environmental impact and the strength of these modified materials
fulfil certain criteria for road filling. Therefore, this study aims to explore the feasibility of
using lime–fly ash and red mud-modified silty sand (LF-RMS) for subgrade construction
and deter-mine the optimal material ratio for maximizing mechanical properties while
minimizing environmental impact. Unconfined compressive strength (UCS) tests were con-
ducted on specimens with varied RM dosages (DRM), LF dosages (DLF), and curing times to
determine the best DRM and DLF. Furthermore, X-ray diffraction (XRD), thermogravimetric-
differential thermal analysis (TG-DTG), and scanning electron microscopy (SEM) were
used to examine the hydration products and microstructure of LF-RMS. Finally, the heavy
metal leaching concentration and radioactivity of LF-RMS were detected to evaluate its
environmental impact. This research will contribute to enhancing the efficiency of red mud
utilization and will play a positive role in environmental protection. A flowchart of this
research study is shown in Figure 1.

Figure 1. Flowchart.
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2. Materials and Methods
2.1. Materials

In this study, Bayer red mud (RM) and lime–fly ash (LF) were used to modify silty
soil (referred to as LF-RMS). The silty soil was taken from Zhengzhou, Henan Province,
China, and the specimens were yellow–brown. RM was provided in block form by a
bauxite factory in Henan Province, China. The lime was provided by Jiangxi Xinyu Huihui
Industrial Co., Ltd. in Xinyu, China. Fly ash was selected from Henan Dingnuo Purification
Materials Co., Ltd. in Henan Province, China with a fineness of 225 mesh and an ignition
loss rate of 15.2%. The physical properties of silty sand and red mud were determined in
this study using the test method for the physical properties of materials developed by Li
et al. [20]. The basic physical properties of the silty soil and RM are shown in Table 1.

Table 1. Basic physical properties of test materials.

Physical Property
Materials

Silty Soil Red Mud (RM)

Specific gravity 2.65 2.83
Plastic limit (%) 8.22 33.8
Liquid limit (%) 19.2 50.2

Optimum water content (%) 9.26 31.3
Maximum dry density (g·cm−3) 1.913 1.518

Loss-on-ignition (%) / 14.67

Additionally, Table 2 lists the materials’ chemical makeup and content. Table 2 shows
that SiO2, which makes up 67.89% of the oxides in silty soil, was the predominant oxide.
The primary oxides present in RM were 20.1% SiO2 and 32.02% CaO, respectively. The lime
had the highest CaO content. The main oxides of the fly ash were SiO2 and Al2O3, which
indicates potential gelation activity [21].

Table 2. Main chemical compositions of test materials.

Chemical Compositions (%)
Materials

Silty Soil RM Lime Fly Ash

Al2O3 9.58 20.1 / 36.3
SiO2 67.89 13.28 / 42.6
Fe2O3 5.97 3.32 / 1.95
CaO 3.04 32.02 95.6 4.6
TiO2 2.86 3.81 / 1.15
K2O 1.75 0.35 / 0.52
MgO 2.82 1.16 0.96 /
Na2O / 10.9 / /
SO3 0.46 / 0.06 /
Others 5.63 15.06 3.38 12.88

Figure 2 shows the particle gradation curve. It can be seen from Figure 2 that the
non-uniformity coefficient (Cu) of RM is less than 5, and the curvature coefficient (Cc) is less
than 1. The powder particle content of RM reached 88.3%. The particle size distribution of
RM was more uniform, indicating that its permeability is better. Silty soil exhibited a good
particle gradation. Additionally, the sand grain content of the silty soil was 65.66%.
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Figure 2. Gradation curve of RM and silty soil.

2.2. Test Methods

Table 3 lists the mechanical test scheme and microscopic test scheme. While ensuring
that we used red mud as much as possible, we determined that the red mud content still
fell below 30% [22,23]; the ratio of lime to fly ash in LF-RMS was 1:2. Before the test, the
dry material was weighed and mixed well, and then mixed well again after the addition
of water. In order to guarantee even distribution of the water, the mixtures were sealed
in bags for 12 h. For ease of description, the specimen containing 10% LF and 17% RM is
hereafter referred to as D10%LF+17%RM.

