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Abstract
Stabilization of sulfate-rich expansive subgrade soils is a persistent cause of concern for transportation infrastructure engi-
neers and practitioners. The application of traditional calcium-based stabilizers is generally not recommended for treating
such soils because of the formation of deleterious reaction products such as ettringite. Sulfate-induced heaving causes severe
structural damage to pavements and accounts for enormous expenditure from routine maintenance and rehabilitation activi-
ties. A research study was undertaken to evaluate the feasibility of using a metakaolin-based geopolymer (GP) for the treat-
ment of sulfate-rich expansive soil. Laboratory studies were conducted on natural soil and artificially sulfate-rich soils, when
treated with either lime or GP, to evaluate and compare the improvements in the engineering properties, including uncon-
fined compressive strength, swelling and shrinkage, and resilient moduli characteristics over different curing periods.
Microstructural studies, such as field emission scanning electron microscopy and X-ray diffraction, were performed on
treated soils to detect the formation of reaction products. The engineering studies indicate that GP treatment enhanced
strength and resilient moduli while suppressing ettringite formation and the associated swell–shrink potential of the treated
soils. The microstructural studies showed that GP gels contribute to the improvement of these engineering properties
through the formation of a uniform geopolymer matrix. In addition, the absence of a calcium source suppressed the forma-
tion of ettringite in the GP-treated soils. Overall, the findings indicate that GPs could be used as a potential alternative to
existing traditional stabilizers for treating sulfate-rich expansive soils.
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Expansive soils are prevalent in different parts of the
world and cause moderate to severe damage to overlying
infrastructures (1, 2). These soils are vulnerable to exten-
sive swelling and shrinkage strains from moisture-
induced fluctuations (3–6). For the past several decades,
traditional calcium (Ca)-based stabilizers such as lime
has been used to enhance the engineering properties of
these soils and mitigate the problems associated with
moisture fluctuations (7, 8). Lime treatment helps to
improve soil performance through immediate ‘modifica-
tion’ reactions, as well as long-term pozzolanic reactions
(9, 10). Modification helps to improve the soil plasticity

and swell–shrink potentials, changes the soil texture mak-
ing it friable and workable, and also provides short-term
strength. Long-term pozzolanic reactions result in the
formation of cementitious compounds such as Calcium-
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Silicate-Hydrates (C-S-H) and Calcium-Aluminate-
Hydrates (C-A-H), which bind the soil particles into a
stabilized matrix and enhance strength, stiffness, and dur-
ability (11, 12). Although lime treatment is typically rec-
ommended for stabilizing expansive soils, it is inefficient
and often counterproductive in the presence of soluble
sulfates, such as gypsum and anhydrite, because of the
formation of a deleterious mineral, ettringite (7, 8, 13,
14). Consequently, traditional Ca-based stabilizers are
not recommended for treating expansive soils with solu-
ble sulfate concentrations over 3,000parts per million
(ppm) (5, 15).

Ettringite, Ca6(Al(OH)6)2(SO4)3�26H2O), a calcium-
alumino-sulfate mineral is precipitated when alumina
available from the dissolution of clay in alkaline environ-
ments (pH. 10.5) reacts with Ca+2 from Ca-based sta-
bilizers and soluble sulfates in the presence of water (1,
12, 13, 16). Stoichiometrically, ettringite crystals could
undergo a potential volumetric expansion up to 137% (7,
17). Furthermore, the volumetric expansion could reach
up to 250% in Ca-based stabilizer treated sulfate-rich soil
layers from the hydration and growth of ettringite when
exposed to water (18, 19). The ettringite-induced heaving
has detrimental impacts, such as recurrent failures and
frequent maintenance of civil infrastructures, including
residential buildings and transportation infrastructures
(9, 14, 20). Therefore, research on novel techniques and
non-traditional additives is imperative for the effective
stabilization of sulfate-rich expansive soils.

Different treatment techniques, including pre-
compaction mellowing, double lime application, and uti-
lization of co-additives (e.g., Class F fly ash, ground
granulated blast furnace slags, and crystalline silica-rich
admixtures), have been investigated for stabilizing
sulfate-rich soils (17, 20–23). Even though some of these
techniques have shown promising results, most tech-
niques increase the overall construction time because of
longer curing periods required for effective performance
before moisture exposure (17, 24). Moreover, the use of
the majority of such co-additives involves the usage of a
substantial amount of Ca-based stabilizers. Therefore,
only a limited reduction in greenhouse gas emissions can
be achieved (25, 26). Therefore, geotechnical researchers
continuously strive to identify different eco-friendly sta-
bilizers that can be used as sustainable alternatives for
treating such soils (19, 25, 26).

