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Abstract

The quest to improve the properties of soil and other construction materials by incorporating industrial and
agricultural wastes is a growing concern for the construction industry. Many researchers have recently focused on
employing waste materials as stabilizers due to their good pozzolanic interactions with soil particles. Its significance in
civil engineering projects such as foundations in buildings and pavement construction cannot be overemphasized. The
construction of pavements usually involves using large quantities of natural earth/aggregate materials, often mixed with
conventional stabilizers (cement, lime, and bitumen). There is already a shortage of natural aggregate materials in many
developing nations. However, a significant quantity of waste, such as mining tailings, is generated by mining industries
yearly. In contrast, the disposal of these wastes is not only expensive but has also resulted in various ecological and
environmental problems. The literature has already explored methods of stabilization and solidification of mining
tailings employing conventional agents. However, the use of traditional stabilizers indicates an important source of
contamination for the environment. Therefore, alternative stabilizing materials are needed. The approach to this
literature review included a systematic procedure for locating, choosing, and evaluating sources. The logic for the
sources’ selection prioritized contemporary, peer-reviewed studies that particularly address the geotechnical properties
of industrial waste products in road construction. This study reviews the geotechnical properties of industrial waste
products, such as goldmine tailings, quarry dust, and coal ash and the technical benefits of using them for pavement
construction.
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1. Introduction can be sandy or gravel-like or fine silt or clay, containing
minerals like quartz, feldspar, mica, and silicates [4].
Other products of mineral extraction include quarry dust,
which is a by-product of the extraction and processing of
aggregates from rocks. Among other industrial wastes
available are pulverized fuel ash, often known as fly ash
or PFA, which is the most prevalent waste produced when
coal is burned to generate electricity very prevalent in
South Africa. Additionally, goldmine tailings and
processing wastes contain high concentrations of sulfide

Mine waste constitutes a menace to the ecosystem and
environment [1], [2], with an estimated production of
about 350 x 10° tonnes per year [3]. The mining of
minerals such as copper, coal, platinum, and gold,
amongst others, has been the backbone of the South
African economy. Goldmine tailings are among the most
common waste products of these mining operations. They
comprise stone chips and dust, which are the by-products
of the parent rock from which the ore is extracted. Tailings
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minerals, including pyrite and heavy metals, which results
in acid mine drainage (AMD) [5].

Significant strides have been made in the utilization of
various techniques and methods in recycling mining
waste [6]. These recycled mining wastes have been
incorporated particularly in the construction industry,
including cement paste backfill [7], paint production [8],
and concrete production [8]. The use of tailings has also
been reported as a component in road pavement materials
[9]. For example, tungsten mine waste has been used as a
filler in hot-mixed asphalts [10]. Similarly, magnetite has
been utilized as filler in various mastic mixtures with the
aim of microwave healing for asphalt pavements [11].
Within South Africa, there is no reported or may be
minimal use of mine residues in pavement construction.
Therefore, this study intends to investigate the use of gold
mine tailings as a pavement material. This falls within the
broad sphere of soil improvement techniques,
incorporating waste materials. Soil stabilization
techniques are one of the methods of soil improvement
and have traditionally been used in enhancing the
engineering properties of soils. Following the traditional
soil stabilization route will involve using stabilizers such
as cement, lime, and bitumen, which have a high carbon
footprint. For example, cement and lime, which are the
most common stabilizers, produce about 0.82—0.948 CO>
eq’kg and 0.416 kg CO. eq/kg of greenhouse gases,
respectively [12]. Therefore, an alternative approach must
be sought that is environmentally friendly, while also
meeting the appropriate engineering characteristics of
strength, durability, and cost-effectiveness. This study,
therefore, explores the prospects of applying quarry dust
and coal ash as stabilizing agents to improve the
properties of goldmine tailings, which can be harnessed
for pavement construction. Using goldmine tailings as
pavement material could meet the growing need or
construction materials in infrastructure development
while lowering dependence on traditional aggregates and
binders.

So far, the utilization of goldmine tailings in the
construction industry has not been given the required
attention as shown in geotechnical literature. In most
cases, studies are restricted to the mechanical properties
of concrete with goldmine tailings incorporation.
Furthermore, this study consolidates and analyses quarry
dust and coal ash research on goldmine tailings

stabilization, thus making a significant contribution to the

existing body of knowledge. It presents a detailed
assessment of the current state of knowledge in this
specific domain and provides useful insights into the
possible benefits, potential problems, and engineering
considerations of employing stabilized goldmine tailings
as pavement construction material.

2. Methodology

This systematic literature review aimed to evaluate the
geotechnical properties of industrial waste products, such
as goldmine tailings, quarry dust, and coal ash, and the
technical benefits of using them for
construction. A structured and rigorous methodology was
adopted to and
reproducibility. The scope included studies published
between 2000 and 2024, emphasizing peer-reviewed
journal articles, conference proceedings, book of
abstracts, and credible industry reports that examined the
utilization of industrial and agricultural waste products in

pavement

ensure relevance, transparency,

civil engineering constructions, majorly pavement/ road
construction. A comprehensive search was conducted
using databases such as Scopus, Web of Science,
ScienceDirect, SpringerLink, and Google Scholar. Search
terms included “Stabilization AND Solidification,”
“conventional  stabilizers,”  “physical,  chemical,
mechanical (strength), and durability properties of
conventional stabilizers,” and “natural construction
materials” “goldmine tailings” “quarry dust” and
“Pavement” OR “Road”. A keyword in combination with
the Boolean operators “OR” and “AND” was used to
retrieve all relevant information. Filters were applied to
limit results to English-language publications. Studies
were selected based on specific inclusion criteria, such as
focusing on MT, FA, and QD in pavement applications,
providing quantitative data on geotechnical properties,
and employing experimental or analytical methods. Data
were extracted systematically, capturing details such as
physiochemical properties, mix proportions, stabilizer
replacement levels, measured mechanical properties, and
experimental conditions. Findings were categorized into
thematic groups to identify trends, patterns, and
inconsistencies. A critical quality assessment of each
study ensured that only methodologically sound research
with complete and reliable data was included in the
synthesis. Despite some variability in reported results, the

review highlights the potential of goldmine tailing
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stabilization with quarry dust and coal ash at optimized
replacement levels as a potential pavement construction
material.