Table 3. Mechanical test scheme and microscopic test scheme.

Tests DRM (%) DLF (%) Curing Time (d) Numbers

Mechanical test 17, 20, 23, 26 10, 20, 30 7, 28, 90 \

Microscopic test

26 20

28

LF-1

23

10 LF-2

20 LF-3

30 LF-4

23 20 90 LF-5

Before preparing the specimens, compaction tests [24] were performed on each mate-
rial proportion of the soil. The maximum dry density and optimum moisture content of
LF-RMS were obtained from the test results, as shown in Figure 3.
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Figure 3. ρd max and wop curve of LF-RMS.

Detailed Tests

The UCS test involved the static pressure method, which was used to press cylindrical
specimens with dimensions of 50 mm × 50 mm and a compaction degree of 95% [10].
Specimen preparation proceeded as follows:

(a) The mixture was compressed into three layers within the mold.
(b) After the specimen was demolded, it was wrapped in cling film and placed in a box

with a consistent humidity level of 95% and a temperature of 20 ◦C.
(c) The specimens were submerged in water for twenty-four hours on the final day of

curing.

A YYW-2 unconfined compressive strength tester was used during the unconfined
compressive strength test, and the axial strain rate was controlled at 1 mm/min [25]. The
preparation and maintenance of LF-RMS specimens are shown in Figure 4.

The instruments and parameters used in microscopic tests and component analysis
experiments are presented in Table 4.

It is important to note that all water was removed from the surface of the specimens
prior to UCS testing. Briefly, 15 mg of the treated specimens were weighed and placed
inside an alumina crucible for the TG-DTG test. To ensure the SEM test specimens were fully
dry and usable, they were sprayed with gold after being freeze-dried in liquid nitrogen.

The corrosion of LF-RMS was tested using the glass electrode method. To create the
leachate, the specimen—which had a 10:1 liquid–solid ratio—was placed in an oscillator
for 8 h and left there for 16 h before the test. The electrode was submerged in the specimen,
and the pH value was determined.
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Figure 4. Preparation and maintenance of LF-RMS specimens.

Table 4. Test Instruments and Parameters.

Test Names Test Instruments Test Parameters

XRD test Bruker D8 Advance X-ray
diffractometer (Germany)

2θ:5◦ to 80◦;
the scanning rate: 0.002 to 100◦/min

TG-DTG test STA499F5 synchronous
thermal analyzer

The temperature range: 0 to 1000 ◦C;
rising rate: 20 ◦C/min

SEM test
Ultra-high-resolution field-emission
scanning electron microscope from
Hitachi High-Tech SU8100 series

10,000× magnification

To determine the toxicity of heavy metal ion leaching in LF-RMS, the specimen
(9.5 mm) was first dried, and then the leaching agent (sulfuric acid and nitric acid) was
added in a 10:1 liquid–solid ratio. The leaching solution was diluted and filtered through a
0.22 µm membrane after shaking [26].

Using an FP-90041 low background multi-channel γ-ray spectrometric survey (which
had an extended uncertainty of less than 15%, an energy resolution of less than 7%, and a
measurable nuclide activity range of 10 Bq ~ 2000 Bq), the radioactivity level of LF-RMS
was determined [27].