Geopolymers (GPs) are attracting attention as pro-
mising eco-friendly stabilizers for their ability to improve
the strength, stiffness, and swell–shrink characteristics
(19, 24, 26–28). GPs are amorphous inorganic polymers
synthesized between 20�C and 90�C (68�F–194�F) by
mixing aluminosilicate sources (e.g., clay, metakaolin, fly
ash) with an Alkaline Activator Solution (AAS), which
consists of alkali metal cation (e.g., KOH, NaOH),

water, and silica (optional) (25, 26, 29, 30). The
aluminosilicate-rich materials, such as metakaolin (MK),
fly ash, ground granulated blast furnace slag (GGBFS),
and rice husk ash, are used for alkali activation to form
inorganic cementitious products (29, 31–33). GPs could
be used as eco-friendly treatment alternatives to Ca-
based stabilizers since they use industrial by-products as
aluminosilicate sources and emit lower carbon dioxide
than Ca-based stabilizers. Therefore, the energy con-
sumption from the production and transportation of GP
treatment is less than traditional lime treatment (26). As
a result, the chemical treatment of soil with GPs has been
studied extensively by researchers to improve the perfor-
mance of problematic soils (25, 34–37).

Studies involving low-sulfate clay soils treated with
MK-based GP activated with potassium hydroxide
(KOH) or with GGBFS-based GP activated with sodium
hydroxide (NaOH) mixed with a polypropylene fiber
have been shown to improve the strength values after
treatment (25, 34). The majority of the literature reports
that GP-stabilized soils exhibit significant improvement
in engineering properties as compared with conventional
stabilizers; however, most of the previous studies were
concentrated on soils with no significant concentration
of soluble sulfates (19, 24, 25, 38–40). Only a few studies
evaluated the effects of GP treatment for stabilizing
sulfate-rich expansive soils. Moreover, the research
objectives of those studies were limited to the effects of
GP treatment on swelling or strength properties of the
treated soils (19, 24). No major studies have been con-
ducted to evaluate the effects of GP treatment on the
resilient modulus and durability aspects of sulfate-rich
expansive subgrades. Therefore, research on engineering
properties, including strength, durability, swell–shrink
potential, and resilient moduli, is necessary to develop a
comprehensive knowledge of this novel treatment
technique.

An experimental program was undertaken to address
the previous research gaps by studying the engineering
properties of sulfate-rich expansive soils treated with
MK-based GP. The sulfate-rich soils were also treated
with lime to provide a comparative analysis between the
traditional and the novel treatment methods. An array
of laboratory tests, including Unconfined Compressive
Strength (UCS) tests with and without moisture condi-
tioning, free swell tests, linear shrinkage tests, and
Repeated Load Triaxial Tests (RLTT), were performed
on GP-treated, lime-treated and untreated soils to assess
the improvement in engineering properties. In addition,
Field Emission Scanning Electron Microscopy (FESEM)
studies of lime-treated and GP-treated specimens were
performed to study the morphological changes after
chemical treatments. Further, X-Ray Diffraction (XRD)
studies were conducted on untreated and treated soils to
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identify the relative changes in the existing mineral peaks
and detect the formation of new peaks. The following
sections present the materials used for the research study,
GP synthesis, engineering, and microstructural tests, and
discussion and analysis of the test results.

Materials and Methods

Materials

The natural soils were collected from a cut slope located
on the U.S. Highway 75 Frontage road, Grayson
County, Denison, TX (33�47#25.5$N 96�34#13.9$W) in
February 2020 (Figure 1). The highway embankment
experienced minor desiccation cracks since early 2014,
and subsequently, a major slope failure occurred in
2016 (2). The approach road was shut down immedi-
ately after the major failure, and therefore the soil from
this location was selected as an ideal geomaterial for
this study.

