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Abstract: Expansive soils exhibit detrimental swelling and shrinking characteristics in response to
variations in water content, posing a threat to engineering safety. Utilizing industrial solid waste
for improving the engineering properties of expansive soil presents a promising solution due to
its low pollution and high recoverability. This paper reviews the progress of research on various
industrial solid wastes in stabilizing expansive soil. The review comprehensively discusses the
microscopic characteristics and mechanism of industrial solid waste-stabilized soils, as well as their
impact on the compressive strength, shear, compaction characteristics, consistency, swelling and
shrinkage properties, and durability of expansive soils. The addition of appropriate curing agents or
the combination with other stabilizing materials can enhance the strength of expansive soil, mitigate
volume changes, and improve the durability and stability of expansive soils. The mechanisms
of stabilization of expansive soils by industrial solid waste involve cation exchange, flocculation-
agglomeration, pozzolanic reaction, and carbonation. Additionally, microscopic characterization
analysis reveals that the formation of C-5-H and C-A-H is the primary contributor to the improvement
of soil geotechnical properties.

Keywords: industrial solid waste; stabilization mechanism; engineering characteristics; resource

utilization

1. Introduction

Industrial solid waste refers to the waste residues, dust, and other waste materials that
are generated during industrial production and released into the environment. Examples
of industrial solid waste include blast furnace slag, steel slag, red mud, cement kiln ash, fly
ash, cinder, sulfuric acid slag, and phosphogypsum [1-3]. The output of industrial solid
waste is increasing annually due to the growth of industrial manufacturing [4]. In China,
over 300 million tons of industrial solid waste are generated each year, but only about
60% of it is currently recycled, according to environmental statistics [5]. This waste takes
up land resources and pollutes underground water, air, and soil, leading to a decline in
environmental quality and long-term environmental risk [6-8]. Therefore, it is imperative
to find high-value uses for industrial solid waste.

Expansive soil, characterized by its high clay content and mainly composed of min-
erals such as montmorillonite and illite, poses significant challenges to engineering and
geology due to its tendency to swell and shrink during wetting and drying cycles [9,10].
Such soil behavior often leads to adverse effects such as differential settlement in building
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foundations [9], subgrade settlement [11], and landslides [12], as illustrated in Figure 1.
Consequently, practical projects require urgent treatment for expansive soil. Today, the
three main stabilization techniques used for expansive soils include mechanical, chemical,
and biological stabilization, as shown in Figure 2 [9,13-16]. Although mechanical stabi-
lization techniques such as compaction and reinforcement have been widely used, they
are expensive and prone to instability [17,18]. Biological stabilization techniques, such as
microbially induced calcium carbonate precipitation (MICP), have been extensively stud-
ied, but their effectiveness in practical applications remains uncertain [19,20]. In contrast,
chemical stabilization methods are effective, low-cost, and currently the most commonly
used approach for soil stabilization. Traditional chemical curing agents, such as cement
and lime, have been shown to significantly improve soil strength [21,22]. However, the use
of these agents is not without its drawbacks, such as environmental impacts in terms of
CO; emissions and energy consumption.

Figure 1. Engineering problems and geological disasters by expansive soil: (a) differential settlement
of building foundation; (b) subgrade settlement; (c) landslide. Adapted from [9].

Recently, researchers have been seeking new low-carbon and sustainable materials
to replace cement and lime as soil stabilization agents [23-25]. Additives such as fly ash
and silica fume have been used in the treatment of expansive soil due to their physical
and chemical properties, which are similar to those of lime and cement. Industrial waste
exhibits excellent physical properties, such as small particle size, strong dispersibility, and
high water absorption, which contribute to its pozzolanic properties and cementation
power [26]. Therefore, the use of industrial waste as a new material for expansive soil
stabilization has significant potential for cost savings and promoting a green environment.

This paper presents an introduction to the reaction mechanism of industrial solid waste
and provides a comprehensive evaluation of its engineering properties as a reinforcement
material for expansive soil. The mechanism, microscopic characteristics, and mineral
composition of industrial solid waste-stabilized soils are also discussed. Additionally, the
paper highlights the potential for further research on the use of industrial solid waste in
stabilizing expansive soil.
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Figure 2. A flow chart of expansive soil stabilization techniques.

