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Abstract: Alkali-activated binders, more commonly referred to as “geopolymers”, have recently
emerged as a good alternative to traditional binders (e.g., lime and cement) for soil stabilisation.
Geopolymers utilise the alkaline activation of industrial waste to form cementitious products within
treated soils, leading to enhanced soil properties. This paper aims to present a review of the use of
fly-ash-based geopolymers for soil stabilisation, with special reference to clay. The paper provides
some detailed chemical and geotechnical cross-disciplinary knowledge, which advances fly-ash
geopolymer as an eco-friendly binder. The paper covers the salient features of the geopolymer
treatment process, including key affecting factors, envisioned applications, potential advantages and
major limitations. The paper also discusses the main challenges standing against the wide recognition
of this technique for soil stabilisation by industry. The paper finally concludes that fly-ash geopolymer
can be used successfully as a binder for soil stabilisation; however, further research is still needed to
realise the full potential of this promising technique in the future.
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1. Introduction

The nature of bonds that connect the soil particles defines the stability of soil structure and its
corresponding ability to withstand the applied forces. The bonding of soil particles can be either
inherent (e.g., ionic, covalent and hydrogen) or developed naturally at the soil inter-particle connections
by precipitation of calcite, silica, alumina and iron oxides [1]. However, when such bonds are weak or
non-existent, certain soil types (e.g., soft and expansive clays) show problematic behaviours, especially
in the presence of water, due to the soil expansion tendency or excessive consolidation, even under
small-superimposed loads [2]. Problematic soils are challenging for geotechnical engineers, and require
some sort of ground improvement before construction, usually employed via mechanical means (e.g.,
soil reinforcement, densification and dewatering) or chemical treatment (e.g., stabilisation by the
addition of binders) [3]. Chemical stabilisation is by far the most commonly used ground improvement
technique, and seeks to achieve an enhancement in the soil stability’s characteristics by increasing
soil strength and durability, while decreasing soil compressibility [2,4–7]. It involves the addition
of a chemical binder to the soil to develop artificial cementation bonds between the soil particles.
Ordinary Portland cement (OPC) is arguably the most popular soil stabilisation binder; however,
the manufacturing industry of OPC is associated with about 8–10% of the global artificial CO2 emission
per year [8–10]. Such an industry is also marked with other environmental limitations, including the
sourcing of raw materials and the overuse of coal quarries as a source of energy [8,10,11]. Therefore,
in the context of global warming, the utilisation of OPC in bulk applications such as soil stabilisation
has an additional detrimental impact on the environment. This has encouraged the development of
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new alternative binders that possess smaller environmental footprints, without compromising the soil
stabilisation capabilities.

Recently, the recycling of waste materials of aluminosilicate industrial by-products (e.g., fly-ash,
slag and glass waste) through alkali-activated types of cement constitutes an attractive option for fully
eliminating the use of OPC for soil stabilisation [12–17]. The alkali activation process of industrial
aluminosilicate residues within treated soils usually includes the dissolution of silica and alumina
using a basic (high pH) liquid phase, and the formation of artificial cementitious products, which
enhances the soil properties. This process, where low calcium aluminosilicate materials are used,
is broadly referred to as geopolymerisation, which differs from the hydration reaction of OPC—soil
mixtures described widely in the literature (e.g., [11,18]). The use of geopolymer as a binder for soil
stabilisation is relatively new, and many years of research lie ahead to commercialise its use and to meet
society’s needs. In this paper, the use of a fly-ash-based geopolymer for soil stabilisation, with special
attention paid to clay soils, is reviewed and discussed in some detail. The paper specifically discusses
the mechanism and key factors influencing the effectiveness of this binding technique, and presents
and addresses the applications, feasibility, limitations and possible future trends of this technology for
soil improvement.

2. Fly-Ash Geopolymers for Soil Stabilisation

There is an increasing number of studies in the literature that seek to investigate the use of
geopolymers for soil stabilisation. In general, two main geopolymer models promote soil stabilisation,
depending on the nature of the cementitious components. These include the N-A-S-H model and the
(N, C)-A-S-H model. Each is named for the resulting geopolymerisation products [8], as described
below. Table 1 provides a summary of some selected key research on the use of the abovementioned
two geopolymer models for treating different soil types, highlighting the variety of the mixtures used
in each model, and the corresponding geomechanical properties of treated soils.

The N-A-S-H Geopolymer Model is usually derived from low-calcium, high-aluminosilicate
materials such as fly-ash or metakaolin, which, when activated with a sodium-based activator, form a
product with bonding characteristics of a three-dimensional framework [19,20]. This geopolymer model
is represented by the chemical structure Sodium Aluminate Silicate Hydrate (N-A-S-H), and requires
aggressive synthesis conditions, such as a high-alkali media and elevated temperature [8]. The literature
presented in Table 1 includes some studies that utilised this model for soil stabilisation [12–15,21–28].