Table 1 and Figure 2 present the basic engineering
characterization results and the grain size distribution of
the soil, respectively. The natural soil consists of a clay
fraction of 57.5%, and liquid limit (LL) and plasticity
index (PI) of 60 and 33, respectively. Based on this, the
soil is classified as a high plasticity clay (CH) according
to the Unified Soil Classification System (USCS). The
vertical free swell strain (ASTM D4546) and linear
shrinkage strain (Tex-107-E) of the untreated soil were
estimated as 12.2% and 15.1%, respectively. The soluble
sulfate content of the soil was measured as 336ppm
(Tex-145-E).

The natural soil with a sulfate content of 336ppm was
used to artificially synthesize a high-sulfate soil with a
sulfate content of 10,000 ppm by mixing 1.77 g of

laboratory-grade gypsum (CaSO4�2H2O) per 100 g of
natural dry soil. The sulfate concentration of 10,000ppm
was deemed suitable to classify the soil as a high-sulfate
soil (sulfate content. 8,000 ppm) based on TxDOT
guidelines (41). Therefore, in this study, the natural low-
sulfate soil is abbreviated as LS, and the artificially
synthesized high-sulfate soil is abbreviated as HS.

GP Synthesis and Optimum GP Composition

GP synthesis requires an aluminosilicate source and
AAS. In this study, MK was used as the aluminosilicate
precursor because it is relatively pure compared with
other aluminosilicate precursors. The AAS was prepared
by mixing KOH, deionized water, and amorphous fumed
silicon (IV) oxide (silica fume). During AAS synthesis,
KOH flakes were first dissolved in deionized water to
separate K+ and OH– and subsequently increase the pH
of the solution. Subsequently, a certain percentage of
silica fumes were added to the solution to ensure a
desired ratio between Si and Al (53.0% silicon and
43.8% aluminum) before mixing with the MK precursor.
Further, the AAS, containing KOH and silica fumes,
was mixed by a magnetic stirrer for at least 48 h at room
temperature until it became a viscous solution. The AAS
was stored in sealed containers immediately after mixing
to minimize contamination from atmospheric carbona-
tion. Subsequently, MK and the AAS were uniformly
mixed for at least 3mins to prepare a homogeneous solu-
tion with the target ratio of Si to Al. Based on some pre-
liminary trials, a GP composition consisting of SiO2/
Al2O3=3, water/solid=3, and K/Al=1 was deemed
suitable for treating this soil. The optimum GP composi-
tion was abbreviated as K331 (where K indicates alkali

Figure 1. Location of soil sample collection in Denison, Texas: (a) map of location, (b) photograph of site in February 2020.
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source, i.e., KOH, and the digits indicate the ratios of
different components discussed earlier) in this study.

Specimen Preparation

The collected soils were air-dried, crushed, and pulver-
ized for this study. The optimum lime dosage was
selected as 6% lime by dry weight of the soil, based on
the Eades and Grim method (ASTM D6276). Lime-
treated specimens were prepared by evenly mixing the
appropriate lime dosage, dry soil, and target moisture
content. For GP-treated soils, the GP dosages used in
this study were expressed as a percentage of the total

mass of the GP (includes MK, KOH, silica fume,
water) to the dry weight of the soil to be treated with
GP. Thus, 8% and 30% GP dosages were selected to
evaluate the efficacy of GP treatment on soil proper-
ties. The target dosage of the GP slurry was mixed with
dry soil, and then the mixture was placed in a sealed
plastic bag to prevent moisture evaporation during the
specimen preparation. Depending on the type of engi-
neering tests, different molding times were recorded for
specimen preparation (e.g., UCS and durability tests:
’ 10mins; free swell tests and RLTT: ’ 30mins). In
addition to the treated specimens, untreated soil speci-
mens were also prepared for comparative studies. The
lime-treated specimens were abbreviated as 6L-(LS/
HS) specimens, and the GP-treated specimens were
abbreviated as (8/30)GP-(LS/HS) for the subsequent
study.