3. Goldmine Tailings: Composition, Sources,
and Availability

Goldmine tailings are the materials left over after
extracting gold from the ore. These materials are often
kept in tailings storage facilities (TSFs), also referred to
as tailings ponds, massive piles, or containment systems.
The composition of goldmine tailings varies depending on
factors such as the type of mining operation, the
characteristics of the ore, and the processing techniques
employed [4], [13]. According to 419 mine tailing
samples tested at four different mine sites in South Africa,
the attributes of tailing depend on the mineral type
because different minerals co-exist with other compounds
like iron and silicon, minerals like quartz and pyrite, and
heavy metals like uranium, arsenic, and lead [14], [15],
[16]. Tailings applications are rendered impracticable in
construction plants due to the heavy metals present in
them.

3.1. Physical properties of goldmine tailing

The physical properties of tailing influence its
engineering properties, like strength,
durability, density, acid resistance, water absorption, and
abrasion of tailing during geopolymerization. Different

compressive

studies present various physical properties of the
goldmine tailings, depending on the location of the
mining site and other factors. Table 1 shows some
physical properties of goldmine tailings that were
reported by Ikotun et al., [16]. It can be observed from the
table that the properties considered are like the normal
sand utilized in engineering and construction works [16],
[17]. The properties shown in the table present goldmine
tailings as a potential alternative to aggregate in the
production of concrete [18].

In another study, it was reported that the relative
density of the goldmine tailings was 2.8064 g/cm® [19],
which is within the range of the result presented in Table
1. A pH value of 8.94 was reported for the material, which
makes it a non-acidic but moderately alkaline material
[19]. Several reports show that goldmine tailings have a

high relative density compared to clays, silica beach sand,
and red/brown sand with 2.5, 2.65, and 2.65, respectively.
Goldmine tailings can develop dry densities of up to 1600
kg/m? when compacted, and these densities can mobilize
unconfined compressive strength higher than 6 MPa in
several cases with fly ash and lime [20].

Table 1. Physical properties of a typical goldmine tailing [16].

Properties Value
Fineness modulus 0.28-2.84
Specific gravity 2.6 -3.46
Density (g/cm?) 1.40-6.7
Water absorption range (%) 7.15
Specific surface area range (m’/g) 0.036 -7.2
Shape Angular

3.2. Chemical properties of goldmine tailings

The chemical properties of goldmine tailings are the
chemical components of the mine and can be classified as
major compounds and trace elements [13]. A typical
example of the chemical properties of goldmine is
presented in Table 2. It was noticed that goldmine
contains high levels of SiO, and a significant percentage
of Al>O;. This shows the availability of aluminosilicate
minerals in the tailings, which is vital for the
geopolymerization [21]. Also noticed is the presence of
high concentrations of MgO, CaO, Na,O, and K»O, which
implies the availability of soluble basic components. The
soluble basic oxides available in the tailing could
neutralize the acid potential of the tailing’s dumps [21].

Another study observed that apart from Hg, other heavy
metals are present in the goldmine tailings [22]. This
includes Cd, As, Pb, and Ni, but their observed result was
still lower than the recommended environmental
quantities and can therefore be ignored [23], [24]. The
work of Mapinduzi et al., [25], reported the tailing to be
alkaline-silty materials with low plasticity and organic
contents of 1.99-2.45% and 0.9-1.0 mg/kg nitrogen
contents. The pH value typically ranges from 7.2 to 7.5
for a soil with a higher percentage of magnesium and
calcium. The range of the cation exchange capacity is
dependent on the amount of clay present and ranges from
6.0 to 7.5 meq/100 g. Alumina (Al,Os) with 9.6-14.6
w/w, silica (SiO2) above 50% w/w, sulphur (SO3) with
11.4-12.1% w/w, and iron (Fe,O3) with 10.4-17.5% w/w
are the principal oxides present in the sample [26].
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Table 2. Chemical composition of a typical goldmine tailing [21].

Major Elements Weight (%)  Trace Elements  Contents (ppm) Trace Elements  Contents (ppm)
Fe O3 16.30 Pb 15.0 Cl 7.6
SiO, 63.80 Mo 1.0 F 100.0
ALO3 5.50 As 33.9 Zn 54.4
TiO, 0.30 Ga 8.5 Cr 5333
MnO 0.1 Cu 49.9 S 11526.5
Na,O 1.1 Ni 144.0 Co 46.1
MgO 4.30 Nb 2.2 Zr 38.8
CaO 3.10 Rb 23.8 Sc 12.1
K,O 0.6 Sr 79.1 Cs 26.4
NiO 0.01 U 3.0 La 8.9
P,0s 0.1 Y 3.9 v 80.7
Cr,03 0.1 Th 3.0 Ce 8.5
V205 0.01 W 237.1 Ba 174.9
CuO <0.01
71O, <0.01
Total 99.90

Alumina and silica are crucial ingredients in the
production of construction materials, and they can change
into an amorphous state with only a small amount of
thermal processing. This substance may have pozzolanic
reactivity, which might promote the production of various
building materials that could replace the traditional
binder, such as cement. It was noticed that the chemical
properties of goldmine tailings are not universal, and they
vary with location and extraction methods.

3.3. Mineralogical composition of goldmine tailing

The mineral phases in the goldmine tailings can be
studied with X-ray diffraction (XRD) when the sample is

subjected to the X-ray diffractometer machine.
Pyrophyllite, Jarosite (KFe’"3(OH)e(SO4),), albite,
hornblende, sepiolite (MgsSis015(OH),.6(H20)),

anthophyllite (Mg3Si4010(OH),), clinochlore (Mg, Fe?*)s
AlLSi3010(OH)s), chlorite, quartz, and magnetite (FesO4)
are some of the major minerals in goldmine tailing [21].
It was noticed that quartz has the highest concentration of
around 42.98 %; next to that is hornblende, with about
14.10 %. Jarosite, the iron-sulfate mineral available in
goldmine tailings, shows acidic or sulphate-rich
conditions [27]. Minerals of aluminosilicate, like chlorite,
plagioclase, and muscovite, can neutralize acid at a lower

rate and reaction than carbonate minerals like calcite [28].

Because of its physical characteristics (hardness), quartz
has no potential for acid neutralization [27]. The
availability of Al, Ca, Mg, Fe, and K-containing minerals
biotite, silicate gangue
minerals, and quartz was discovered under optical
microscopy analysis in a study [21]. The XRD and optical

like bornite, chalcopyrite,

microscopy results indicate that goldmine tailing has
significant Al-Si-bearing mineral phases and can be used
as materials for geopolymerization.