3. Results and Analysis
3.1. Strength Characteristics Analysis
3.1.1. Axial Stress–Strain Curve

The LF-RMS stress–strain curves, or σ-ε curves, are depicted in Figure 5. The σ-ε curves
of LF-RMS with 7- and 28-day curing times exhibit an ambiguous peak point, a relatively
delayed stress decline following the peak, and overall performance that exhibits plastic
failure features. Due to the slow process of the volcanic ash reaction producing strength,
LF-RMS had fewer early cementation products, which made the soil cementation strength
weak. Furthermore, the volume expansion phenomenon occurred in the early stage of
lime hydration, meaning it was more likely to cause weak connections between structural
units and increased porosity in the soil, resulting in weakened soil strength. Therefore,
when subjected to compressive stress, the deformation of the specimen was dominated
by the sliding dislocation between soil particles and units. Additionally, the development
of cracks was more uniform; there was no elastic deformation or concentration of stress
caused by a sudden change in stress, thus indicating plastic deformation.

The specimens that were cured for ninety days showed an increase in the slope of
the plastic deformation stage curve. The peak point was clearly visible, and the stress
declined accordingly. The strain-softening characteristics of the specimen were enhanced;
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this is because compared with the 7-day and 28-day specimens, the carbonation and
crystallization reactions of lime in the 90-day specimens were more sufficient. Therefore,
soil particles and the structural units were cemented with each other, resulting in enhanced
structural strength. Under vertical load, soil underwent elastic deformation, and the cracks
developed slowly and unevenly. Stress increased rapidly with strain and decreased rapidly
after reaching a peak. Thus, the specimen shows brittle damage characteristics.

Figure 5. σ-ε curves of LF-RMS.

3.1.2. Compressive Strength

Figure 6 displays the LF-RMS’ unconfined compression strength (UCS). Figure 6
illustrates that as DLF rose, the UCS of LF-RMS first climbed and subsequently fell. When
the red mud content was 17%, the compressive strength of the LF-RMS specimens increased
to 1.26 MPa, 1.45 MPa, and 1.19 MPa, respectively, with increasing DLF after 7 days of
curing. The compressive strength of the specimen increased with the increase in curing time
when the material contents remained constant. The compressive strength of D10%LF+17%RM
cured for 7 days, 28 days, and 90 days was found to be 1.26 MPa, 2.13 MPa, and 3.59 MPa,
respectively. The interaction of volcanic ash between LF and RM was primarily responsible
for the materials’ strength. The strength of the specimens decreased because there was less
Ca(OH)2 produced by the hydration of the lime in the D10%LF specimens and fewer active
ingredients (such as silica–alumina glass) in the fly ash. However, the strength of D30%LF
specimens decreased due to the heat released from the hydration reaction and increased
cementitious material. First, the hydration process of lime released a large amount of heat,
causing water to evaporate from the specimen. The reduction of water in the specimen
inhibited the hydration reaction of lime and the dissolution of Ca(OH)2, which reduced
the rate at which cementation products formed. Second, the heat released from the lime
hydration reaction also caused the particle aggregates to expand, resulting in the destruction
of the soil structure. However, the moderate expansion of the particle aggregates caused by
the hydration of lime in the D20%LF specimens had the effect of compacting soil particles,
making the soil structure more dens.

As the DRM increased, the strength of the LF-RMS first increased and then decreased,
and the UCS value of D23%RM reached its maximum. When the lime–fly ash content was
10%, the strength of LF-RMS specimens cured for 7 days increased with DRM, measuring
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1.26 MPa, 1.65 MPa, 1.82 MPa and 1.49 MPa, respectively. When RM was added, an
alkaline environment was created, which then increased the rate of dissociation of Ca(OH)2
and the hydration of lime to form Ca(OH)2. Such an environment also broke the silica–
oxygen bonds and aluminum–oxygen bonds within active substances such as vitreous
silica–aluminum in fly ash as well as increasing their activity. Therefore, the formation
of more gel-like materials in the D26%RM specimen led to a decrease in its UCS. Because
RM particles encapsulated lime, they hindered the formation of calcium hydroxide and
reduced the strength of the specimens.

Figure 6. UCS of LF-RMS.

The primary cause of the 90-day strength of LF-RMS was the crystallization and
carbonization of Ca(OH)2, which proceeded in tandem with curing. Crystals of Ca(OH)2
and CaCO3 were produced when Ca(OH)2 crystallized and became carbonated. The
Ca(OH)2 crystals connected with soil particles to form a crystalline network, thereby
improving the structural strength of the specimen. CaCO3 exhibited high cementation
strength and water stability, which effectively increased the cementation strength of the soil.