The moisture content–dry density relationships were
determined for each treatment using static compaction in
the Harvard miniature compaction apparatus (Figure 3).
Untreated, lime-treated, and GP-treated specimens were
prepared by statically compacting the specimens at 98%
MDD and wet side of OMC (Table 2). The chemical
reactions involved to complete the process of geopoly-
merization require a significant quantity of water.
Therefore, the specimens were prepared on the wet side
of OMC to ensure that the reactions were not hindered
(42). In addition, specimens were prepared as required
by RLTT, UCS tests, free swell tests, shrinkage tests,
volume change measurements (before and after capillary
soaking), and microstructural characterization studies
(FESEM, XRD) to evaluate the effects of GP treatment
on strength, stiffness, and durability. All laboratory tests
were performed on the specimens cured for three differ-
ent curing periods of 0 day (6 h), 3 days, and 14days to
understand the effect of the curing period on chemical
treatments. The specimens were cured at room tempera-
ture (23.5 6 0.5�C or 74.3 6 0.9�F) in hermetically

Table 1. Basic Geotechnical Properties of Natural Soil Used in This Study

Property Standard Unit Value

Specific gravity, GS ASTM D854 NA 2.72
Clay content ASTM D7928 % 57.5
Silt content ASTM D7928 % 34.2
Unified Soil Classification System (USCS) ASTM D2487 NA CH (fat clay)
Liquid Limit (LL), Plasticity Index (PI) ASTM D4318 % 60, 33
Optimum Moisture Content (OMC) ASTM D698 % 20.0
Maximum Dry Density (MDD) ASTM D698 g/cm3 1.66
Vertical free swell strain ASTM D4546 % 12.2
Linear shrinkage strain Tex-107-E % 15.1
Soluble sulfate content Tex-145-E ppm 336

Note: 1 g/cm3 = 62.4 pounds per cubic foot; ASTM=American Society for Testing and Materials; NA = Not Available; Tex =Texas Department of

Transportation; ppm = parts per million.

Figure 2. Grain size distribution of natural soil.
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sealed plastic bags (’ 100% relative humidity) to pre-
vent moisture loss during the chemical reactions. As the
curing temperature strongly affects the process of geopo-
lymerization, curing the specimens at the standard tem-
perature was deemed necessary to replicate the in-situ
curing conditions (43, 44).

Experimental Studies

Strength and Durability Studies

The UCS tests were conducted to assess the strength
improvements of the treated soil. A total of six soil speci-
mens were prepared for each curing period and tested.
The UCS tests were conducted on three of the six speci-
mens immediately after each curing period. The remain-
ing three specimens were tested for UCS after they had
been subjected to capillary soaking for 48 h. The UCS
tests on the untreated and treated soil specimens (dia-
meter: 33mm or 1.3 in., and height: 67mm or 2.6 in.)
were performed on the specimens at a strain rate of 1%/
min, as per ASTM D2166.

The changes in the UCS of specimen groups with the
curing period demonstrated the strengthening effect of
GP over the traditional stabilizer. In addition, the
soaked UCS properties provided a better understand-
ing of the effects of moisture intrusion and potential
ettringite-induced damage. The changes in UCS of
treated specimens before and after capillary soaking
were calculated as the strength retention factor (SR)
(Equation 1) (45).

SR =
UCS(unsoaked)

UCS(soaked)
3 100 (%) ð1Þ

where UCS(unsoaked)=UCS values of the specimens
before capillary soaking; and UCS(soaked)=UCS values
of the specimens after capillary soaking. The SR factor
after moisture exposure provided an indirect comparison
between the durability of GP-treated soils over lime-
treated soils.

Swelling and Shrinkage Properties

The swelling characteristics of lime and GP-treated soils
were investigated with volumetric swell measurements
after capillary soaking and the free swell strains from free
swell tests. Compared with lime treatment, the changes
in the swell strains indicate the influence of GP treatment
on both LS and HS groups. The volumetric swell (VS)
factor was measured using the differences between the
diameter and height before and after capillary soaking.
UCS specimens before and after capillary soaking were
used to measure the volume changes for each curing
period.

Free swell tests were performed on different soil
groups of untreated and treated soil specimens. For each
specimen group and curing period combination, dupli-
cate specimens of 63.5mm (2.5 in.) diameter and 25.4mm
(1.0 in.) height were prepared by static compaction. Free
swell tests were performed under vertical stress of 1 kPa
as per ASTM D4546 and recorded by the dial gauge. The
dial gauge readings were recorded until no change in the
readings was observed for three consecutive days.