4. Uses of Goldmine Tailings

Goldmine tailings' prospective uses and advantages
have gained increasing attention in recent years.
Indigenous methods have been developed to take
advantage of their economic and environmental potential
rather than abandoning them as mere by-products of the
mining process. Goldmine tailings are used in land
reclamation [19], [28], [29], [30], [31], [32], [33],
suggesting leveling the tailings, establishing natural
slopes and contours to restore the land's aesthetics and
functionality; building construction [34],[35], [36], [37],
[38], [39], [40], in a variety of construction applications,
tailings, after undergoing the appropriate processing and
treatment, can function as viable alternatives to more
conventional raw materials; and residual gold extraction
[41], [42], amongst others.
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5. Stabilization Techniques for Goldmine
Tailing

Stabilization is the process of modifying the properties
of soil and hazardous wastes, such as goldmine tailings,
to enhance their engineering performance. Stabilization
can either be mechanical, chemical, or a combination of
both, whereby its techniques in civil engineering projects,
such as foundation bases of buildings and pavement
construction, have been intensively used for the
improvement of engineering properties of foundation soil.
This expected improvement from this process includes
improving the weight-bearing abilities, tensile strength,
and general performance of in-situ subsoil, sand, and
waste materials, and consequently, strengthening road
surfaces [43].

The most popular stabilization techniques include
adding binders like cement, fly ash, and lime to the
aggregate [44]. One of the first studies that addressed this
might be the one by Sultan [45], who investigated copper
MT stabilized with ordinary Portland cement (OPC) as an
alternative road construction material. The highest
unconfined compressive strength (UCS) of 3.45 MPa was
found at 8 % of OPC by the MT solid weight. The results
showed that the OPC stabilized MT has acceptable
engineering properties and can be adapted to road
construction. Swami et al. [46] stabilized kimberlite
tailings with 5 % OPC for their use in base and subbase
layers. The specimens were compacted with modified
Proctor energy and obtained optimum moisture content
and maximum dry unit weight, which met the strength
requirements of the Indian Roads Congress
Specifications. They concluded that the kimberlite
tailings are suitable to be used for base and subbase course
layers in road construction. Qian et al. [47] studied granite
MT stabilized with 5 % cement for their use in road sub-
base layer. The stabilized specimens reached a UCS of
4.37 and 7.17 MPa after 7 and 29 days of wet curing,
respectively, which satisfied the strength requirement of
stabilized road material specification.

6. Common Stabilization Materials for
Goldmine Tailings

The use of stabilization materials in goldmine tailings
is crucial for mitigating environmental impacts. The
generation of acid mine drainage (AMD) from mine

tailings depends on their mineral composition [48].
Stabilization typically involves using alkaline binding
agents like cement and lime in reactive tailings to prevent
AMD. However, the choice of stabilizing materials
should consider factors such as tailings composition,
moisture content, and pollutants present in the tailings.
Characterization and laboratory testing are essential to
identify the most suitable materials and optimize their use.
Additionally, project-specific factors like soil conditions,
engineering requirements, and environmental impact
must be considered when selecting and deploying these
materials. Understanding the effectiveness, limitations,
and long-term impacts of stabilizing materials is vital for
maximizing their benefits and minimizing risks. This
study highlights the significance of stabilizing materials
in addressing the environmental impacts of goldmine
tailings.

6.1. Cement

Cement, specifically Portland Limestone Cement, is a
commonly used stabilization material for goldmine
tailings [49], [50], [51], [52]. It strengthens tailings by
hardening and stabilizing them. Hydration occurs when
water and calcium silicates in Portland cement mix, while
the cementitious paste binds tailings particles after this
reaction [50]. The paste bonds the tailings by filling the
voids between particles. The cement matrix solidifies the
tailings, strengthening the composite and enhancing its
load-bearing capacity. In addition, cement stabilization
reduces the permeability of goldmine tailings as the
cementitious paste fills tailings pores, blocking water and
pollutants [51]. Reduced permeability protects water
quality and prevents contaminant spread by reducing
leaching. Further to this, cement stabilization prevents
gold mine tailings erosion while it increases tailings
cohesiveness and stability by binding particles [52].

6.2. Fly ash

Fly ash is a byproduct of coal combustion in power
plants [53]. It is powdery and contains silica oxide, which
reacts with calcium hydroxide from cement hydration to
form a binding agent [54]. It can react with goldmine
tailings and water to generate binding chemicals in a
pozzolanic process [55]. Furthermore, fly ash in goldmine
tailings stabilization increases mechanical strength while
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hydration and binding properties of tailings increase due
to fly ash and calcium hydroxide's pozzolanic reaction,
which forms cementitious compounds [56]. Fly ash can
improve the stability of goldmine tailings by reducing
their permeability. The tiny particles and pozzolanic
reaction products present in fly ash can block water,
pollutants, and leachates from penetrating the tailings,
thus making them more stable [57].

6.3. Lime

Lime-based stabilizers, including quicklime (calcium
oxide) and hydrated lime (calcium hydroxide), are
prominently used in the stabilization of goldmine tailings
[58], [59]. Their application neutralizes acidity,
minimizes acid mine drainage, and improves tailings'
geotechnical qualities. Sulfide minerals in goldmine
tailings can oxidize, creating acidic conditions. Acid mine
drainage can leak heavy metals and other toxins into
waterways in this acidic environment. Lime-based
stabilizers decrease tailings acidity by reacting with acidic
components, minimizing acid mine drainage and
environmental consequences [60].

While lime-based stabilizers reduce goldmine tailings'
metal ion mobility and leaching, they can precipitate and
immobilize metal ions, inhibiting their movement into the
soil and water [61]. In addition, Lime stabilization
enhances the geotechnical properties of goldmine tailings
by improving their cohesion, plasticity, and compaction.
These enhancements lead to increased stability, shear
strength, and load-bearing capacity [62]. The
effectiveness of lime-based stabilizers in goldmine
tailings depends on the composition of the tailings, acidity
levels, and lime dosage. [59].