We found optimal dosages of LF and RM for LF-RMS. The UCS of the D20%LF+23%RM
specimen was the largest (UCSMAX = 4.72 MPa), and its deformation resistance was rela-
tively strong. When D23%RM and DLF were 10%, 20%, and 30%, the UCS of LF-RMS was
1.82 MPa, 1.97 MPa, and 1.52 MPa after 7 d, respectively. These results meet the “7-day
unconfined compressive strength standard for lime and fly ash stabilized materials” [28]
for highway subgrade strength lower limit requirements (>0.7 MPa). Therefore, for the
application of LF-RMS in practical construction, an optimal mix ratio of D20%LF + 23%RM
was recommended.

3.1.3. Deformation Characteristic

The strain that corresponds to the specimen’s maximal stress was known as the failure
strain (εf). The greater the εf, the stronger the ductility. Figure 7 shows the variation curve
of the LF-RMS’ failure strain (εf) with DRM. Figure 7 illustrates that among specimens with
curing times of 7 and 28 days, the εf of D23%RM was the lowest. Since the LF-RMS with
D23%RM contained more hydration products than the other specimens (D17%RM, D20%RM
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and D26%RM), the specimens had a low εf and poor ductility. However, the specimens
were not strong enough to resist damage under significant stress, thus exhibiting a strain-
softening characteristic. Compared to other specimens with plastic deformation properties,
the εf of D23%RM occurred fastest. This was consistent with the stress–strain curve exhibited
in Figure 4. As can be seen in Figure 7, the highest εf of D23%RM occurred after 90 days of
curing time. Furthermore, among all of the curing times, the εf of D20%LF was the highest.

Figure 7. εf of LF-RMS.

The strength of a specimen’s resistance to deformation was shown by the deformation
coefficient (E50), which was the secant modulus at the point on the σ-ε curve that corre-
sponds to half of the failure strain. The strength of the deformation resistance increased
with increasing E50 [29]. Figure 8 shows the variation curve of E50 with DRM. The E50
value of D20%LF+23%RM was the largest, indicating that the D20%LF+23%RM specimen had
the strongest resistance to deformation. Since the D20%LF+23%RM specimen produced the
most cementitious products, the deformation resistance of the specimen was enhanced.
Although the εf of the D20%LF+23%RM specimen was small in the initial stage, its εf grew
fastest as the curing time increased. Overall, the LF-RMS deformation characteristics of
D20%LF+23%RM were optimal.

Figure 9 shows the relationship between UCS and failure strain (εf), and deforma-
tion coefficient (E50), where εf and E50 were positively related to UCS. The deformation
characteristics also improve with increasing UCS. Figure 9a demonstrates that εf exhibits a
generally rising trend with an increase in the UCS of LF-RMS, suggesting that LF-RMS had
more strength and deformation resistance. A notable rise in E50 can be seen in Figure 9b,
suggesting that the resistance of LF-RMS to deformation increased with its strength.
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Figure 8. E50 of LF-RMS.

Figure 9. Relationship curves: (a) UCS and εf; (b) UCS and E50.
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3.1.4. Failure Characteristic