2. Mechanism and Microscopic Characteristics
2.1. Cation Exchange

Ion exchange is the primary reaction involved in stabilizing industrial solid wastes,
impacting their plasticity and water stability in the short term. As illustrated in Figure 3a,
alkaline oxides such as CaO and MgO react with water to form Ca?* and Mg?* ions, which
replace K™ and Na™ ions in the clay particles via ion exchange. This process reduces the
thickness and spacing of the water film between soil particles [27]. Experimental studies
conducted have demonstrated that the addition of fly ash effectively reduces plasticity
and swelling resulting from cation exchange reactions [28,29]. Furthermore, the alkaline
environment produced by fly ash hydration promotes ion exchange, effectively mitigating
soil swelling. Additionally, cation exchange facilitates the flocculation-agglomeration of
soil particles, thereby enhancing soil strength. However, excessive cation exchange may
deplete the Ca?* and OH~ ions required for the volcanic ash reaction, ultimately reducing
the production of C-5-H and diminishing soil strength properties [30-32].
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Figure 3. Stabilization mechanism: (a) cation exchange; (b) flocculation-agglomeration; (c) pozzolanic
reaction. Adapted from [27].
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2.2. Flocculation-Agglomeration

Flocculation-agglomeration refers to the transformation of clay particles from a flat,
parallel structure to a more random structure with edges in contact with faces, as shown
in Figure 3b. This process promotes the formation of larger agglomerates of clay parti-
cles, thereby reducing soil plasticity and increasing short-term strength. The flocculation-
agglomeration reaction, like the cation exchange reaction, is a short-term reaction [33,34].

Zeta potential can be defined as the electric potential difference between the bulk
solution and the surface of a particle when it is surrounded by a diffuse layer of ions [35].
Zeta potential values significantly impact the flocculation-agglomeration of soil particles.
A high zeta potential indicates a strong repulsion between soil particles, which can prevent
their flocculation-agglomeration and lead to a stable dispersion. Conversely, soils with low
zeta potentials are more prone to flocculation-agglomeration. Recent research indicates
that the addition of industrial solid waste reduces zeta potential, thereby promoting rapid
flocculation-agglomeration. Studies have demonstrated that increasing fly ash admixture
leads to a decrease in zeta potential values [36]. This is because a decrease in zeta potential
reduces electrostatic repulsion between montmorillonite layers, allowing Van der Waals
attraction to dominate.

2.3. Pozzolanic Reaction

The pozzolanic reaction plays a crucial role in the long-term development of soil
strength and durability. The incorporation of industrial solid waste elevates soil pH, leading
to increased solubility and reactivity of volcanic materials such as silica and alumina [27,37].
The Ca?* in industrial solid waste reacts with soluble alumina and silica, forming C-S-H
and C-A-H [36,38]. These new cementitious compounds fill the pores of soil particles, as
illustrated in Figure 3c, thereby densifying the soil’s internal structure and increasing its
strength. Additionally, in certain cases, calcium aluminate silicate hydrate (C-A-S-H) may
also form, further boosting soil strength and improving geotechnical properties [39,40].
These reactions can be expressed using Equations (1)-(3).

Ca’* +2(OH)” +Si0, +C—-S—H (1)
Ca’* +2(0OH)” + AlLL,O3 - C—A—-H )
Ca?t +2(0OH)” +ALO; »C—-A-S—H (3)

2.4. Carbonation

The carbonation process is crucial for achieving the desired strength of stabilized soil.
Volcanic ash reaction results in increased concentrations of Ca%*, Mg2+, and OH™ ions
in soil pore water [41]. As a part of the zeolite reaction, CO, from the air penetrates soil
pores and reacts with Ca?*, Mg?*, and OH~ ions to produce CaCO3 and MgCOs3, forming
carbonaceous substances [42—44]. These solid particles fill and bind the intergranular
pores of the soil, a process known as carbonation and denoted by Equations (4) and (5).
A prolonged duration of the carbonation process is necessary for developing the desired
strength of stabilized soil.