6.4. Bentonite clay

Bentonite clay is an absorbent aluminium
phyllosilicate clay with a fine, soft texture. Its high-water
absorption and flexibility help to reduce water content,
improve structural integrity, and reduce erosion concerns
[63]. Due to its expansiveness, bentonite clay absorbs
water thoroughly-and swells within the goldmine tailings,
generating a gel. Bentonite reduces the water content of
the tailings, enhancing stability and minimizing
liquefaction risk [63], [64]. The tailings particles become

more compact as the clay absorbs water and expands. This

increased cohesiveness makes the tailings stronger and
more resistant to deformation and failure [65]. Bentonite
stabilization reduces goldmine tailings erosion, while its
swelling and cohesive qualities are used to protect tailings
from wind and water erosion [65], [66]. Moreover, the
plasticity makes bentonite clay easy to mix and spread in
tailings. This enhances its application and assures clay
distribution throughout the tailings. Its workability helps
it integrate with tailings, enhancing stabilized material
homogeneity  and  uniformity  [64].  Tailings
characteristics, content, and stability goals
determine bentonite grade and dosage [64].

water

6.5. Polymer

Polymers are chemical compounds or mixtures of
compounds that are formed by the combination of
monomers linked together by ionic or covalent bonds
[67]. Goldmine tailings are stabilized with polymers,
including emulsions and foams. These polymer-based
compounds prevent tailings particles from dispersing and
increase their cohesiveness and durability [68]. Polymer
additives safeguard goldmine tailings particles by
encapsulating them, thus preventing particles from
splitting and spreading, reducing erosion and
contamination hazards [69]. Furthermore, polymers
reduce deformation and settling in goldmine tailings. The
tailings matrix resists compression and shear pressures
because of its polymer network [70]. Polymer-based
additives can optimize stability with cement or lime while
improving the binding and cohesiveness of classical
stabilizers, increasing stabilized tailings performance

synergistically [69].

6.6. Geosynthetics

Geotextiles are synthetic fiber fabrics that are porous
and are typically used to strengthen tailings material [71].
Geotextiles and geomembranes are geosynthetic materials
used to stabilize and confine goldmine tailings [71], [72],
[73]. They avoid excessive settlement and deformation by
strengthening and stabilizing tailings. Further to this,
geosynthetics reinforce weak regions and distribute loads
to strengthen the tailings’ structure. Geotextiles protect
against wind and water erosion when placed on or in
tailings material. They reduce the velocity of surface
runoff, promote filtration, and facilitate water drainage
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[74]. This prevents surface erosion, preserves tailings
containment, and reduces sediment and pollutant transfer.
To limit pollutant migration, goldmine tailings
management geomembranes, which is an
impermeable synthetic liner that prevents dangerous
compounds from seeping into the environment by
separating tailings from soil or water [75]. Geo-
membranes preserve water supplies and reduce tailings
management's ecological impact. Goldmine tailings
stabilization systems are personalized and optimized due
to design flexibility.

uses

7. Alternative Stabilization Materials
7.1. Quarry dust as a stabilizing agent

Quarry dust is a concentrated by-product of the crushing
of rocks used as fine aggregates in concrete production
[76]. The quarry dust serves as a high-shear-strength
additive, playing a pivotal role in soil stabilization [77].
Its fine particles, akin to cosmic dust in the atmosphere,
fill voids and interact with nearby aggregates, enhancing
the structural stability [78] of pavement materials.
in the
extensively explores the advantages of using quarry dust
as a stabilizing agent.

Research field of pavement -construction

7.1.1. Properties of quarry dust

Quarry dust's exceptional performance in pavement
construction is attributed to its physical properties, with
particle size enhancing compaction and stability [79],
[80]. The angular shape of its particles promotes
interlocking and cohesiveness, enhancing load transfer
capacity and resistance to displacement [81]. Quarry dust
has a higher specific gravity compared to natural soils or
aggregates, making it stable and resistant to settlement or
deformation under pressure [82]. Additionally, its
chemical composition, including silica, feldspar, calcite,
and clay, triggers chemical reactions with lime or cement,
strengthening pavement materials.

Beyond quarry dust mechanical strength, its porosity
and void ratio reduce water accumulation and pavement
deterioration [81]. It is neutral to slight alkalinity fosters a
stable and durable environment, ensuring long-lasting
pavement construction [82]. However, the attributes of
quarry dust depend on the geological source of the quarry,

extraction methods,

Therefore, it is

and processing procedures.
essential to conduct laboratory
examinations of quarry dust samples to determine their
suitability for specific applications in construction. A
summary of the physical and chemical properties of
quarry dust is shown in Tables 3 and 4.

Table 3. Physical properties of Quarry dust [80], [81], [82],

[83].
Properties Values
Specific gravity 2.54 -2.60
Absorption (%) 1.20-1.50
Bulk relative density (kg/m>) 1720 - 1810
Fine particles less than 0.075mm (%5) 12-15
Fineness modulus 3.315
Natural water content (%5) 6.59

Table 4. Chemical properties of Quarry dust [82].

Properties Values (%)
Si0O, 62.48
Al20; 18.72
Fe203 6.54
CaO 4.83
MgO 2.56
K-O 3.18
TiO; 1.21

7.1.2. Performance in pavement construction

Quarry dust possesses remarkable potential in
construction, particularly for innovative applications in
pavement materials. It has been extensively studied and
used in pavement construction. [84], [85], [86], [87], [88].
Its angular particles interlock with adjoining aggregates,
enhancing load transfer and lowering traffic load
displacement [89]. This

strengthens the pavement

interlocking mechanism

structure by resisting
deformation, rutting, and cracking. In addition, quarry
dust stabilizes subgrades, while it increases subgrade
load-bearing capacity and minimizes differential settling.
This stabilization increases pavement performance and
lifespan, especially in weak subgrade circumstances [90].
Furthermore, quarry dust is moisture-controlling, while its
porosity and void ratio provide efficient drainage,
eliminating water collection and pavement degradation
from moisture [91].
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Moreover, quarry dust may reduce pavement
construction costs. Compared to traditional aggregates,
quarrying by-products are cheaper. Its use as a stabilizing
agent minimizes materials and optimizes pavement
design, resulting in cost-effective solutions [92].
Numerous field applications and case studies have
demonstrated the successful performance of quarry dust
in pavement construction [93]. These real-world
examples demonstrate its efficacy and reliability at
different temperatures, traffic circumstances, and places.