The linear shrinkage tests were conducted as per Tex-
107-E to investigate the shrinkage behavior of untreated
and treated soils. Dried untreated soils passing sieve #40
(sieve size: 0.475mm) and treated soils after each curing
period were mixed with distilled water until a consistency
close to the liquid limit was obtained. To prevent soil
from sticking to the walls of the mold, petroleum jelly was
used to grease the walls. Finally, the mold was filled with
the slurry and placed at room temperature. After the
change in color of the specimen, the mold was dried in an
oven for 24h at 110 6 5�C (230 6 9 �F). The lengths of
the dried specimens were measured precisely to determine
the linear shrinkage strain of the soil specimens.

Stiffness Properties

Resilient modulus (MR) is the stiffness property of pave-
ment materials and is an important input parameter for
characterizing flexible and rigid pavement design by the

Table 2. Target Dry Density and Moisture Content for Each Specimen Group

Soil group Type of stabilizer Dosage (%) Specimen group OMC (%) MDD (g/cm3) MC at 98% MDD (%) 98% MDD (g/cm3)

Low-sulfate (LS) Lime (L) 6 6L-LS 30.0 1.47 33.2 1.44
Geopolymer

(GP)
8 8GP-LS 28.1 1.45 31.0 1.41
30 30GP-LS 24.6 1.56 25.1 1.53

High-sulfate (HS) Lime (L) 6 6L-HS 30.0 1.47 33.2 1.44
Geopolymer

(GP)
8 8GP-HS 28.1 1.45 31.0 1.41
30 30GP-HS 24.6 1.56 25.1 1.53

Note: 1 g/cm3 = 62.4 pounds per cubic foot; OMC=optimum moisture content; MC = moisture content; MDD = maximum dry density.
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Mechanistic-empirical (M-E) Pavement Design Guide
manual. In addition, the MR values are used to estimate
the thickness of pavement layers and the overall response
of the pavement to traffic loadings for long-term pave-
ment performance. Since the primary focus of this study
was the treatment of high-sulfate soils, RLTT was con-
ducted on cylindrical specimens (diameter: 72mm or
2.83 in., and height: 148mm or 5.83 in.) of untreated,
6L-HS, 8GP-HS, and 30GP-HS groups as per
AASHTO T-307. Duplicate specimens for each soil
group and three curing periods were prepared to evaluate
the respective resilient moduli properties and provide a
comprehensive understanding of the novel stabilizer on
sulfate-rich soils.

Microstructural Characterization

Microstructural studies using FESEM and XRD were
performed on treated high-sulfate soils and compared
with untreated soils to investigate the stabilization
mechanisms and ettringite formation. FESEM studies
were utilized to observe morphological changes of the
treated specimens (diameter: 33.3mm or 1.3 in., and
height: 22.4mm or 0.9 in.) cured for 14 days. Since the
FESEM studies provide only visual indications in rela-
tion to the changes in soil morphology, additional stud-
ies using XRD were performed on untreated and treated
soil groups to detect the mineralogical changes before

and after chemical treatment. XRD studies were con-
ducted using Cu-Ka radiation source at 10mA and
30 kV, with a range of 2u from10� to 60� and a step size
of 0.02�.

Analysis and Discussions

This section discusses the results from engineering,
mineralogical, and microstructural studies. Results from
engineering and microstructural characterization studies
help in the development of a comprehensive understand-
ing of this novel treatment method.

Strength and Durability Studies

The unsoaked and soaked UCS values of the treated LS
and HS specimen groups for different curing periods are
represented in Figures 4 and 5. The unsoaked and
soaked UCS values of the untreated soil were measured
at 144.9 kPa (21.0 pounds per square inch [psi]) and
13.0 kPa (1.9 psi), respectively. Lime and GP treatments
significantly improved the UCS as compared with
untreated soil. Modification and pozzolanic reactions in
6% lime-treated soil results in strength enhancement
from the formation of cementitious reaction products,
which bind the soil solids into a strong matrix. Similarly,
for 30% GP, the formation of a strong GP network from
geopolymerization and uniform coating of soil particles
resulted in strength enhancement after all curing periods.
The strength-enhancing effect of 30% GP treatment is
significantly greater than that of 6% lime treatment.
However, the UCS values of 8% GP treatment are simi-
lar to or lower than those of 6% lime-treated soils.
Because of the low dry density and high moisture content
compared with 30% GP, the moisture in the pores cre-
ated between the clay particles possibly interfered with
the geopolymerization process and resulted in the partial
formation of the GP network. When subjected to capil-
lary soaking, all treated specimens showed a reduction in
strength from the weakening of the bonds. The effects of
moisture intrusion are explained in relation to retained
strength in the following paragraph.