Photographs of typical failure characteristics upon UCS testing are shown in Figure 10.
The failure modes of specimens were closely related to their strength characteristics.
Figure 10 shows that the specimens with UCS values of 1.26 MPa, 2.13 MPa, and 1.97 MPa
of D10%LF+17%RM (7 d, 28 d) and D20%LF+23%RM (7 d), respectively, exhibited tensile cracking
damage. When the strength of the specimen was low, the hydration reaction produced
fewer cementitious materials, resulting in the structure of the specimen being insufficiently
dense. Vertical fractures initially occurred on the weak surfaces of the specimen as a result
of horizontal tensile pressures applied to its perimeter due to compressive stress. As the
stress continued to increase, longitudinal cracks gradually propagated, and the specimen
appeared damaged (either totally or locally) by stress cracking. Because the process of
specimen failure was slow, the specimen demonstrated plastic failure. As the specimen
curing times or DRM grew, more gel materials were produced by the hydration processes
occurring inside the specimens. Such processes increased the strength of the specimen,
and the specimen exhibited shear failure characteristics. For instance, the specimens of
D10%LF+17%RM at 90 d and D20%LF+23%RM at 28 d and 90 d demonstrated shear failure, and
their UCS values were 3.59 MPa, 3.01 MPa, and 4.72 MPa, respectively. The hydration
process generated a greater volume of cementitious materials and intensified the connection
between structures, resulting in enhanced overall structural integrity. Under the action
of compressive stress, longitudinal cracks develop but do not affect the overall structural
strength. With the further increase in stress, displacement occurred at the location of weak-
est cementation in the specimen, and then the oblique crack developed the shear failure of
the surface.

Figure 10. Typical failure pattern of LF-RMS.

3.2. Analysis of the Solidified Mechanisms of LF-RMS
3.2.1. X-ray Diffraction Analysis

Figure 11 shows the XRD pattern of LF-RMS, wherein it can be seen that the low active
substances present in minimal proportions in LF-RMS were not only quartz and hematite
but also mullite (3Al2O3) within fly ash. The hydration reaction of lime, the pozzolanic
reaction with fly ash and RM, and the crystallization and carbonization processes were the
primary sources of its strength. These reactions caused the soil to form a cementitious and
crystalline structure, enhancing its structural strength. Ca(OH)2, calcium silicate hydrate (C-
S-H), calcium aluminate hydrate (CAH), and CaCO3 were the principal hydration products
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of LF-RMS. The hydration reaction of lime produced a large amount of Ca(OH)2, which has
low solubility. After Ca(OH)2 reached saturation, it interacted directly with OH−, Ca2+, and
O2− to form Ca(OH)2. Some Ca(OH)2 gradually formed Ca(OH)2 crystal (Ca(OH)2·nH2O)
after absorbing water, and some reacted with CO2 in water to form CaCO3 crystals (i.e., the
crystallization and carbonization reactions of lime). The slow reaction process contributed
to the long-term strength of LF-RMS [30]. The reaction produced crystals with high strength
and strong water stability. The main reactions’ equations are shown in (1)–(3).

CaO + H2O → Ca(OH)2 (1)

Ca(OH)2 + nH2O → Ca(OH)2·nH2O (2)

Ca(OH)2 + CO2 + nH2O → CaCO3 + (n + 1)H2O (3)

In the early stages of strength formation, most of the Ca(OH)2 dissolved in water. The
dissociated Ca2+ and OH– reacted with the silica–alumina active substances released from
both fly ash and RM to produce gelling products (e.g., C-S-H and C-A-H) [31,32]. This
process is the volcanic ash reaction, which is the main reason for the strength of LF-RMS.
Under the action of alkali excitation, the silicon–aluminum glass in fly ash accelerated the
fracturing and generated cementitious products. These products gradually condensed
and hardened, which improved the strength of LF-RMS. However, the water content
of the soil increased at D26%RM, which was not conducive to the transformation of the
cementitious structure of lime into a crystalline structure. It also hindered the dispersion of
lime particles into finer particles, and it was difficult for OH– to react directly with the CaO
in lime accordingly to further generate Ca(OH)2. Thus, the structural strength of the soil
was reduced.

Figure 11. XRD pattern of LF-RM (1. Ca(OH)2; 2. Calcium Silicate Hydrate (C-S-H); 3. CaCO3;
4. mullite (3Al2O3·2SiO2); 5. quartz (SiO2); 6. hematite (Fe2O3); 7. Calcium aluminate hydrate
(C-A-H)).