Mg?" +20H~ + CO, — MgCO3 4)

Ca?t +20H~ + CO, — CaCO; (5)

2.5. Microscopic Characteristics
2.5.1. XRD Analysis

Figure 4a illustrates the X-ray diffraction pattern of expansive soil amended with
cement kiln ash. The reflection peak of montmorillonite decreases significantly as the
cement kiln ash admixture content increases, indicating a reaction between the admixture
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and the soil matrix that reduces the hydrophilic mineral content in the soil [45]. Similar
observations can be made in fly ash-stabilized expansive soil (Figure 4b). Moreover, it was
found that the addition of cement kiln ash led to a reduction in both pore size and number,
indicating that the admixture promoted flocculation-agglomeration of soil particles [42].
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Figure 4. XRD pattern of expansive soil by (a) stabilized soil by CKD, (b) stabilized soil by FA,
(c) stabilized soil by PG, and (d) stabilized soil by CS. Adapted from [39,42,45,46]. (Note: M: montmo-
rillonite; B: bentonite; C: Calcite; Q: quartz; G: gypsum; K: kaolinite; F: feldspar; I: illite; T: trikalsilite;
S: sillimanite; CMS: calcium magnesium silicide; CSH: calcium silicate hydrate; CASH: calcium
aluminium silicate hydrate; CAH: calcium aluminium hydrate).

Figure 4c,d display the XRD spectra of different types of stabilized expansive soil. In
Figure 4c, the intensity of the montmorillonite reflection peak decreases significantly after
curing at 40 °C for 7 days with the addition of two types of PG, indicating a reduction
in the hydrophilic mineral content [46]. Additionally, new crystal reflections of calcium
magnesium silicide, trikalsilite, and feldspar appear, which contribute to the increased
strength of gypsum-stabilized soil. Figure 4d shows the impact of 12.5% copper slag and
lime (1:1) on XRD results after curing for 0, 3, and 7 days. The peak in soil samples after
7 days of curing indicates that the zeolite reaction in stabilized copper slag and lime is
time-dependent [39]. As curing time increases, new cements such as C-S-H, C-A-H, and
C-A-S-H gradually form. By mixing cement kiln ash, copper slag, fly ash, phosphogypsum,
and lime, cation exchange can be promoted; expansion and contraction of the expansive
soil can be reduced; and the pozzolanic reaction and gelation can be carried out to improve
the strength of expansive soil.

2.5.2. SEM Analysis

Figure 5 depicts the SEM images of SF, FA, FA + lime, GGBFS + lime, and PG stabilized
expansive soil samples that were cured at room temperature. In Figure 5a,b, the SEM images
show the soil samples stabilized with 2% and 8% silica fume content, respectively [47]. The
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presence of C-S-H is observed in the soil samples, which envelops and encapsulates the
expansive soil particles, thereby enhancing the soil’s strength. Additionally, the formation
of C-S-H is seen to reduce the swelling pressure of the expansive soil, thus effectively
restraining soil swelling.

The impact of fly ash addition at 10% and 10% FA + 5% lime on the soil microstructure
was analysed by [42], as shown in Figure 5¢,d. The modified soil exhibited a more compact
structure than the untreated soil, with pores or cracks partially filled with fly ash particles
and hydration products. The addition of lime to fly ash enhanced the cementation degree
between fly ash and the pores of plain soil, resulting in a finer pore size and closer embed-
ding of fly ash particles in the soil. Figure 5e,f displays SEM micrographs of expansive
soil stabilized by 20% GGFBS and 20% GGBFS + 1% lime after 28 days of curing [48].
The micrographs reveal that the soil particles are encased within a compact structure of
small aggregates or flocs. The interface properties of the mixture improve with curing
time. Samples treated with lime show large aggregates, which contribute to the reduction
of swelling in expansive soils. Micrographs also show hydration and chemical reaction
products, such as C-5-H and calcium hydroxide (silicate). These products fill the pores
between soil particles and enhance soil strength. In another study, Jha and Sivapullaiah [32]
employed SEM images to evaluate the improvement of soil strength through microstruc-
tural analysis of 1% and 6% gypsum-stabilized soil at 28 days of curing. The strength
increase is attributed to the filling of dissolved gypsum, which acts as a cementing and
filling agent in the soil.