7.1.3. Limitations and considerations in quarry dust
applications

Quarry dust has gained attention in the construction
industry as a cost-effective stabilizing agent for
innovative pavement solutions. However, its practical
application presents challenges that must be carefully
evaluated. Factors like particle size distribution, source
heterogeneity, and compatibility with other construction
materials can impact pavement stability, drainage, and
load-bearing capability. To harness the potential of quarry
dust, a thorough examination of these limitations is
essential [94]. Quarry dust's chemical reactions with
binders like lime or cement can affect the pavement's
strength, resilience, and longevity. To avoid compatibility
issues, ensure compatibility and conduct thorough
laboratory testing. Additionally, environmental factors
such as temperature and moisture fluctuations directly
impact pavement durability and performance. While
extreme temperatures can lead to rutting, cracking, and
material aging, moisture causes stripping, pumping, and
weakening of the subgrade. Applying proper design,
material selection, and drainage solutions can improve
pavement lifespan and lower maintenance costs. Health
considerations also demand attention when working with
quarry dust. Quarry dust handling, transportation, and
placement can pollute the air and cause respiratory
problems [94]. However, to ensure safety and regulatory
compliance, quarry dust should be tested for asbestos and
Another

heavy metals. issue is

performance.

durability and

In short-term experiments, quarry dust performed well,
but its long-term performance and resistance to
weathering, aging, and mineral leaching need further
examination. Predicting quarry dust's long-term stability
and durability requires understanding its behavior over

time and in diverse environments. Overcoming these
limitations of quarry dust requires quality control.
Controlling moisture content, particle size distribution,
and material quality to ensure consistency and reliability.
Optimizing performance and minimizing restrictions
requires tailoring mix design and construction to site
conditions.

7.2. Coal as a stabilizing agent

Coal ash, a byproduct of power plant coal combustion,
is usually non-spherical and ranges from 0.5 to 100 pm
[95]. Its particles are primarily silicon dioxide (SiO»),
aluminum oxide (Al»Os3), and iron oxide (Fe203) [96].
Coal ash has shown promising potential as a stabilizing
agent in pavement construction, offering opportunities for
improved strength, durability, and
stewardship [97]. As the demand for sustainable and eco-
friendly construction practices continues to rise, the
utilization of coal ash presents a compelling solution. Coal
ash, which encompasses both fly ash and bottom ash,

environmental

possesses distinct engineering properties that contribute to
its effectiveness as a stabilizing agent [97].

Fly ash consists of fine particles carried away by flue
gases in the process of coal combustion. Its abundance
and various advantages make it valuable when utilized
appropriately. Bottom ash, on the other hand, comprises
the larger, coarser particles that settle at the bottom of the
combustion chamber. Each type of coal ash, fly, bottom,
or ponded ash has its specific engineering qualities. The
type of coal ash used as a stabilizing agent varies on
project needs, availability, and performance goals.
Engineers and researchers can use each type of coal ash in
pavement building and other engineering projects by
studying their qualities [98]. Fly ash particles are finer
than cement particles and spherical, making them
pozzolanic and consequently improving the engineering
properties of pavement due to their
capabilities [99].

pozzolanic

Fly ash has been widely examined as a stabilizing
agent in pavement construction and shown to improve
strength, durability, and stability. The pozzolanic reaction
with fly ash strengthens unstable materials while its silica
and alumina content react with lime to form calcium
silicate hydrates (CSH), which bind and strengthen its
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stabilizing material, thereby
performance and lifetime.

improving pavement

Furthermore, fly ash reduces fine-grained soil
plasticity and swelling [99]. It affects the plasticity index
and swelling potential in expansive soils. This adjustment
makes stabilized materials less susceptible to moisture-
induced volume fluctuations, reducing soil swelling-
related pavement distress [100]. In addition, fly ash
stabilizes materials and increases load-bearing capability
[100]. Cementitious chemicals and particle bonding
promote  stiffness and  deformation resistance.
Stabilization helps the pavement endure high traffic and
prevents structural problems. Also, fly ash reduces
stabilized material permeability. The stabilized matrix
compacts and interconnects to reduce water flow across
pavement layers. Reduction in permeability protects the
pavement from water penetration and moisture-related
deterioration such as frost heave and base erosion [99].
Pavement durability increases with fly ash stabilization.
Fly ash protects stable materials from chemical, sulphate,
and alkali-silica reactions.

7.3. Benefits of stabilization with quarry dust and
coal ash

Sustainable built environment for the future focuses on
technological innovation, environmental conservation,
and development. Therefore, the utilization of mining
wastes/industrial wastes as raw materials for construction
purposes has been reported as a sustainable and
environmentally benign alternative [101].

Quarry dust is the residue from the mineral aggregate
released in crushing mills. Generally, quarry dust is a
small sand-sized particle utilized as construction
aggregate. It has some merits compared to river sand,
including good cementitious material strength support,
lower cement consumption, good workability, and being
environmentally friendly [102]. Quarry dust can be used
to improve the durability of pavement from subgrade soil
and eliminate potholes

in highways during soil

also enhances fatigue
interlock, and

resistance by
stiffness, but

stabilization,
improving gradation,
excessive use can cause brittleness. [43]. The major
demerit is the reduction of soil plasticity, but it reduces
the cost of construction [43]. There has been an increasing
interest in replacing sand with quarry dust in recent times.
Considering the social perspective, it could be important
to use low-cost quarry dust to reduce the cost of
construction.

Fly ash is the waste generated from coal-based energy
generation (coal combustion). The application of fly ash
in construction has gained more attention recently
because of its availability as a means of waste
management and ground improvement [103], [104],
[105]. The type of coal determines the quality of fly ash
and the percentage of pozzolans that can enhance
chemical reactions, which may improve soil strength for
geotechnical applications. Studies on the influence of fly
ash replacement for cement in recycled aggregate
concrete showed a minor reduction and partial lesser yield
strength but improved flowability, enhanced chloride
resistance, and lesser plastic viscosity, making them a
sustainable material for engineering applications [106].
Fly ash improves long-term durability and reduces
cracking, but excessive fines can reduce flexibility and
delay strength gain [103]. It has been observed that the
application of fly ash as a construction material can
heavily minimize environmental, social, and economic
impacts [107]. Its usage has the potential to reduce the
consumption of conventional calcium-based materials
such as cement for soil stabilization [103]. Using quarry
dust and fly ash to produce construction and building
materials provides a solution to using available resources
to solve environmental issues, build low-cost housing
from wastes, and the supplementary as construction
aggregate materials [106]. Table 5 below shows the
influence of the particle size of goldmine tailings, quarry
dust, and coal ash on the mechanical and durability
properties of stabilized samples.
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Table 5. Summary of the Influence of particle size distribution of GT, QD, and CA on the mechanical properties of the stabilized
aggregate [43], [52], [102], [103], [106], [107].