The (N, C)-A-S-H Geopolymer Model is formed as a result of the alkaline activation of a certain
amount of aluminosilicate material (e.g., fly-ash) mixed with a calcium-based component (e.g., slag).
When the activated fly-ash and slag undergo geopolymerisation, the (N, C)-A-S-H model is produced
by combining two gels, i.e., Sodium Aluminate Silicate Hydrate (N-A-S-H) and Calcium Aluminate
Silicate Hydrate (C-A-S-H). Contrary to the N-A-S-H model, the (N, C)-A-S-H model does not require
aggressive synthesis conditions, such as a high-alkali media and elevated temperature, as it works
under ambient temperature and low-alkali conditions, bringing its in-situ implementation for soil
stabilisation to the economical boundary. However, the reaction products precipitated in the (N,
C)-A-S-H model are complex [29], and limited studies are available in the literature on the use of this
model for soil stabilisation (see Table 1 [16,17,22,30–32]). It should be noted that some researchers
classify the formation produced from the C-A-S-H gel as a standalone geopolymer model; however,
the C-A-S-H gel formation is a calcium-based product, similar to that of the OPC hydration reaction,
and thus cannot be classified as geopolymer.

The following sections present detailed discussions on the use of both the N-A-S-H and (N,
C)-A-S-H geopolymer models for soil stabilisation. However, given the comparative lack of literature
on the (N, C)-A-S-H model compared to the N-A-S-H model, more information is provided on the
N-A-S-H model, and the need for further research on the (N, C)-A-S-H model is highlighted.
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Table 1. Summary of research into the use of geopolymers for soil stabilisation.
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Sandy Clay 21.9 FAF NaOH + Na2SiO3 20–40 - 40–50 - 10–15 2 ambient - 11.4 - - - [13]
Fat Clay 32.2 FAC & FAF NaOH + Na2SiO3 10–20 - 40 - 10 2 19–23 - 1.2–1.8 - - X [21]

Sandy Clay 21.9 FAF NaOH + Na2SiO3 20–40 - 40–50 - 10–15 2 19–23 - 10 - - X [14]

Silty Sand 12
FA NaOH + Na2SiO3 - 10 - 50 - 2 20 - 0.6 - X - [22]

FA and GGBS NaOH + Na2SiO3 3.5
Lean Clay 15 MK NaOH + Na2SiO3 3–15 - - - - - 23 - 3.8 - - X [23]
Lean Clay 15 MK NaOH + Na2SiO3 8,13 - - - - - ambient - 4.0 - - X [24]

Clay 14
FAC NaOH + Na2SiO3 - 4–20 - 45–85 12–14.5 varies ambient X

0.2 - - - [30]
FAC and

GGBS 10.5

Silty Clay 33 FAF and CCR NaOH + Na2SiO3 - 24–45 - 50–200 3–18 1.5–9 25–40 - 1.2 - - - [16]

Loess 13.7 FAF
NaOH + Na2SiO3 10–30 - 40 - - - 23 - 4.5 - - X [28]
KOH + Na2SiO3 7

Silty clayey
sand 6 FAC NaOH + Na2SiO3 - - 15.7–19 - - 100:0–50:50 27–30 X 11 - - - [15]

Silty sand NP FAF NaOH + Na2SiO3 15–25 - 11–19 - 7.5 0.5 20 X 2.3 X - X
[25,
26]

Silty sand NP FAF NaOH + Na2SiO3 10–20 - 8–8.8 - 5–12.5 0.5–1 20 X 4.2 X X X [12]
Silty clayey

sand
6

FAC NaOH + Na2SiO3
30 - 9.6–17 - 5 0.66–9 27–30 X

9 - - X [27]
FAC and
GGBFS 40–60 16

Clay soils 26–98 FAC and
GGBFS NaOH + Na2SiO3 10–30 - - 40 14 2.33 ambient X 3.2 X X X

[17,
31,
32]

FAF = Fly-ash Class (F), FAC = Fly-ash Class (C), MK = Metakaolin, GGBS = Ground Granulated Blast-furnace Slag, CCR = Calcium carbide residue, NP = non-plastic.
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2.1. The N-A-S-H Geopolymer Model for Soil Stabilisation

The N-A-S-H geopolymer model for soil stabilisation usually comprises a mix of low calcium
aluminosilicate material, classified as either calcined or uncalcined, and a sodium-based activator.
Examples of the calcined aluminosilicate materials include fly-ash (i.e., waste material produced
from coal-fired steam power plants), metakaolin (i.e., kaolinite clay calcined at a high temperature of
500–750 ◦C), construction residues and pozzolanic wastes, whereas the non-calcined aluminosilicate
materials include feldspars and rock-type aluminosilicate minerals [8,33]. The calcined aluminosilicate
materials promote higher mechanical properties for geopolymers, such as strength and stiffness, due to
their thermal treatment history during formation, compared with the uncalcined variety. This thermal
phenomenon affects the structural coordination of the aluminium and oxygen ions, and transfers any
stable crystalline material into an amorphous one with increased reactivity for alkaline activation [34].
The most common calcined aluminosilicate materials used for geopolymers are metakaolin and coal
fly-ash [8,35]. Fly-ash is considered to be more economical and sustainable, given the fact that it has
already undergone thermal treatment, and it is also widely available as a waste material, compared to
metakaolin, which is produced specifically for binder applications [36]; thus, fly-ash has been the focus
of research into alternative binders for soil stabilisation (e.g., [12–16,37]).