The SEM micrographs in Figure 5e,f reveal the microstructure of expansive soil stabi-
lized with 20% GGFBS and 20% GGBEFS + 1% lime after 28-day curing [48]. The images
illustrate a dense structure of small aggregates or flocs surrounding soil particles, indicating
improved interface properties with increasing curing time. In contrast, the presence of
lime led to the formation of large aggregates. Such aggregations or flocs play a key role in
reducing soil swelling [49]. The micrographs also demonstrate the presence of hydration
and chemical reaction products, including C-S-H and calcium hydroxide (CH), which fill
the pores between soil particles and contribute to increased soil strength [50]. Previous
studies have also used SEM images to investigate the microstructure of gypsum-stabilized
soil, finding that the strength increase is due to the filling of dissolved gypsum, which acts
as a cementing and filling agent in the soil [51].
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Figure 5. SEM of SF, FA, FA + lime, GGBFS, GGBEFS + lime, and PG stabilized expansive soil. Adapted
from [42,47,48,51].
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3. Engineering Properties
3.1. Unconfined Compressive Strength (LICS)

Table 1 demonstrates the effectiveness of industrial solid waste in increasing the
unconfined compressive strength (UCS) of expansive soil. Fly ash is a common stabi-
lizer for expansive soil, with the optimal content and curing time being crucial factors.
Mabhedi et al. [52] found that the UCS of expansive soil increased with 0-25% fly ash admix-
ture, with the highest strength observed in soils solidified with 15% fly ash within 28 days
of solidification. The type of fly ash also impacts the UCS of expansive soil, with Class C fly
ash being superior to Class F fly ash due to its higher calcium ion content, which promotes
pozzolanic reaction and flocculation [53-55]. Similar report found that 10% cement kiln
dust was the optimal dosage for stabilizing expansive soil, resulting in an increase in UCS
from 219 kPa to 354 kPa, or approximately 1.6 times that of untreated soil [45].

Table 2 demonstrates that combining various types of industrial solid waste can more
effectively improve the UCS of expansive soil. Yoobanpot et al. [56] found that stabilizing
expansive soil with 20% fly ash and 13% cement kiln ash yielded the same improvement in
UCS as 10% cement-stabilized expansive soil. Similar studies also found that treating black
cotton soil with 16% cement kiln ash and 10% quarry fine increased its UCS from 38 kN /m?
to 820 kN/m?. This effect was attributed to the small particle size of slag powder, which
alters the particle size distribution of cement kiln ash, fills gaps between soil particles, and
forms a dense mesh structure that enhances the soil’s mechanical properties [33,57,58].
However, excess binder reduces soil strength by not interacting with pozzolanic soil.
Additionally, studies have found that an optimal proportion of granulated blast furnace
slag and fly ash is necessary for stabilizing expansive soil; beyond this proportion, the UCS
of stabilized soil reaches a maximum and then decreases with increases in PG content [59].
Therefore, stabilized expansive soil has an optimal proportion of granulated blast furnace
slag and fly ash.

The lime content has a significant impact on the UCS of stabilized soil due to the
formation of cementitious compounds through the interaction between the Ca?* of lime
and the SiO; of industrial solid waste. Muthukkumaran et al. [39] investigated the effect of
copper slag and lime on black cotton soil and found that a 1:1 admixture ratio of 12% copper
slag and lime improved the soil’s mechanical properties the most. However, increasing the
copper slag content reduced the UCS, indicating that lime contributes more to soil strength
improvement than copper slag. The addition of lime accelerates the pozzolanic reaction,
providing extra strength to the soil-binder mixture by forming a cemented matrix [58].
Optimal lime content for soil stabilization varied in previous studies, with 3%, 5.5%, and
7% lime requiring 0.25%, 0.5%, and 1% PG, respectively. Similar studies also found that 1%
PG + 7% lime significantly increased the UCS of expansive soil by tenfold after 28 days of
curing [60].