Material  Particle size Distribution  Strength Contribution Compaction Durability B“‘de.r
Interaction
. Poor (high . .
GT Mostly fine (silt & clay) Low (requires water Poor (erosion- Needs additional
stabilization) . prone) stabilizers
retention)
Well-graded (coarse to High (improves friction High (dense High (resists Enhances
QD : . . cement/lime
fine) & interlock) packing) wear & erosion) .
reactions
. Poor (difficult .
: Medium (long-term High (low Actsas a
CA Ultra-fine (pozzolanic) strength gain) ;?O?er;lpact permeability) pozzolanic binder

8. Geotechnical Solution to Environmental
Challenges in Mining Industries

In searching for a viable way to utilize goldmine
tailings, some researchers [4], [50], [108], [109] have
investigated the potential uses of these waste materials for
different construction purposes. Most goldmine tailings
require stabilization before they can be used for any
application due to their chemical and geotechnical
properties. Environmental sustainability is a critical factor
in modern construction practices, driving the need for
innovative solutions that minimize environmental impact
while meeting infrastructure requirements. Pavement
construction with stabilized gold mining tailings is a
focus.

Due to their storage issues and ability to seep toxins
into nearby ecosystems, goldmine tailings can cause
environmental problems [110]. While a stabilizing
method involving quarry dust and coal ash can turn these
tailings into a sustainable pavement material, examining
the environmental impacts of employing stabilized
mining tailings for pavement construction is critical. This
alternative material's practicality and environmental
impact can be obtained by assessing its environmental
advantages, dangers, mitigation methods, as well as waste
reduction and resource conservation.

8.1. Conventional use of goldmine tailing in
construction

Numerous studies have been done regarding the
replacement of raw materials with tailings in various
construction products [111], [112], [113], [114]. Most
goldmine tailings consist of industrial sand (i.e., silica)
and silica sand that can be suitably described as a granular

material consisting of mainly quartz and a small quantity
of clay, coal, and other minerals [111]. Silica sand has
been identified as an essential component in several
engineering projects, including glass making, building
products and abrasive, and hydraulic fracturing of oil
wells [113], [114],[115], [116]. Silica is characterized by
hardness, high melting point, and chemical inertness,
which can be traced to the strength of the bonds within the
atoms.

Fine aggregates used in brick production can be
substituted with mine tailings, reducing the demand for
sand from riverbeds. The utilization of goldmine tailings
for brick making with different mixing ratios of goldmine
tailing, water, and cement was investigated [117].
Produced bricks were cured in three environments: oven-
dried at 360 °C, sun-dried, and in water for 24 hours. The
bricks were examined for unconfined compressive
strength, weight loss, and water absorption. The results
show that goldmine tailings can potentially replace the
natural material presently used in brick production [117].
The available minerals in goldmine tailings can be
transformed from one phase to another under temperature,
making them suitable for tiles and ceramic production.
Goldmine tailings have been identified as an economical
and eco-friendly alternative to clay and kaolinite in
traditional ceramics and tiles. The application of mine
tailings to replace fine aggregate in concrete and mortar
has been investigated because of its specific gravity and
particle size. Goldmine tailings were investigated as a
substitute for sand in concrete; an optimum strength of 47
MPa was recorded with 30 % sand replacement [118]. It
has been reported that it can assist in reducing the demand
for limited quantities of fine aggregate globally [119].
Likewise, the replacement of coarse aggregate with
mining tailings in concrete has been reported with
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satisfactory performance concerning conductivity. This
process was reported to enhance the conductivity by 50 %
when a 15 % substitution was experimented. This makes
it applicable in snow/de-icing melting concrete for
pavements in cold regions, and usage when cathodic
protection of reinforcement is needed [120].

Goldmine tailings can be used as cementitious
binders for clinker, to replace cementitious materials, and
as a direct cement substitution or as a precursor for alkali
materials [118]. For this usage, physical and chemical
modification of mine tailings by thermal treatment, alkali
activation, and size reduction may be done to attain a
desirable characteristic. 30 % cement replacement with
goldmine tailings has been observed to produce the
optimal result [118]. The use of goldmine tailings as
aggregate in producing ultra-high-performance concrete
(UHPC) has been examined. Quartz sand was replaced
with goldmine tailings and was investigated using various
percentages of goldmine tailings up to 100 %. Some
mechanical characteristics, like compressive strength,
splitting tensile strength, elastic modulus, and durability
characteristics like carbonation resistance, water
absorption, and initial water absorption rate, were
determined. UHPCs with 80 % goldmine tailings produce
compressive strength that can be compared to or slightly
above the compressive strength of UHPC, which contains
100% quartz sand. More than 120 MPa strength was
achieved when 100 % goldmine tailings were used for
UHPC, which is higher than what was reported for iron
ore and other quartz-based tailings. Due to their higher
strength and sustainability with improved durability
compared to normal-strength concrete, goldmine tailings
can be utilized for slender construction and/or more
durable structural members, and pavements than those
constructed with normal-strength concrete [121].

The utilization of goldmine tailings for Portland
cement preparation has been experimented with, and it
was reported that its relatively high reaction can improve
the burnability of the materials. In addition, it does not
influence the hydration types and clinker mineralogical
phases with well-performed macroscopic physical
characteristics. It was reported that the initial and final
setting time is like that of Portland cement and consistent
[122]. Goldmine tailings can be used as an additive to
Portland cement in construction activities. Adding about
5-15 % goldmine tailings to cement does not significantly
affect the mechanical characteristics of the concrete [123].

9. Use of Stabilized Goldmine Tailings in
Pavement

Pavement is produced from a composition of
aggregates (stone and sand), binders, admixture, and
water. It has been observed that pavement comprises
about 65 — 80 % aggregates in the concrete volume [124].
This implies that a considerable amount of natural
aggregate is required for pavers, and sourcing these
materials from natural deposits and rocks alters the
aesthetics of the environment. Therefore, replacing
natural aggregates with goldmine tailings has been
identified as a sustainable means of pavement production
[16]. Partial replacement of aggregates with goldmine
tailings in road pavement has been investigated, and it was
observed as a compatible physical property [125] and,
thereby, recommended as a bright replacement for
aggregates in road pavements [126].