American Society for Testing and Materials (ASTM C618) categorises fly-ash into two categories;
namely, Class (C) and Class (F) [38]. Class (F) fly-ash has less than 10% calcium oxide (CaO), while Class
(C) fly-ash contains more than 20% calcium [39]. Low calcium fly-ash has increased silica and alumina
contents that may promote geopolymer production with superior mechanical properties [36]; thus,
Class (F) fly-ash is preferable for geopolymer production, compared to Class (C) fly-ash [8,36,40,41].

The hydroxide and silicate solution used as an alkali activator in the production of geopolymers
may be either potassium-based or sodium-based [33,42,43]. Alkali hydroxides are generally produced
from chloride salts, where melting carbonate salts with silica and warm water produces alkali silicates
in the form of a viscous, sticky solution, known as water glass [9]. Potassium-based solutions have
been found to have some cost limitations [44]; therefore, sodium-based solutions are most commonly
suggested as an alkali activator for geopolymers in soil stabilisation [12–16,21,23–26]. It should be noted
that cheaper alternative solutions, for example, non-silicate solutions, such as weak acid salts (Na2CO3),
strong acid salts (Na2SO4) or aluminates (M2O·nAl2O3), have been found to give unfavourable reaction
behaviour, with poorly reacted and porous geopolymer products [44].

When fly-ash comes into contact with an alkaline sodium-based activator added to the soil, the
geopolymerisation reaction (i.e., N-A-S-H model) begins immediately. Geopolymerisation involves the
following multi-reaction steps (see Figure 1) [45]: dissolving of the aluminosilicate mineral by the effect
of hydroxyl ions (OH−) presented in the high-concentrated alkaline medium; diffusion (or migration) of
the dissolved Al and Si complexes; condensation (or polycondensation) with residual alkali cation (e.g.,
sodium Na+, gel formation, gel reorganisation and gel evolution) with curing time; and crystallisation
to hardening. The geopolymerisation reaction can be presented by Equations (1) and (2) [43]. Based on
these equations, geopolymer can be described as a highly connected three-dimensional chain network
bond of sialite (Si-O-Al), consisting of tetrahedral silica (SiO4) and alumina (AlO4) joined by a shared
oxygen (O2).
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 (2)
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Figure 1. Schematic diagram of the Sodium Aluminate Silicate Hydrate (N-A-S-H) geopolymer 
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rubbery geopolymer of a linear linked two-dimensional network, and z < 3 produces a brittle 
cementitious product of a crossed linked three-dimensional network suitable for soil stabilisation 
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It should be noted that the N-A-S-H geopolymer model products differ from the OPC reaction 
products, i.e., Calcium Silicate Hydrates (C-S-H) and Calcium Aluminate Hydrates (C-A-H), as their 
formations are calcium-based, not sodium-based [11,18]. The N-A-S-H geopolymer products bind the 
soil particles together after treatment, altering both the structure and mineralogy (i.e., mineral 
bonding) of the host soil and resulting in an overall improvement of soil behaviour [23]. However, 
the soil response upon mixing with geopolymer may not be limited to the main stabilisation reaction 
(i.e., precipitation of cementitious product). Most chemical binders involve a prior modification 
process (i.e., water diffusion, flocculation and agglomeration of colloid particles) when mixed with 
soil [48,49]. For traditional binders such as OPC, the modification process is caused by the cation 
exchange between the binder positive ions and those of similar charge presented in the water between 
the clay particles [18]. Because the ion type and concentration are essential factors that might directly 
affect the cation exchange process in soils, the levels of soil enhancement achieved at the pre-
modification phase might be varied, compared with those of OPC. To date, no extensive studies have 
been found in the literature directly investigating this pre-modification phase within geopolymer-

Figure 1. Schematic diagram of the Sodium Aluminate Silicate Hydrate (N-A-S-H) geopolymer model.

The general empirical formula of the geopolymer gel can then be displayed as follows [8,33,34]:

Mn[-(SiO2)z-AlO2]n, wH2O (3)

where M is an alkali cation, such as potassium (K+) or sodium (Na+), that balances the negative charge
localised on one or more of the bridging oxygens in each aluminate tetrahedron; n is the degree of
polymerisation; and z is the Si/Al molar ratio, ranging from 1 to 15, or from 1 to 32 [23]. Depending on
the value of z, the geopolymer can take one of several basic systems [34], as z > 3 produces a rubbery
geopolymer of a linear linked two-dimensional network, and z < 3 produces a brittle cementitious
product of a crossed linked three-dimensional network suitable for soil stabilisation [13,14,23,28,46,47].

It should be noted that the N-A-S-H geopolymer model products differ from the OPC reaction
products, i.e., Calcium Silicate Hydrates (C-S-H) and Calcium Aluminate Hydrates (C-A-H), as their
formations are calcium-based, not sodium-based [11,18]. The N-A-S-H geopolymer products bind
the soil particles together after treatment, altering both the structure and mineralogy (i.e., mineral
bonding) of the host soil and resulting in an overall improvement of soil behaviour [23]. However, the
soil response upon mixing with geopolymer may not be limited to the main stabilisation reaction (i.e.,
precipitation of cementitious product). Most chemical binders involve a prior modification process
(i.e., water diffusion, flocculation and agglomeration of colloid particles) when mixed with soil [48,49].
For traditional binders such as OPC, the modification process is caused by the cation exchange
between the binder positive ions and those of similar charge presented in the water between the clay
particles [18]. Because the ion type and concentration are essential factors that might directly affect the
cation exchange process in soils, the levels of soil enhancement achieved at the pre-modification phase
might be varied, compared with those of OPC. To date, no extensive studies have been found in the
literature directly investigating this pre-modification phase within geopolymer-treated clay soils, and
most studies are limited to investigating the main geopolymerisation reaction. Therefore, the focus of
this paper will be on stabilization, not modification.
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2.1.1. Engineering Properties of the N-A-S-H Geopolymer-Treated Soils

From the studies presented in Table 1, the improvement of geopolymer-stabilised soils through
alkaline activation can be outlined in four primary engineering characteristics: microstructure, strength,
stiffness and durability. In this section, these characteristics are discussed in some detail.