3.2.2. Thermogravimetric–Differential Thermal Analysis

Figure 12 illustrates the TG-DTG results of LF-RMS, and Table 3 displays the corre-
sponding specimen numbers. As the temperature rose, the mass loss rate of LF-RMS could
be divided into four phases, as shown in Figure 12.

During stage I, which occurred at temperatures below 120 ◦C, the mass loss in soil
could primarily be attributed to the elimination of free water. The mass loss rates ranged
from a maximum of 1.36% (LF-2) to a minimum of 0.68% (LF-4). It can be seen by LF-4 that



Buildings 2024, 14, 1336 13 of 19

DLF had a large effect on the water content of the LF-RMS. As a large amount of heat was
released when the hydration reaction occurred with too much lime in LF, the soil lost water,
which was unfavorable for the subsequent hydration reaction.

During stage II (120–700 ◦C), mass loss occurred as a result of the elimination of
bound water from the hydration products and certain minerals. At this point, the mass loss
rate indicated the amount of hydration products present. The maximal mass loss rate in
stage II was 4.31% (LF-5). The specimens’ hydration products progressively rose as the
curing time increased. A comparison of LF-2, LF-3, and LF-4 revealed that LF-3 reacted
most fully, resulting in the most gelling products at the same DRM. The maximum mass
loss was 4.02% (LF-3). LF-4 had the smallest mass loss rate of 3.40%. At this time, the
hydration products were minimal, and the specimen strength was the lowest, which was
consistent with the macroscopic test results. The release of heat from the hydration reaction
and volume expansion caused the number of gelling products to decrease when DLF was
excessive. Comparing LF-1 and LF-3, it was found that the mass loss rate of LF-1 was lower
than that of LF-3, indicating that the hydration products of LF-1 were less, resulting in a
lower strength than that of LF-3. This phenomenon is due to the inhibition of Ca(OH)2
production and its subsequent crystallization reaction due to the high alkalinity and the
high number of RM particles. Therefore, if the optimal dosage of DRM is exceeded, the
hydration reaction of LF-RMS is adversely affected.

Figure 12. TG-DGT of LF-RMS.
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The loss of mass during stage III (700–780 ◦C) is primarily attributable to the decom-
position of Ca(OH)2 crystals and CaCO3 crystals. The maximum mass loss in this phase
was 1.73% (LF-5). It can be seen by LF-5 that a large number of Ca(OH)2 and CaCO3 crys-
tals were formed due to the crystallization and carbonization of lime, which significantly
improved the strength of LF-RMS after 90 days. The rate of mass loss during stage III at
28 d reflected the degree to which the specimen was hydrated: the smaller the mass loss of
the specimen, the fewer the Ca(OH)2 crystals that were present (i.e., the more adequate
the hydration reaction). The TG curve of LF-3 shows that LF-3 had the smallest mass loss
(1.19%), whereas LF-4 had the largest mass loss (1.52%). Furthermore, the consumption of
Ca(OH)2 was greatest in LF-4, and the hydration reaction produced the most cementitious
materials. Continued increase in either DRM or DLF affected the LF-RMS hydration reaction,
resulting in a decrease in specimen strength.

Phase IV (above 780 ◦C) showed the destruction and decomposition of some inert
materials and mineral structures in RM and fly ash.

3.2.3. Scanning Electron Microscopy

Figure 13 shows SEM images of LF-RMS at 10,000× magnification. At DLF = 10%
(Figure 13a), LF-RMS hydration generated insufficient gelling material due to the smaller
proportion of LF. Most of said material took the form of strips and flakes, the surface area
and cementation ability of which were limited.

Figure 13. SEM images of LF-RMS: (a) D10%LF+23%RM (28 d); (b) D20%LF+23%RM (28 d);
(c) D30%LF+23%RM (28 d); (d) D20%LF+26%RM (28 d); (e) D20%LF+23%RM (90 d).