The engineering properties of the treated specimens
degenerated after moisture intrusion. Figure 6 represents
SR factors of LS and HS specimens treated with lime or
GP for various curing periods. In low-sulfate soils, the
cementitious gels formed over the curing period were
responsible for preventing moisture intrusion during
capillary soaking and preventing strength loss (Figure
6a). However, in HS soils, the nucleation and growth of
ettringite crystals on moisture conditioning were respon-
sible for damaging the cementitious bonds formed in the
soil, and therefore there is a significant loss of strength
even after a longer curing period (Figure 6b).

Figure 3. Moisture content–dry density relationship for
untreated soil, lime- and geopolymer-treated soils.
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A 30% GP treatment provided significant strength
retention factors for both LS and HS soils in GP treat-
ment. The uniform coating of soil particles and the for-
mation of strong bonds from geopolymerization
prevented moisture intrusion into the soil and helped to
retain 172%–190% strength for 0 day curing and 69%–
87% strength for 3 and 14 days curing (Figures 6a and

6b). Furthermore, the absence of ettringite (since no Ca-
based source), which is a hydrophilic mineral, also pro-
vided additional benefits during moisture conditioning.
The results also indicate that the soaked UCS of 30GP-
LS and 30GP-HS specimens cured for 0 day was higher
than the unsoaked UCS. This unusual behavior could
possibly be attributed to accelerated geopolymerization

Figure 4. Unconfined Compressive Strength (UCS) test results of the low-sulfate soil (LS) specimen group: (a) unsoaked UCS and (b)
soaked UCS.

Figure 5. Unconfined Compressive Strength (UCS) test results of the high-sulfate soil (HS) specimen group: (a) unsoaked UCS and (b)
soaked UCS.
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after supplying additional moisture to GP gels. However,
no conclusive evidence was obtained to explain this beha-
vior for such a high dosage of GP. In the specimens
treated with 8% GP, it was observed that the SR value
was much lower than both traditional treatments as well
as 30% GP treatment (Figures 6a and 6b). Insufficient
GP dosage and inability to uniformly coat the soil parti-
cles resulted in deterioration of the bonds when subjected
to capillary moisture. Therefore, it could be observed

that the higher dosage of GP treatment provided a better
performance on the durability aspects as compared with
6% lime treatment for both sulfate levels.

Swelling and Shrinkage Properties

The VS values of LS and HS soils treated with lime and
GP are shown in Figure 7. For soil with a low concentra-
tion of soluble sulfate, both lime and higher dosage of

Figure 6. Strength Retention (SR) factors: (a) low-sulfate (LS)-treated and (b) high-sulfate (HS)-treated specimens with lime and
geopolymer (GP).

Figure 7. Volumetric Swell (VS) factors: (a) low-sulfate (LS)-treated and (b) high-sulfate (HS)-treated specimens with lime and
geopolymer (GP).
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GP treatment were effective in reducing the VS values
from the early curing period. However, 8% GP-treated
soils showed greater swelling than other treatment meth-
ods as a result of insufficient coating, which possibly
resulted in poor strength performance, as seen in
Figure 4b. The nucleation and growth of ettringite crystals
inside the 6L-HS soil resulted in an increase in the VS val-
ues of the treated soil even after a longer curing period
(Figure 7b). Treating the sulfate-rich soil with 30% GP
resulted in a significant decrease in the VS values immedi-
ately after treatment. The uniform coating of soil particles
and the formation of strong bonds from geopolymeriza-
tion prevented the swelling of specimens even during the
early curing periods. The overall reduction in the VS val-
ues in addition to higher retained strength (Figure 6b)
imparts significant durability to GP-treated HS soils.

The vertical free swell strains of both LS and HS soils
subjected to different treatments are shown in Figure 8.
Lime or GP treatment significantly reduced the swelling
potential for LS soils (Figure 8a). No vertical free swell
was recorded in 8% GP and 30% GP specimens after
14 days and 3 days of curing, respectively. The formation
of cementitious compounds for 6% lime treatment, geo-
polymerization reactions, and the formation of GP net-
works could be attributed as primary factors for such
improvements. However, the ettringite-induced heaving
for sulfate-rich soils causes significant swelling even after
a longer curing period (Figure 8b). A 30% GP treatment
positively affected the reduction of swelling potential
even during the curing period. The absence of a Ca-based

source to form ettringite and the uniform coating of clay
particles from GP gels during geopolymerization and the
development of stronger bonds possibly prevented the
swelling in these soils.