Microstructure

Several studies have been performed in the literature using mineralogical X-Ray Diffraction (XRD)
and Scanning Electron Microscopy (SEM) techniques to provide insights into the microstructure of
geopolymer-treated soils. This involves tracking the cementitious growth induced by the geopolymer to
explain the enhancement mechanism of the treated soils at the micro-scale. In general, the fly-ash-based
geopolymer is reported to densify the fabric of treated soils, in a manner similar to lime- or OPC-treated
soils [11]. For example, it was found that the homogeneity of clay fabric was improved with the
addition of the fly-ash-based geopolymer, resulting in more closely linked clay particles and fewer
voids. Such enhancement is mainly attributed to the precipitation of artificial cementation products,
and the corresponding development of bonds within soil particles during curing [21,28]. This finding
was supported by Phummiphan et al. [15], who observed, through SEM analysis conducted on marginal
lateritic soil, etched holes on the surface of partially reacted fly-ash particles within treated soil. It was
claimed that these holes were formed by leaching silica and alumina from the surface of the activated
fly-ash. The partially-reacted fly-ash particles and cementitious products within the treated soil are
believed to serve as nucleation sites that bond clay plates into clusters, thus modifying the structure of
the soil and enhancing its mechanical response [32].

Strength

The unconfined compressive strength (UCS) is the most commonly used test to characterise the
strength of geopolymer-treated soils. In general, the literature indicates that the mixing of geopolymer
within the soil matrix promotes enhanced unconfined compressive strength [15,21,28,32]. The addition
of geopolymer increases the treated soil peak strength, and decreases the corresponding axial failure
strain, both of which contribute towards a stiff response similar to that of OPC-treated soils [25,31].
As described previously, the strength enhancement of geopolymer-treated soils is attributed to the
development of artificial bonding, induced by the geopolymerisation of soil particles. However,
considering the literature summary presented in Table 1, a high variability in the soil’s peak UCS can
be observed from one study to another, and it seems that the effect of geopolymer on UCS values varies
according to the quantity and type of the reaction products of the treatment process. Curing conditions
(i.e., temperature and time) also affect the volume of reaction products and the level of enhancement
in strength of the treated soils [13]. Clay mineralogy also plays a major role in the level of strength
enhancement using geopolymer [32].

Although the UCS testing is commonly used, due to its simplicity, to characterise the strength
performance of stabilised soils, triaxial testing is recommended for the further investigation of the
response of geopolymer-treated soils to the monotonic loading. Triaxial testing simulates the effects
of confining pressure and pore water pressure, which are considered critical in strength evaluation.
Limited literature exists on the triaxial shearing behaviour of geopolymer-treated soils, considering
drained/undrained conditions, and most existing studies are mainly dedicated to treating sands rather
than clays. Among the limited research, Rios et al. [25] carried out anisotropic triaxial drained tests on
silty sand treated with geopolymer comprised of fly-ash (Class F) and a chemical activator based on a
50% weight ratio of sodium silicate to sodium hydroxide. A spectrum of deviator stress was documented
for different stabilised mixtures. All tested mixtures showed a general stress-strain behaviour, with a
brittle response similar to those of OPC-treated soils, in which high peak deviator stresses for stabilised
specimens were recorded at low strains, followed by strain-softening. The volumetric strain changes
indicated an initial contraction tendency before dilation. In another study, Rios et al. [12] reported the
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behaviour of the strength failure envelope in the q-p’ space (q = deviatory stress and p’= mean effective
stress) for untreated and geopolymer-treated sand specimens. The test results showed a higher failure
envelope compared to untreated soil, and increased strength parameters (i.e., friction angle, φ, and
cohesion, c) comparable to those of lime- and OPC-treated soils. These results were related to the effects
of cementation induced by geopolymer. Similar enhancement in undrained soil’s properties were also
confirmed by Corrêa-Silva et al. [50] and Abdullah et al. [32] for geopolymer-treated clays. It should
be noted that triaxial testing, reported in the literature, for geopolymer-treated clays is only limited
to static loading conditions, and similar tests for cyclic loading conditions are yet to be investigated.
Although the reliability of the cyclic triaxial test for geotechnical applications is excellent, the test has
received less attention by the geopolymer–soil research, as it is relatively complex and time-consuming.

Durability Characteristics

Moisture and temperature are examples of the field-related conditions that are usually considered
for a durable performance of binder–soil mixtures [5]. The destructive durability testing techniques
of wetting–drying by ASTM D559-03 [51] and freezing–thawing by ASTM D560-15 [52] are usually
employed to evaluate the durability characteristics of stabilised soils [18,38]. In both tests, specimens
with specific dimensions are cured for seven days, and then subjected to 12 successive cycles
of temperature and moisture changes (48 h each in duration), simulating potential extreme field
conditions, with changes in the measured volume and residual strength.