Table 1. Summary of the UCS of expansive soil stabilized by industrial solid waste.

The Optimum

Refs Type Soil Classification Mixture (%) UCS (MPa) Rating of Subgrade
[28] FA CH 9% 0.45-0.56 (7 d) Hard
[36] FA-C CL 20% 0.03-0.05 (0 d) Soft
0.51-0.95 (3 d)

[61] GGBS CH 30% 0.53-1.07 (7 d) Hard
0.67-1.14 (28 d)
0.23-0.29 (7 d)

[59] FA + GGBS CH 6%FA + 14%GGBS 0.24-0.34 (14 d) Hard
0.27-0.45 (28 d)
0.37-1.89 (7 d)

[62] CKD CL 12% 0.57-2.07 (14 d) Hard

0.88-2.25 (28 d)
0.89-2.45 (60 d)
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Table 1. Cont.

The Optimum

Refs. Type Soil Classification Mixture (%) UCS (MPa) Rating of Subgrade
0.59-5.24 (7 d)
[63] CKD CL 10% 1.05-7.52 (14 d) Hard
1.53-10.16 (28 d)
0.68-5.66 (7 d)
CKD MH 10% 1.10-7.86 (14 d) Hard
1.65-10.52 (28 d)
[64] SF CH 25% 0.091-0.144 (7 d) Hard
o 0.2-0.4 (28 d)
[65] SF CH 20% 0.41-0.70 (90 d) Hard
Note: FA: fly ash; GGBS: granulated blast furnace slag; CKD: cement kiln ash; CS: copper slag; RNA: rice husk ash.
Table 2. Summary of the UCS of expansive soil stabilized by industrial solid waste and lime.
. e . The Optimum . N Rating of
Refs. Soil Classification (USCS) Type Mixture (%) Lime Content (%) UCS(MPa) Subgrade
[28] CH FA 9% 3% 0.52-0.80 (7 d) Hard
[36] CL FA-C 20% 8.5% 0.03-0.11 (0 d) Stiff
0.66-1.04 (7 d)
[66] CH FA 24% 3% 1.0-1.42 (28 d) Hard
1.26-1.91 (90 d)
X . 0.2-0.9 (28 d)
[65] CH SF 10% 5% 041-1.70 90 d) Hard
0.66-0.99 (7 d)
[66] CH GGBS 9 3% 1.01-1.36 (28 d) Hard
1.28-1.94 (90 d)
. . 0.31-0.63 (7 d)
[59] CH FA+GGBS  °% g‘égsu o 1% 0.33-0.72 (14 d) Hard
0.37-0.87 (28 d)
[39] CH CS 12.5% 12.5 0.17-0.92 (28 d) Hard
. . 0.07-0.17 (0 d)
[67] MH FA +RNA 4% FA + 4% RNA 6 0.07-1.20 (7 d) Hard
0.16-0.47 (3 d)
[68] PG 8 8 0.16-0.74 (7 d) Hard

0.16-0.83 (28d)

Note: FA: fly ash; SF: silica fume; GGBS: granulated blast furnace slag; CKD: cement kiln ash; CS: copper slag;
RNA: rice husk ash.

3.2. Shear Strength

Expansive soil is known to exhibit low shear strength, but this can be improved by
incorporating industrial solid wastes. Several studies have investigated the impact of
different types and proportions of industrial solid wastes on the shear strength of stabilized
expansive soil. For instance, Cui et al. [69] found that the addition of only 12% cement kiln
ash significantly improved the internal friction angle and cohesion of the soil (Figure 6a).
Another study reported that adding 20% fly ash to expansive soil at a specific moisture
level significantly increased its undrained shear strength [70]. The impact of fly ash on the
shear strength parameters of modified expansive soil was also investigated by Hasan [71],
who found that the internal friction angle varied linearly with fly ash content (Figure 6b).
The improved shear strength can be attributed to the initial flocculation-agglomeration and
subsequent prolonged pozzolanic reactions between the clay and industrial solid waste,
which contribute to changes in the cohesion and internal friction angle.