The gels were distributed side by side with a small amount of lamellar Ca(OH)2,
which could not effectively fill the pores, making it difficult to form a dense structure.
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From Figure 13b,e, it can be seen that the D20%LF+23%RM specimen had the highest overall
compactness. Gelling products such as C-S-H in the soil were flaky and flocculent; their
surface area was large, and the pores of the soil were densely filled. Ca(OH)2 crystals
and CaCO3 crystals were also present in the soil. Ca(OH)2, CaCO3 crystals, and gelling
products were interspersed or intertwined to form a complete and strong skeletal structure.
Although there were some unhydrated RM and fly ash particles in the soil, they were tightly
adsorbed around the cementation products to form a stable structure. The D30%LF+23%RM
specimen at 28 d had the loosest microstructure (Figure 13c). Layered and flaky C-S-H
gels can be observed in Figure 13c. However, due to the release of heat and the volume
expansion caused by lime hydration, the distribution of cementation products in the loose
structural system was messy. Therefore, it was difficult for the soil to form a complete
structure. Moreover, the process of releasing heat from hydration consumed water and
inhibited the decomposition of Ca(OH)2, resulting in an insufficient hydration reaction. In
other words, there were fewer cementitious products, and more RM and fly ash particles
without hydration reaction. In addition, more Ca(OH)2 crystals were present in LF-RMS
because the decomposition of Ca(OH)2 was inhibited. This phenomenon aligns with the
findings of our thermogravimetric analysis. It was difficult for the crystals to develop into a
tightly structured crystalline network due to the loose structure of the soil. Various lamellar
and lamellar gelling products are present in Figure 13d. There are many RM particles in the
D26%RM specimen that did not undergo a hydration reaction. Large cementation structures
are difficult for gelling products like C-S-H to develop because of the impact of free RM
particles on structural density. Moreover, lime particles are enveloped by RM particles,
which reduces the number of Ca(OH)2 hydration products, making the void structure
larger and limiting the overall compactness.

3.3. Environmental Impact Analysis

Red mud was a solid waste with high alkalinity and has been found to contain radioac-
tive substances. The chemical properties of quicklime and fly ash are alkaline. Additionally,
fly ash contains some harmful substances (e.g., cadmium, mercury, lead, chromium, and ar-
senic) and radioactive elements (e.g., uranium, thorium, and potassium) [33,34]. Therefore,
the environmental impact of LF-RMS s needs greater consideration when this material is
to be used for subgrade filling. According to the mechanical testing, the optimal dosage
(D20%LF+23%RM specimen cured for 28 days) was selected for environmental index testing.
Table 4 presents the radioactivity and corrosivity of RM and LF-RMS. The internal irradi-
ation index (IRa) and external irradiation index (Iγ) were also calculated [35]. Compared
with RM, the IRa and Iγ of LF-RMS decreased by 1.63 and 1.69, respectively. Moreover, the
corrosiveness of LF-RMS was also reduced when compared with the pH values of RM and
LF-RMS in Table 5. The pH of LF-RMS was 9.87, which was 1.84 lower than that of RM.

Table 5. Presents the radioactivity and corrosivity of LF-RMS.

Materials
Radioactive Specific Activity (Bq·kg−1) Corrosiveness

226Ra 232Th K40 PH

RM 508 265 1050 11.71
LF-RMS 118 97 332 9.87

Figure 14 illustrates a comparison of toxic leaching concentrations of RM and LF-RMS.
It can be seen from Figure 14 that the toxic leaching concentrations of RM and LF-RMS
were lower than normative limits [36]. The leaching concentration of fluoride decreased by
43.3%, while the leaching concentration of barium metal decreased by 97.2%. As a whole,
LF-RMS reduced more than 60% of the heavy metal leaching concentration. Because heavy
metal ions were solidified by precipitation, adsorption, encapsulation, and replacement
during the generation of gelling substances, the metal leaching concentration of LF-RMS
could be reduced [37]. LF-RMS underwent hydration to form Ca(OH)2 and C-S-H, and