Durability studies focusing on geopolymers are scarce, and mostly dedicated to wetting–drying
tests. Rios et al. [12] confirmed a stable performance, i.e., low volumetric change and reasonable
residual strength, for Class (F) fly-ash geopolymer-treated sand against wetting–drying durability
cycles, promoting geopolymer as a viable competitor binder for soil stabilisation, compared to OPC.
For clay treatment, Sargent et al. [22] similarly reported low volumetric changes in geopolymer-treated
clay; however, low residual UCS performance was detected. According to Sargent et al. [22], the
low performance of the activated fly-ash binder was attributed to the lack of clay content in the
stabilised soil, which limited the cation exchange capacity and chemical reaction. However, the effects
of clay mineralogy and plasticity were not considered, both of which are known to have a significant
impact on the performance of clay soil stabilisation [38]. Additionally, Sargent et al. (2013) did not
discuss the impact of Class (C) fly-ash used in their work, which is not recommended for alkali
activation, as discussed previously, and is likely to negatively affect the expected performance of
geopolymer-treated soils. In terms of the freezing–thawing of geopolymer-treated soils, only one study
was carried out, by Abdullah et al. [31], which reported high volumetric changes and low residual
strength for Class (F) fly-ash geopolymer-stabilised kaolin clay, suggesting that the treated clay exhibits
a less stable performance in a freezing climate than tropical climate, and confirming the retardation of
the geopolymerisation reaction at very low temperatures.

2.1.2. Factors Affecting Geopolymer Formation of the N-A-S-H Treated Soils

It is well defined in the literature that the level of cementation within treated soils and the
corresponding enhancement of soil properties using traditional binders depends upon several factors,
such as the binder content, type of soil and curing conditions [2]. It is therefore critically important to
determine and understand the factors that may affect the level of formation of cementitious products,
and the corresponding level of enhancement of the mechanical properties of geopolymer-treated soils,
as presented below.

Aluminosilicate and Activator Requirements

The type of aluminosilicate material used in the geopolymer has been found in the literature to have
an important impact on the strength enhancement of geopolymer-treated soils. For example, fly-ash
Class (C) has a different chemical composition from Class (F), and this affects the reaction products.
The alkaline activator attacks all types of fly-ash; however, Class (F) is more effective for strength
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improvement than Class (C), as indicated by Cristelo et al. [21]. This is attributed to the availability of a
higher content of silica and alumina in Class (F) compared to Class (C), which contributes to producing
a higher amount of cementations products, and thereby enhances the soil fabric.

Similar to the effect of the type of aluminosilicate, the type of activator also has a significant
impact on soil enhancement. This was reported by Liu et al. [28], who promoted the use of a
potassium hydroxide-based activator over sodium hydroxide, for greater compaction and higher
artificial bonding on the micro-structural level within treated soils, resulting in substantial strength
improvement. Although the potassium-based activator enhances soil structure more than the sodium
hydroxide-based activator through the geopolymer, it has some cost limitations [44]. Therefore, the
sodium-based activator is commonly suggested for geopolymer soil stabilisation [12–16,24,26].

Aluminosilicate and Activator Contents

The aluminosilicate content significantly affects the enhancement of geopolymer-treated soils.
Cristelo et al. [13] reported an enhancement in strength of geopolymer-treated soils of up to 120% at 28
days of curing, when the fly-ash-to-soil ratio was increased from 20% to 50%. Similarly, Phetchuay
et al. [16] reported an approximately linear increase in the unconfined strength of geopolymer-treated
specimens with the increase of activated fly-ash content. In all cases, the increase in the mechanical
properties of geopolymer-treated soils due to the increase in activated fly-ash content was attributed to
the increased formation of the N-A-S-H cementitious products within the stabilised soils, due to the
increase in the silicate and aluminate minerals leached by the chemical activator [15]. The increase in
the amount of cementitious product increases the level of bonding between the soil particles, leading
to soil enhancement [28,32]. However, no studies currently exist on determining the optimum amount
of fly-ash to be used in soil stabilisation via geopolymers.

A strong dependency exists between the activator-to-fly-ash by weight ratio, and the level of
enhancement in the mechanical properties of geopolymer-treated soils [14]. The increase in the activator
concentration may increase the alkalinity (i.e., pH) of the reaction environment, which in turn increases
the dissolution of the solid aluminosilicate oxides within the treated soils, and the corresponding
amount of developed cementitious product. However, it was found in the literature that the optimum
activator concentration is not necessarily the maximum value. This conclusion was highlighted by
Cristelo et al. [13], who investigated the UCS performance of three mixtures activated with sodium
silicate solution, with different NaOH concentrations of 10, 12.5 and 15 molal. The test results revealed
that specimens treated with the 12.5 molal concentration gained greater long-term strength than
those treated with 15 molal. This was attributed to the ratio of silica-to-sodium oxides within the
activator, which was approximately one, and caused the activator solution to be unstable (crystallise),
which negatively affected the geopolymer reaction. However, for economic reasons, it is necessary to
minimise the amount of activator to achieve the required enhancement; the activator contributes to
the highest cost, and considerably affects the total cost of the geopolymer [53]. Similar to the fly-ash
content, no studies exist to quantify the optimum amount of activator for geopolymer-treated soils.