9.1. Performance of stabilized goldmine tailings

Different studies have investigated the performance of
stabilized goldmine tailings application, and it was
discovered that the performance varies depending on
various factors such as mix design, hydration time,
activated materials, the quantity of water used, particle
size, by-product, etc. [41], [125], [126]. For instance,
goldmine tailings were mixed with granulated blast
furnace slag (GBFS) to produce a sustainable and green
backfill material. The mixing ratios considered were 100,
10:90, 20:80, 30:70, 40:60, and 50:50 of GBFS: goldmine
tailings. The performance of these combinations was
evaluated through mineralogy, evolution of particle size
distribution, elemental composition, and micrography of
the stabilized specimen. It was observed that the
combination of 80 % goldmine tailings and 20 % GBFS
produced the optimum compressive strength of 0.9 MPa
[41]. The major products noticed to be formed are calcium
sulphate dihydrate and calcium magnesium carbonate. A
significant alteration in the microstructure of the GBFS
portion was noticed with an increase in the GBFS mixed
with the goldmine tailings. Considering the volume
distribution, it was noticed that the production of finer
particles was visible upon stabilization with goldmine
tailings. The particle size distribution significantly
influenced the strength of the developed GBFS modified
with goldmine tailings. All the specimens produced from
the mixing ratios considered met the requirement for
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backfill-bearing material with a strength of 0.3 — 0.7 MPa
for conventional engineering design and less than 1 MPa
for freestanding backfilling material. The environmental
impact assessment of the specimen showed that the
stabilized material contains an acceptable percentage of
contaminants [41].

Some studies [127], [128], [129], [130], [131], have
reported partially replacing natural river sand with
goldmine tailings in concrete production but with
different  performances.  Generally, for better
performance, partial substitution with stabilized goldmine
tailings varies between 5 and 30 % of the natural river
sand because, above 30 % replacement, the compressive
strength of the concrete begins to reduce. A study by
Reddy et al. [127] reported that replacing natural river
sand with 10, 20, and 30% goldmine tailings, it was
observed that goldmine tailing above 20% reduced the
concrete strength [127].

In contrast, a similar investigation showed that the
optimum performance was recorded at 10 % replacement
but inferior performance at 30 % replacement [128].
Replacement of fine aggregate with stabilized goldmine
tailings at 25, 50, 75, and 100 % showed that the best
performance was achieved at 25 %, and beyond that, the
strength declined. It was also observed that additives
could enhance the concrete strength, but above 50 %
natural sand replacement had no significant influence on
the concrete [129]. Rajendra et al. [130] replaced natural
sand with goldmine tailings at 5, 10, 15, 20, and 25 %, and
it was observed that the best performance was attained
between 5 and 15 % replacement with goldmine tailings.
Replacement of quartz sand with goldmine tailings in
ultra-high performance concrete up to 80% of quartz
retained or even improved the compressive strength than
100% quartz sand [121]. Optimal performance was
recorded at 5 % substitution when stabilized goldmine
tailings were utilized as an additive in mortar preparation
[121]. The optimum performance from replacing natural
materials with stabilized goldmine tailings depends on the
characteristics of the replaced materials [121] and the
replacement purpose [131].

9.2. New trends and developments in goldmine
tailing stabilization

Several mine tailings, like gold, alumina, copper, zinc,
tungsten, iron ore, vanadium, phosphate, lead, and

sulphuric, have been experimented with as soil-stabilizing
materials [43]. Different studies have reported gold mines
as soil stabilizers, and most included the addition of
cementitious agents such as cement, lime, cement kiln
dust, and lime kiln dust. The physicochemical
characteristics of the gold mine tailings will determine the
interactions with the aggregate or soil and enhance the
soil's compressive and shearing strength [132]. The
compressive strength of the soil stabilized with goldmine
tailings of soil stabilized with gold mine tailings depends
on the properties of the soil, goldmine tailings percentage,
and moisture content at the time of compaction [133].
Several researchers have studied the utilization of
goldmine tailings as soil stabilizers to facilitate its
management and reduce its harmful effects by
investigating the chemical composition and leaching
properties of the tailings before application [22], [23],
[25].

Research on tailings stabilization with
environmentally benign materials like geopolymer has
researchers and

three-

recently attracted interest from
policymakers globally. Geopolymers are
dimensional amorphous alumina-silicate binders. It is a
chain structure produced from mostly aluminium (Al) and
silicon (Si) ions and belongs to the inorganic polymer
family [134]. Generally, amorphous materials that are rich
in alumina (Al,Os3) and silica (SiO;) can be used to
produce geopolymer. Geopolymerization is the reaction
between alumina and silica-rich materials with a higher
percentage of the alkaline solution to produce amorphous
semi-crystalline alumina-silicate polymers with excellent
chemical and physical characteristics [132].

Mine tailings alkali activation synthesis introduces a
solution with high alkalinity into the mine tailings rich in
silicon and aluminium to produce alkali-activated
materials [43], [134]. The principal alkali-based
chemicals utilized for this process are sodium hydroxide
and sodium silicate. The end products of this process are
materials with low shrinkage and low density, higher
resistance to chemicals and fire, enhanced durability, and
acceptable mechanical strength [44], [133], [134].

The application of goldmine tailings, some alkali-
activated materials, and additional alumina-silicate
components has recently been at the center of research.
Goldmine tailings were combined with fly ash at different

ratios for soil stabilization. All the ratios considered met
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the minimum requirement for compressive strength, with
values ranging from 74 to 828 MPa [22]. Goldmine
tailings were experimented with using potassium
aluminate, potassium hydroxide, and potassium silicate as
activators. The optimum compressive strength of the
geopolymer was observed with a potassium
silicate/potassium hydroxide proportion of 50:50.
Findings show that an increase in curing temperature from
65-100 °C improved the compressive strength of
potassium aluminate and potassium hydroxide-activated
goldmine tailing geopolymers [135]. It was also noticed
that potassium hydroxide and potassium aluminate
activators produced better stability than potassium
hydroxide and potassium silicate activators, even when
the curing temperature was increased to 100 °C [135].

Another study also reported that increasing the
molarities of sodium hydroxide solution and slag
concentration improved the compressive strength of
goldmine tailings slag or metakaolin blended geopolymer
[136]. Literature regarding the long-term durability of
mine tailing geopolymer composites is scarce because of
minimal research in this space. The geopolymer of
goldmine tailings was experimented with sulphate and
acid solution at high temperatures. It was noticed that the
percentage loss of strength with corresponding time in
nitric and sulphuric acids is comparable to a cementitious
composite material used as a reference. Similar results
were observed when sodium and magnesium sulphate
solutions were also subjected to high temperatures [137].