Buildings 2023, 13, 1001

90f17

200 36

180 30

L ]
. s ’
(a) T~ isof (b) L e——9
160 | . {28 ./
& 132 2
y \. 95 T60 L ./. S
< 140 ./ E < — X4 e
S {26 £ & i 130 =
%‘ ./ ; TE Hor /'/Y 28 g
2 120 s z . P TE
S ° ° o = i L2 e 26 S
S O == - = - S ’ . . 2
O 100} d - T~ e g ) / —e— (Cohesion/kPa E
P 15 L . 5o e =
» {22 2 100 7 —®— Internal friction angle/° 54 £
e —e— Cohesion/kPa o
a - o Internal friction angle/® 80F 2
. 20
;
ool — 60 L A ) A A 20
0 2 4 6 8 100 12 14 16 18 20 0 5 10 15 20
Cement kiln dust content(%) Fly ash content(%)

Figure 6. Evolution of internal friction angle and cohesion of expansive soil: (a) stabilized soil by
cement kiln ash, and (b) stabilized soil by fly ash. Adapted from [69,71].

3.3. Atterberg Limit

The Atterberg Limit plays a crucial role in predicting soil mechanics and hydrological
behaviour, particularly for expansive soils that exhibit a higher liquid limit and plasticity
index than other soil types, leading to distinct rheological properties [72]. Figure 7 illustrates
that industrial solid waste can impact soil consistency and alter soil classification.

60

Unreated soils
Treated soils

N
()

) +
o o
T T

Plasticity index(%)
o
(]

10

0 10 20 30 40 50 60 70 8 90 100
Liquid limit(%)
Figure 7. Classification of stabilized soil by different types of industrial solid waste.

As shown in Figure 8, the addition of fly ash to soil has a significant impact on its liquid
and plasticity indices. With increasing fly ash content, the liquid limit decreases while
the plasticity index increases. For instance, a 20% application rate of fly ash in expansive
soil reduced the liquid limit by 13% to 28%, increased the plasticity index by 47% to 71%,
and decreased the plastic limit by 23% to 37% [29,70,73]. Additionally, the same study
examined the effects of lime—fly ash stabilization on soil with 0%, 1%, and 2% lime content
and found that the addition of lime resulted in a more significant decrease in plasticity [73].
These findings suggest that the addition of industrial solid waste such as fly ash can be an
effective method for improving the rheological properties of soil.
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Figure 8. Effect of fly ash on the Atterberg limit of expansive soil (a) liquid limit; (b) plastic limit; (c)
plastic index. Adapted from [29,70,73].

Stabilization of expansive soils using cement kiln ash and silica fume produces similar
effects. According to Cui et al. [69], a content of 18% CKD has the greatest impact on con-
sistency, resulting in a 34% reduction in liquid limit and a 58% reduction in plasticity index.
Another study found that the addition of polypropylene fiber decreased the Atterberg
limit [74]. Sabat, A.K [75] found that increasing the ceramic particle content in stabilized
expansive soil led to a linear decrease in both liquid limit and plasticity index, as deter-
mined by the Atterberg limit test. Therefore, while adding industrial solid waste generally
improves the Atterberg limit of soil, the practicality of the application is dependent on the
type and amount of waste added.

3.4. Compaction Characteristics

Optimum water content and maximum dry density are critical parameters for soil
compaction, affecting permeability, strength, stiffness, and settlement. Previous studies
have shown that solidified soil with added industrial wastes had a 1-8% increase in
maximum dry density and a 5-23% decrease in optimum water content [59,70,76]. Copper
slag was found to affect soil compaction characteristics, with a 12% increase in maximum
dry density and a 16% decrease in optimum moisture content observed with a 30% copper
slag content [77]. When mixed with expansive soil, copper slag powder can fill the pores in
the soil particles and absorb water from the soil.