Curing Conditions

The strength gain of geopolymer-treated soils is dependent on some curing conditions, such as
curing time and curing temperature. A significant strength increase was found to be achieved with a
curing time of up to one year [13]. The increase in curing time allows the formation of more cementation
products within treated soils, thereby enhancing the soil’s mechanical behaviour. This was particularly
supported by Phummiphan et al. [15], who stated that the increase of curing time increases the leaching
process and the number of developed etched holes, which in turn increases the amount of cementitious
product [27]. The rate of strength gain of the geopolymer-treated soils is not constant, and gradually
decreases with the increase of curing time. The gradual decrease in the rate of increase of strength can
be attributed to the progressive slowing of the geopolymerisation reaction, due to the exhaustion of
different components in the reaction environment [16].
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In terms of curing temperature, the geopolymerisation reaction is usually favoured at elevated
temperatures [34,54–56]. Van Jaarsveld et al. [57] reported that increasing the curing temperature
to 70 °C causes an increase in the compressive strength of fly-ash-based, geopolymer-treated soils.
Temuujin et al. [58] recommended a range between 40 °C and 100 °C for a curing time of 4 to 48 h,
in order to get a high strength gain for geopolymer-treated soils. Sindhunata et al. [56] attributed
the positive effect of elevated temperature to the increased solubility of silicate and aluminate, which
increase the amount of cementitious product, which enhances the rate of strength gain. However,
curing temperature is the most challenging issue for geotechnical bulk applications, such as in situ
ground improvement [43,59–61]. This is because elevated temperatures are not possible for the in situ
implementation of soil stabilisation, and treatment must thus be conducted at ambient temperature.
However, when cured at ambient temperature, geopolymer-treated soils typically require a considerably
longer period for strength development, compared to OPC-treated soils. According to Cristelo et al. [13],
the UCS of geopolymer-treated soils reveal that only 20–40% of the one-year strength gain occurs
at 28 days of curing time, compared to OPC-treated soils, wherein 40–60% of the one-year strength
gain occurs after 3 months of curing time, which forms a significant drawback for geopolymer soil
stabilisation. Therefore, to substitute the elevated temperature effects as a reaction accelerator, more
aggressive alkaline media is usually required. This is a significant limitation in the practical utilisation
of geopolymer soil stabilisation, which has led to the development of an enhanced geopolymer mixture
through the (N, C)-A-S-H model, as presented below.

2.2. The (N, C)-A-S-H Geopolymer Model for Soil Stabilisation

Utilising calcium-based components as supplementary materials for geopolymer mixtures
through the (N, C)-A-S-H model involves more complex reactions than the N-A-S-H model; the
geopolymerisation products consist of multi gels (i.e., C-A-S-H and N-A-S-H, see Figure 2), each reacting
at different rates [29,62]. Due to such complexity, limited studies have been conducted in the literature
on the use of the (N, C)-A-S-H model for soil stabilisation. García-Lodeiro et al. [63] described the
complicated activation stages of the (N, C)-A-S-H model using a mixture of fly-ash and OPC as a
source of calcium. The model involves the following steps: (1) dissolution of aluminosilicate and
calcium components in the alkaline solution, through rupturing of the Si-O-Si and Al-O-Al bonds in
the fly-ash and the Ca-O and Si-O bonds in the calcium-based material (i.e., OPC); (2) formation of the
N-A-S-H gel from the Na+ and silicon, as well as the aluminium dissolved species, and the C-S-H gel
from the Ca+ and silicon dissolved species; (3) developing the N-A-S-H and C-S-H gels through the
uptake of more Si into the system; (4) diffusion of the Al and Ca+ (not participating in the formation
of the C-S-H gel) across the cementitious matrix, resulting in the formation of the (N, C)-A-S-H gel
of three-dimensional structure and the C-S-A-H gel of two-dimensional structure; and (5) distortion
of the Si-O-Si bonds by the polarising effect of the Ca+, and formation of the Si-O-Ca bonds, which
induce more stress, and ultimately rupture. According to García-Lodeiro et al. [63], Steps (2) and (3)
may occur rapidly, whereas Step (4) occurs over 28 days of curing. Step (5), the final stage of reaction,
may take place over 1 year.
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Phetchuay et al. [16] suggested the use of calcium carbide residue, referred to as CCR, as a source
of calcium oxide to enhance the performance of the fly-ash-based geopolymer in the stabilisation
of soft marine clay (see Table 1). CCR is a waste material from acetylene gas factories, which has a
high calcium hydroxide Ca(OH)2 content. The study revealed that the addition of CCR by 12% can
enhance the strength of clay stabilised with fly-ash-based geopolymer by up to 1.5 times, using the
same activator content. The significance of this calcium oxide addition for enhancing the mechanical
properties of silty sand soils treated with a fly-ash-based geopolymer was also observed by Sargent
et al. [22], wherein an increase of approximately 600% in the UCS values after 28 days of curing was
observed when slag was blended, as a calcium oxide source, with fly-ash, in a 1:1 ratio. Singhi et al. [30]
also indicated that a similar increasing trend in the UCS was observed when partial replacement of
fly-ash by slag was used for treating the clay; UCS of 2.5 MPa at 28 days of curing was achieved when
only 20% fly-ash was replaced by slag, compared to 0.2 MPa for activated fly-ash at zero slag content.
This was confirmed by Abdullah et al. [31], who indicated that introducing the partial replacement of
Class (F) fly-ash by slag assists, when synthesised in certain ratios, in achieving strength properties of
geopolymer-stabilised clay comparable to OPC-stabilised clay. This is particularly interesting when
considering the use of low activator content (i.e., 40% of fly-ash and slag added by dry weight) within
the treated clay. The enhancement in the mechanical properties of clay was attributed to the complex
reactions and role of C-A-S-H within slag in filling the voids within the geopolymer binder, which
helps to bridge the gaps between alkaline cement products (i.e., N-A-S-H) and unreacted soil particles,
and in turn contributes to the development of enhanced soil mechanical properties [29]. By comparing
the N-A-S-H and the (N,C)-A-S-H geopolymer models, the latter appears to offer the best option for
practical clay stabilisation; however, the utilisation of the (N,C)-A-S-H model for soil stabilisation is
relatively new, and further research is required to commercialise its use and meet the society’s needs.