Buildings 2024, 14, 1336 16 of 19

a large amount of free Ca2+, OH−, and hydroxides were produced in the soil during this
process. In an alkaline environment, heavy metal ions form hydroxide precipitates and
calcium-containing complexes with these free hydration products [38]. The Ca(OH)2 and
Al(OH)3 generated by the hydration reaction had the effect of adsorbing and encapsulating
heavy metal ions. In summary, the solidification of heavy metal ions in LF-RMS was closely
related to the rate at which cementitious materials are formed, and hydration products play
a key role in the process of heavy metal solidification. Finally, an alkaline environment is
conducive to the precipitation and replacement of heavy metals [39,40].
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Figure 14. Reduction of toxic leach concentration.

4. Conclusions

In this study, an unconfined compressive strength test (USC test), scanning electron
microscopy test (SEM), X-ray diffraction (XRD), thermogravimetric differential thermal
analysis (TG-DTG), and environmental indices testing were carried out. The strength
characteristics of lime–red mud-modified silty sand (LF-RMS) featuring different red
mud and lime–fly ash ratios were studied, and the optimal ratio of LF-RMS was thereby
determined. The mechanisms forming the strength of LF-RMS and changes in various
environmental indicators were analyzed. The following conclusions could be drawn:

1. The peak value of the stress–strain curve after 90 days of curing was more significant
than that at 7 and 28 days, and the stress decreased rapidly after reaching its peak
value. The LF-RMS after 90 days of curing indicated brittle failure, and the specimens
after 7 days and 28 days of curing indicated plastic failure. The deformation coefficient
of the D20%LF+23%RM specimen was the largest with all curing times, suggesting that
its ability to resist deformation was the strongest. The deformation coefficients for 7,
28, and 90 days of maintenance were 20.49, 28.15, and 43.11, respectively. The failure
strain after 7 days and 28 days of curing was small, but the failure strain after 90 days
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of curing time increased the most rapidly, indicating that the specimen exhibited the
greatest ductility after 90 days.

2. The unconfined compressive strength of LF-RMS initially increased and then de-
creased with varying DLF or DRM values but identical curing times. When DLF was
a variable, the specimen containing 20% lime–fly ash exhibited the highest strength,
while when DRM was a variable, the specimen with 23% red mud demonstrated the
greatest strength. Therefore, D20%LF+23%RM represented the optimal ratio of LF-RMS.
In addition, strength increased with an increase in curing time. The strength values
of the specimens cured for 28 d and 90 d with D20%LF+23%RM were 3.01 MPa and
4.72 MPa, respectively.

3. The LF-RMS hydration reaction of D20%LF+23%RM produced the most hydrated prod-
ucts and the densest structure. When DRM or DLF were too high, the decomposition
of Ca(OH)2 was inhibited, and the hydration reaction produced less gelling material.
At this time, the soil structure was loose, and it was difficult for Ca(OH)2 crystals to
develop into a tightly structured crystalline network, which therefore decreased the
strength of the soil.

4. The environmental impact of LF-RMS was greatly improved compared to pure RM.
The overall concentration of heavy metals in LF-RMS decreased by more than 60%.
The hydration products and crystallization in the LF-RMS played a key role in the
solidification of heavy metal ions.

In conclusion, the strength of LF-RMS met the criteria of material specifications for road
base filling. Despite the alkaline and radioactive nature of the red mud, the environmental
parameters of LF-RMS remained within the standard range. According to the strength
characteristics of LF-RMS, it may be used for base filling within highway structures. LF-
RMS represents a novel solution to the problem of red mud stockpiling. The utilization
of red mud as a road construction material not only necessitates the consumption of
significant quantities of red mud but also reduces reliance on cement. Such a mixed
material is currently utilized for road bases in natural environments, with no consideration
given to road conditions in harsh environments. Its applicability is currently limited to
roads in the Henan region. Therefore, it is recommended that future studies assess the
strength and environmental characteristics of this material under harsh conditions and
reveal its practical engineering applications in other regions.
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