The application of tailings as an alternative to
natural aggregates (sand or gravel) in geopolymerization,
partially or fully, could result in an upsurge in the porosity
and water absorption of the concrete [138]. On the other
hand, this can make the material more vulnerable to
chemical attack, harming its durability. Due to the lack of
understanding regarding these and other characteristics of
the durability of goldmine tailings, more research in this
field is needed for future applications.

The microstructural arrangement of geopolymerized
materials, the structure, content, percentage of the
amorphous produced, and crystalline stages; likewise, the
available, distribution, and pore size are all important
factors that determine the characteristics of mine tailing
geopolymer concrete. It was reported that the increase in
sodium silicate percentage in tailing polymer concrete to
about 30 % densifies the microstructural arrangement of

the material. The investigation shows that nearly all the
geopolymer was turned into fused rectangular prisms, and
the sodium silicate percentage shows a total conversion to
highly alkaline conditions [149]. Compared to ordinary
Portland cement binders, mine geopolymers are known
for higher thermal stability and the capacity to maintain
strength even after exposure to high temperatures [112],
[113]. This is due to the structure's unique properties,
which are generated through branched AlO4; and SiO4
tetrahedral frameworks. In furtherance to the composition
method and curing of the alkali-activated, the aggregate
type or aluminosilicate precursor used in the preparation
of goldmine tailing polymers plays a significant role in the
advancement of the thermal properties of geopolymers. It
should be considered that when goldmine tailings are used
in geopolymers, a specific examination of these materials'
physical evolution and performance under constant and
cyclic temperatures is needed to ascertain the probability
of their application in civil engineering constructions.

10. Challenges and Future Directions

The sustainability of the construction industry faces a
threat from the escalating demand for primary resources.
Addressing this challenge involves exploring alternative
secondary sources, and one promising approach is
substituting natural materials with goldmine tailings.
However, utilizing goldmine tailings in construction is
hindered by their toxicity, necessitating alkali activation
methods like geopolymerization. This does not only
address the toxicity issue but also reduces production
costs, making it a significant process for stabilizing
hazardous compounds when combined with goldmine
tailings, eliminating leaching challenges while producing
suitable structural and chemical materials [114], [122],
[125], [140].

Geopolymerization seems to be a bright technique in
terms of technical, environmental, and economic
perspectives. Geopolymers have been identified as an
alternative binder that has been widely experimented
with; it has a broad range of origins and are sustainable.
The mechanical and durability characteristics of fly ash-
based geopolymers with nano silica under magnesium
sulfate, sulphuric acid, and seawater were investigated.
Nano-silica fly-ash-based geopolymer was observed to
have better durability than Ordinary Portland Cement
when subjected to chemical attacks [141]. When
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comparing the mechanical properties, physical properties,
and hydraulic performance of clay stabilized with
lightweight slag-soil geopolymer to cement-stabilized
soils, it was noticed that clay-stabilized soil performed
better than cement-stabilized soil in terms of strength,
absorption, and permeability [142]. When
mechanical and durability characteristics were considered
when comparing the use of fly-ash and slag-based
geopolymers as concrete materials, it was found that slag-
based geopolymer concrete was stronger and more
durable than fly-ash-based geopolymer. This is attributed
to the stable polymerization arrangement of slag-based
geopolymers. [143]. A mixture of natural materials, such

water

as clay minerals, clinker, or gypsum, can be used to
produce composite geopolymers. Additionally, residues
from industrial activities such as blast furnace slag
powder, quarry dust, scrubber sludge, fly ash, calcium
carbide, industrial alkali, and red mud can be utilized for
geopolymerization [50]. Nevertheless, despite several
studies on this subject matter, its commercial application
remains limited. Goldmine tailings contain latent
pozzolanic reactivity [96], and thermal treatment can be
applied to improve the pozzolanic reactivity.

Goldmine tailings produced during mining are huge
at different sites, resulting in environmental challenges
[144]. Using these residues as pavement materials in the
construction industry is a major factor in conserving
natural resources and minimizing environmental
challenges for construction and mining [25]. Utilizing
goldmine tailings in pavement production could provide
competitive material and reduce production costs,
resource consumption, and goldmine tailings discharge.
In addition, green management of goldmine tailings and
the production of pavements with low energy
requirements could be achieved. It is required that more
research on the implementation and improved optimized
uses of goldmine tailings in construction companies

should be encouraged.

To develop the commercial application of goldmine
tailings in the construction industry, available data,
information on secondary materials, and legislative
frameworks from the national/regional governments are
essential [145]. The review of the selected articles has
shown different promising prospects for future research
and development in applying goldmine tailings in the
construction industries.

11. Research Limitations

The process of achieving a circular economy in the
construction industry related to the management of
goldmine tailings is constrained by several factors. A
significant limitation lies in the lack of awareness within
the mining and construction industries regarding the
potential of goldmine tailings as viable and sustainable
construction materials. The prevailing linear economic
model—characterized by a take-make-use-dispose
approach—still dominates in many countries, impeding
For the
successful commercialization and widespread adoption of
goldmine tailings in construction, there is a critical need

the adoption of waste-derived materials.

for comprehensive data on secondary raw materials,
including their chemical and physical properties, suitable
binders, activators/hardeners, and supportive legislative
frameworks at national and regional levels. The
performance of goldmine tailings in construction
applications is governed by multiple interrelated factors
such as elemental composition, mineralogy, solidification
behavior, and pozzolanic activity. Understanding these
synergistic interactions is essential for optimizing their

use.

12. Conclusion

Literature has shown goldmine tailings, quarry dust,
and coal ash as an attractive and bright means of resource
recovery, producing sustainable construction and building
materials, backfilling, and stabilizing materials for toxic
element immobilization. Adding goldmine tailings to
construction materials will reduce the pressure on the
primary resources in this sector and improve the final
product characteristics at a reasonable cost. This process
reduces the carbon footprint related to the typical
cementitious materials and eliminates substantial
ecological challenges produced by goldmine tailings
accumulation. Since the properties of goldmine tailings
show that they can substitute natural river sand, they can
be a secondary source of sand, and their utilization in
paver production can assist in improving paths and roads.
Further research is necessary to explore, implement, and
improve the application of goldmine tailings in pavement
construction, with emphasis on enhancing mechanical
properties, optimizing stabilization techniques, and
improving durability, while ensuring long-term
performance and environmental sustainability.
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