3. Utilisation of Geopolymer for Clay Stabilisation

Different studies have highlighted the feasibility of geopolymers in treating clay soils (e.g., [13,17,
21,23,28,30–32]). However, the effect of clay mineralogy on geopolymer treatment is scarce. Among
limited research, Abdullah et al. [17,31,32] reported the strength (unconfined, triaxial drained and
undrained) behaviour and wetting–drying durability performance of nine engineered and natural
clay types, treated with fly-ash-based geopolymer incorporating slag. The results showed variable
strength and durability performances for tested clays treated with certain geopolymer contents.
Based on the initial plasticity/activity of the clay used, it was found that the most adequate clays for
successful geopolymer stabilisation, in terms of both strength and durability performance, are those of
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low-to-moderate plasticity/activity. For highly plastic/reactive clays, the integrity of the geopolymer
matrix surrounding the agglomerates of treated clay plates was found to be compromised, resulting
in significant performance degradation. The high plasticity nature of any clay might influence the
workability during mixing with the geopolymer, as in the case of OPC [64], which in turn affects the
homogeneity of the mixture and the uniform distribution of the binder within the soil. Moreover,
the inherent nature of natural clay colloids (organic and inorganic) and their buffering capacity, i.e.,
absorbing, holding and releasing ions, including the (OH-) ions, was found to affect the pH response
and post-treatment geopolymerisation reaction. Because the addition of the geopolymer may alter the
gradation and mineralogy of the host clay, the response to treatment may likely be different from clay
to clay.

Adequate binders used for soil stabilisation are generally required to cover a broad spectrum of soil
types. However, not all soils are suitable for stabilisation using specific binders, due to the complexity
in materials and composition [11]. Over a wide variety of soil types and the effects of extreme field
conditions (i.e., temperature and moisture changes), the possibility exists for a premature failure
within treated soils. For clays, this is due to both the clay content and related mineralogy/plasticity,
which may affect the level of formation of artificial cementations bonds within the soil matrix, and the
overall stabilisation effectiveness. For geopolymer-treated clays, Abdullah et al. [17] reported that the
effectiveness of geopolymer decreases with the increase in clay content and plasticity within the host
soil, due to mixing difficulties and varied pH responses. Therefore, fly-ash-based geopolymers should
not be considered as a universal binder for stabilisation of all types of clay, and practical procedures
are required to guide the effective use of geopolymers for the treatment of clays, similar to those exist
for traditional binders.

4. Limitations to Broad Utilisation of Geopolymer for Soil Stabilisation

The utilisation of geopolymers for soil stabilisation is still unrecognised widely by the geotechnical
engineering industry. This is partly due to the position of the well-defined traditional binders (e.g.,
OPC and lime,) and the conservative attitudes of the geotechnical community towards replacing
existing products [33]. Underutilisation of geopolymers for soil stabilisation is also related to the cost
limitations, caused by the need for high activator contents to allow for curing at ambient temperature.
It is also due to the uncertainty of treating all soil types, as explained earlier, and the absence of practical
design procedures compared to those existing for traditional binders. These limitations are discussed
in some detail below.

4.1. Curing at Ambient Temperature

Although the information presented in Table 1 suggests that soil treatment with a fly-ash-based
geopolymer through the N-A-S-H model of alkaline activation is competitive with OCP treatment,
in terms of UCS values, the high consumption of activator content is required for geopolymer
treatment. The use of high activator content in most geopolymer–soil studies is necessary to facilitate
an initial dissolution and condensation reaction (i.e., geopolymerisation) within treated soils at ambient
temperature curing; otherwise, an elevated temperature is required, which is considered non-applicable
for in situ implementation of soil stabilisation. In Australia, fly-ash-based geopolymer, as a binder
used for concrete applications cured at elevated temperature, is currently 10–15% more expensive than
OPC, due to the cost of sodium silicate activator [53]; the fly-ash within the geopolymer contributes
to minimising cost, as it is utilised from industrial waste. Increasing activator content for facilitating
ambient curing, as in in situ soil stabilisation, increases the stabilisation cost, which in turn restricts
the wider utilisation of geopolymers for soil stabilisation. This prompted the development of an
enhanced geopolymer mixture suitable for ambient temperature curing, through the (N, C)-A-S-H
model, as discussed previously. However, the literature regarding enhanced geopolymer mixtures for
clay treatment is still scarce.
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4.2. Availability of Practical Procedures