Industrial solid waste can alter the particle size distribution of soil through ion ex-
change and flocculation-aggregation effects, thereby impacting the soil’s compaction char-
acteristics and pozzolanic reaction. However, the specific gravity of industrial solid waste
may also play a role in compaction characteristics. For instance, the addition of low-specific-
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gravity fly ash to expansive soil can lead to a decrease in the maximum dry density and an
increase in the optimum water content [53,78].

Figure 9 illustrates the compaction characteristic curves of elastic silt [79] and high
plasticity clay [64,80] stabilized with silica fume. The maximum dry density decreases as the
amount of silica fume increases, while the ideal water content of the silica fume-stabilized
soil increases. The maximum dry density and optimum water content of expansive soil
stabilized by industrial solid waste may vary depending on the specific gravity and type of
waste used.

148 | (b)

144 |
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—e— CH(Kalkan and Akbulut,2020)
—a— CH(Kalkan and Akbulut,2020)
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Figure 9. Compaction characteristics of expansive soil stabilized by silica fume: (a) optimum moisture
content; (b) maximum dry density. Adapted from [64,79,80].

3.5. Swelling and Shrinkage

The swelling and shrinking properties of expansive soils are commonly evaluated
using parameters such as free swelling index, swelling potential, and swelling pressure [81].
Figure 10 illustrates that incorporating industrial solid waste can modify these parameters,
ultimately reducing the swelling and shrinkage characteristics of expansive soils. Studies
indicate that fly ash dosing at 20-25% leads to the most effective improvement in swelling
and shrinkage properties of expansive soils [29,70,82]. Moreover, the most significant
improvement in the swelling and shrinking properties of expansive soils was observed
when the cement kiln dust content was between 10 and 14%, and the curing period was
longer than 27 days [83], owing to the slow pozzolanic reaction time. Longer curing times
enable the gradual filling and binding of soil particles by substances such as C-S-H and
C-A-H, resulting in a denser interior mesh structure of the soil and reduced swelling
and shrinking properties [59,84]. Other industrial solid wastes such as red mud [85],
polyethylene [86], copper slag [59,84], and silica fume [80,87,88] have also demonstrated
the ability to mitigate soil swelling and shrinkage.

The addition of lime or cement to industrial solid waste can improve its expansion
properties. This enhancement is attributed to the ability of lime to provide additional
cations, which promote cation exchange and flocculation-agglomeration between soil
particles. According to Kate et al. [89], the addition of small amounts of lime to fly ash
results in a significant reduction in the free expansion index, maximum expansion, and
expansion pressure. Cokca et al. [57] conducted a study on the swelling and shrinkage
properties of expansive soil using granulated blast furnace slag and granulated blast furnace
slag—cement. Their findings revealed that adding 25% blast furnace slag and blast furnace
slag—cement reduced the expansion potential from 27.38% to 9.36% and 1.83%, respectively,
as well as the expansion rate from 29.4% to 10.9% and 3.1%.
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Figure 10. Influence of industrial solid waste on swelling and shrinkage of expansive soil: (a) free
swell index; (b) swelling pressure; (c) swelling potential.

3.6. Durability

Expansive soil undergoes cycles of freeze—thaw and dry and wet weather conditions,
resulting in increased pore size and decreased water stability and mechanical properties.
This, in turn, reduces the service life of engineering projects, as reported by [90]. The
interaction between soil and water can be improved by using industrial solid waste, thereby
enhancing the durability of expansive soil. Studies have shown that as the frequency of
dry-wet cycles increases, the compressive modulus and UCS of expansive soils treated with
20-30% fly ash significantly decrease [91,92]. Nevertheless, this reduction is less severe than
that observed in untreated expansive soil due to the stronger pozzolanic reaction during
wetness. According to Rahman et al. [93], the impact of wet—dry cycles on stabilized soils
was negligible. However, the strength of fly ash-stabilized soils decreased by up to 40%
due to freeze-thaw cycles. Despite this significant decrease, the strength of the stabilized
soils remained at least three times higher than that of the unstabilized soils.