Figure 9 shows the linear shrinkage test results for dif-
ferent treatments on the overall curing of LS and HS soils.
In lime-treated and GP-treated soils, an immediate reduc-
tion in linear shrinkage strain was observed for both low
and high soluble sulfate soils. Lime treatment reduces the
linear shrinkage strains of the LS and HS groups immedi-
ately because of a reduction in moisture affinity from
cation exchange on the clay surface. However, no major
changes in shrinkage percentage were noted over a longer
curing period. An 8% GP treatment showed superior
(Figure 9a), or comparable (Figure 9b) performance to
6% lime-treated soils, potentially from partial GP coating
of the cohesive soils and subsequent development of cohe-
sionless behavior. In contrast, 30% GP treatment signifi-
cantly reduced the shrinkage strains as the fully-formed
network of GP gels was able to uniformly coat the clay
particles and reduce their water affinity. A 30% GP treat-
ment in LS and HS specimens cured for 14days changed
the behavior of the soil from cohesive to cohesionless;
therefore, these soils could not be tested following the
standard testing protocols. Compared with 6% lime and
8% GP treatments, 30% GP treatment reduced significant
shrinkage potential over longer curing periods. Therefore,
from the above discussion, it could be observed that higher
GP dosage and a longer curing period have a significant
potential to reduce the linear shrinkage strains.

Figure 8. Vertical free swell strain test results: (a) low-sulfate soil (LS) specimen group and (b) high-sulfate soil (HS) specimen group.
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Stiffness Properties

From the previous studies, it could be observed that both
lime and GP treatments have a comparable influence on
LS soils. However, GP has a significant influence in
improving the strength, durability, and swell-shrinkage
properties of HS soils compared with lime treatment.
Consequently, RLTT was performed on high-sulfate
soils with different GP dosages and compared with lime
treatment to understand the effects on resilient modulus
properties. Table 3 represents the resilient modulus prop-
erties of different treated soil groups in relation to the
universal model constants (k1, k2, and k3) with the coeffi-
cient of determination (R2). Having high accuracy, pre-
dictive stability, and easy implementation, the model is
strongly recommended for pavement design and analysis
as per NCHRP project 1-37A (46, 47). The universal
model is represented as follows (Equation 2) (46, 47).

MR = k1Pa

u

Pa

� �k2 toct

Pa

� �
+ 1

� �k3
ð2Þ

where MR=resilient modulus; k1, k2, and k3=
model constants; u=bulk stress; Pa=atmospheric
pressure; toct=octahedral shear stress=

1
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s1 � s2ð Þ2 + s2 � s3ð Þ2 + s3 � s2ð Þ2

q
; and s2 =s3

for axisymmetric stress conditions.
The k1 values are directly related to the elastic modu-

lus of the specimens. The k1 values increased with
increasing curing period for both lime and GP treat-
ments. The changes in k1 values of the lime-treated soils
could be attributed to the flocculation of clay particles
from modification reactions and long-term pozzolanic
reactions and the formation of cementitious gels.
Additionally, the nucleation of ettringite crystals could
have also partially contributed to the improvement in

Figure 9. Linear shrinkage strain test results: (a) low-sulfate soil (LS) specimen group and (b) high-sulfate soil (HS) specimen group.

Table 3. Resilient Modulus Properties: Universal Model Constants and Coefficient of Determination

Curing period 0 day 3 days 14 days

Model constant Untreated soil 6L-HS 8GP-HS 30GP-HS 6L-HS 8GP-HS 30GP-HS 6L-HS 8GP-HS 30GP-HS

k1 627 684 1054 1796 1502 1469 2659 1739 1469 3123
k2 0.617 0.411 0.214 0.124 0.221 0.263 0.266 0.356 0.206 0.329
k3 25.189 23.591 21.448 0.038 20.210 20.939 0.286 20.126 20.143 0.354
R2 0.976 0.986 0.964 0.933 0.900 0.989 0.961 0.962 0.932 0.903