Practices vary among professional practitioners, regarding the selection of binders, testing
procedures, and the evaluation criteria for what constitutes an “effective” soil stabilisation.
Consequently, procedures have been established by several agencies for traditional binders, including
USACE [65], CSIRO [64], Portland Cement Association, National Lime Association and Texas
Department of Transportation (TxDOT), to facilitate appropriate selection of the binder type, effective
dosage, and recommended mixture evaluation tests. These diverse practical procedures for traditional
binders are based on extensive research; each considering specific geological landscapes and certain
weather conditions. At present, there are no such practical procedures for soil stabilisation using
geopolymers, which represents a significant barrier to the wider use of geopolymers for soil stabilisation
by industry.

An attempt at developing practical guidelines was made by Abdullah et al. [17], in order to
quantify the use of fly-ash-based geopolymer, incorporating slag, in the stabilisation of clays; while
the range of clay types was not extensive, it did cover a range of plasticities and mineralogies.
The developed guidelines require an initial assessment of the suitability of a certain type of clay for
geopolymer treatment, using criteria based on plasticity, similar to those widely used for traditional
binders. Clay soils with PI ≤ 26% were found to achieve durable mechanical performance, while
clays with PI > 26% were observed to provide only temporary strength enhancement. If the clay is
suitable for geopolymer treatment, the next step is performing pH testing, which provides a guide to
the necessary geopolymer dosage required for an effective treatment. The basic concept of the pH
criterion is to ensure that sufficient geopolymer is added to the clay to ensure an adequately high
pH (12.4) that will sustain the geopolymerisation reaction, and the associated strength development,
during the curing period. It should be noted that the geopolymer content derived from the pH test
only satisfies the minimum requirement of geopolymer content, and does not guarantee an adequate
strength and durability performance. Therefore, additional strength and durability testing for trial
mixtures is required, using the pH recommended content as a starting point. While Abdullah et al. [17]
have proposed a quantification method, for the practical use of an enhanced mixture of geopolymer in
clay stabilisation at ambient temperature, their study only provides insights into the effects of clay
mineralogy and plasticity using limited clay types. To gain economic confidence and to support the
broader use of geopolymers for clay stabilisation, more research is required on additional clay types.

5. Conclusions

This paper provided a review of the available literature on using geopolymer as an eco-friendly
alternative binder for soil stabilisation. It is evident from the review that fly-ash-based geopolymers
can be used successfully as binders for soil stabilisation, replacing the need for OPC and allowing the
recycling of industrial by-products, ultimately reducing the carbon footprint associated with traditional
chemical soil stabilisation techniques. When mixed with soil, fly-ash-based geopolymer creates an
artificial bonding, along with the interface or contact between soil particles, similar to that of OPC,
which increases the integrity and stability of the soil.

Two geopolymer models, i.e., the (N, C)-A-S-H and N-A-S-H models, were discussed in the current
review, with the former improving the strength and durability performance of treated clay at an ambient
temperature. However, thus far, the available research has failed to address the broader mechanical
properties of treated clay under the full range of expected loading conditions. As such, further
studies are required to assess the impact of geopolymer treatment on the consolidation performance of
stabilised clay, as well as the undrained shear performance under cyclic loading conditions. Further
undrained triaxial testing, and detailed interpretation of the results within the critical state framework,
are highly recommended.

To date, no constitutive models exist for the mechanical behaviour and structural characteristics of
geopolymer-stabilised soils. Since the nature of the cementation products in geopolymer–soil mixtures
is chemically different from that of those in OPC–soil mixtures, the nature of the geopolymer–soil
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structure and the degradation upon shearing may significantly differ. It is thus anticipated that the
currently available constitutive models for the OPC–soil mixture may not be sufficient to capture the
key characteristics of geopolymer-treated soils. In summary, the paucity of experimental data and the
lack of experimentally-validated theoretical models need to be overcome to realise the full potential of
the use of the (N, C)-A-S-H geopolymer model, as a highly promising binder, in soil stabilisation.

Despite its advantages, the use of fly-ash-based geopolymer through the (N, C)-A-S-H model for
soil stabilisation at ambient temperature is still not widely recognised by the geotechnical industry.
This underutilisation is generally attributed to the entrenched status of the OPC as a popular binder for
soil stabilisation. Further research to confirm and demonstrate the engineering benefits of geopolymers
for soil stabilisation are required from the geopolymer–soil research community in order to overcome
this barrier. To gain commercial confidence and support for the broader use of geopolymers in soil
stabilisation, practical procedures are required; these should consider the specimen preparation, curing
conditions, testing procedures and specific mix design criteria. To provide an adequate enhancement
of soil properties, the practical procedures should enable the classification of soil, concerning soil
suitability for geopolymer treatment, and determining appropriate binder contents for effective
treatment. To date, such practical procedures are scarce and limited to the stabilisation of clay, so future
work will need to generalise similar procedures for other soil types.
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