Despite a significant reduction in strength, the stabilized soil still maintains a higher
strength than untreated soil after undergoing freeze-thaw cycles. A study conducted by
Wu Y et al. [94] demonstrated that steel slag—cement modified expansive soil retained its
strength, even when exposed to dry—wet and freeze-thaw cycles. Additionally, Kalkan [79]
observed that stabilized expansive soil specimens with 25% and 30% silica fume content
experienced the highest decrease in swelling pressure and potential after the initial wet
and dry cycles. These findings suggest that industrial solid waste stabilization can pro-
vide significant benefits in reducing the impact of freeze-thaw cycles on the strength of
expansive soils.

4. Knowledge Gaps

Various test methods have been utilized by researchers to optimize the effects of
industrial solid waste as stabilizers for expansive soils. Recent studies have shown that
replacing cement and lime with industrial solid waste can effectively enhance the properties
of expansive soils. Nonetheless, further investigations are required in the following areas:

> The use of industrial solid waste as a stabilizer for expansive soils has been extensively
studied by researchers, but most studies focus on specific types of expansive soils
found in particular areas. This is because expansive soils can vary in their mineral and
particle composition, as well as their origin, leading to differences in their properties
across different regions. It is important to note that the same stabilizer may not have
the same level of effectiveness on expansive soils in other areas. Thus, there is a need
for further research on stabilizers that have a wide application and demonstrate better
modification effects on expansive soils.

> Current research on the durability of expansive soil stabilized by industrial solid
waste has focused primarily on mechanical characteristics and the effects of dry-wet
and freeze-thaw cycles on soil expansion and contraction. However, other important
properties such as consolidation and permeability have received little attention. Fur-
thermore, the performance of these stabilized soils under conditions of high alkalinity,
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high acidity, continuous high temperature, erosion, and weathering remains largely
unknown. Therefore, further research is needed to investigate these areas.

> Industrial wastes often contain highly alkaline metal oxides and radioactive elements,
which can potentially increase the pH value of soil and cause groundwater pollution if
not properly treated. Therefore, it is important to further investigate the environmental
impact of using different types of industrial solid waste to solidify expansive soil and
develop effective methods for its safe and sustainable utilization.

>  Existing guidelines for using industrial solid waste as a soil stabilizer may not be fully
applicable to expansive soil due to its unique properties. As a result, new evaluation
procedures and technical standards need to be developed based on engineering
knowledge and previous studies. These new standards will provide technical and
theoretical support for the use of industrial solid waste for solidifying expansive soil.

5. Conclusions

The use of industrial solid wastes for stabilizing expansive soils offers several potential
benefits, including improved engineering properties of the soil and positive environmental
impacts. This paper has reviewed the current status of research on industrial solid wastes,
such as fly ash, cement kiln ash, silica fume, copper slag, granulated blast furnace slag,
phosphogypsum, and red mud, in the stabilization of expansive soils in recent decades.
The following conclusions can be drawn:

(1) Industrial solid waste exhibits several positive engineering properties when used
as a reinforcement material for expansive soil. Specifically, the addition of 8-25% industrial
solid waste can effectively enhance the shear and compressive strength of expansive soil,
increase its resistance to adverse environmental conditions such as freeze-thaw or dry-wet
cycles, reduce its volume instability and expansion potential, and decrease its shrinkage
and plasticity index.

(2) The stabilization mechanism of industrial solid waste involves four distinct reac-
tions: cation exchange, flocculation and coagulation, pozzolanic reaction, and carbonization.
Short-term reactions, such as cation exchange, flocculation, and coagulation, can enhance
the water stability of expansive soil by reducing its shrinkage and expansion characteris-
tics. In contrast, the long-term responses of the pozzolanic reaction and carbonization can
significantly improve the mechanical properties of the soil.

(3) The microscopic characteristics of industrial solid waste reveal that the formation
of C-S-H, C-A-H, C-A-5-H, silicate, calcite, and aluminate compounds are the primary
reasons for the improvement in soil geotechnical properties.
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