Note: k1, k2, and k3 are model constants. L = lime; HS = high-sulfate soil; GP = geopolymer.
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stiffness values. The k1 values of GP-treated specimens
increased with an increase in the curing period. However,
the k1 values of 30GP-HS at 0-day curing are signifi-
cantly higher than 6% lime and 8% GP treatments, and
also, the rate of change of the k1 values with curing
period is much higher than the other treatments. The
possible reasons for these results in GP treatment could
be attributed to the short-term agglomeration of clay
particles by GP gels and the bonding of the GP gel-clay
systems, which becomes stronger with geopolymerization
over time. However, the k1 values of 8GP-HS become
almost a plateau after three days of curing. Such beha-
vior could be explained by the formation of a partial
coating of GP gels and less geopolymerization as com-
pared with 30% GP treatment.

The effect of bulk stress on treated soil is explained by
the k2 values of lime and GP treatments. However, from
the present analyses of k2 values, no distinguishable trend
could be noted for either lime-treated or GP-treated spe-
cimens. The k3 values are affected by shear stress acting
in the specimens and are commonly negative. The higher
k3 values for all curing periods for the 30GP-HS speci-
men indicate possibly higher shear resistance than other
treated groups. This could be attributed to the develop-
ment of uniform coatings of GP matrix because of higher
dosage of treatment and the geopolymerization effect
during curing. Overall, 30% GP dosage has a significant
influence on resilient modulus properties compared with
only traditional stabilizers.

MR variations with confining pressure and deviatoric
stress for untreated soil and treated HS specimens cured
for 14 days (6L-HS-14d and 8/30GP-HS-14d) are repre-
sented in Figure 10. MR values for the untreated soil
decreased with an increase in deviatoric stresses because
of the softening behavior of clay soils (Figure 10a). This
could be explained because loose clay particles were eas-
ily affected by the deviatoric stress, and consequently,
MR values decreased as the deviatoric stress increased.
Figures 10c and 10d show the MR values of the 6% lime-
treated HS specimens cured for 14 days. Unlike the
untreated soil, the MR values of the 6% lime-treated soil
increased with an increase in deviatoric stresses (Figure
10c). This behavior is common in 6% lime-treated soils
and could be attributed to the cementation effect between
the reaction products and clay particles, which provides a
significant contribution in increasing the stiffness of the
lime–clay system. Figures 10e and 10f, display MR values
of 8GP-HS-14d, which change according to the deviato-
ric stress and confining pressure. As GP gels can provide
additional bonding networks surrounding the clay parti-
cles, it significantly reduces recoverable strain values (er).
Therefore, the MR values of the 8GP-HS-14d were mark-
edly higher than those of untreated soil. However, a
partially-formed GP network fails to exhibit the same

hardening behavior as 6% lime-treated soil. Unlike 8%
GP treatment, 30% GP treatment showed greater MR

values at higher confining pressure and deviatoric stress
than 6% lime treatment (Figures 10g and 10h). Fully-
developed and uniformly-coated GP gels around the clay
particles probably strengthen the bonds and could have
contributed to an increase in stiffness. In summary, 30%
GP treatment significantly improved MR values and
showed a more pronounced hardening effect than tradi-
tional Ca-based treatment.

Microstructural Characterization

Microstructural characterization studies using FESEM
were performed on HS soil to understand the morpholo-
gical changes caused by the formation of new reaction
products. Figure 11 shows FESEM images of untreated,
6L-HS-14d, and 30GP-HS-14d specimens. The untreated
soil is shown in Figure 11a; it primarily indicates open
pore structures with flaky particles typical of clayey
soil. The 6L-HS-14d specimen subjected to moisture con-
ditioning is shown in Figure 11b. The characteristic
needle-shaped ettringite crystals could be observed in the
specimen. The nucleation and growth of these ettringite
crystals after moisture intrusion could be considered a
primary factor for the relatively poor performance of
6% lime-treated specimens. The 30GP-HS specimens in
Figure 11c show remarkably different morphology after
14 days of curing. The clay particles are observed to be
coated with uniform layers of GP matrix. These uniform
coatings might have been responsible for providing phys-
ical bonding to hold the loose clay particles and impart
significant improvement in engineering properties. Also,
the absence of ettringite crystals in GP-treated soils
might have resulted in minimal deterioration of engineer-
ing properties after moisture conditioning. It should be
noted that the differences in color and brightness in the
images generated from secondary electron beams are pri-
marily caused by the rough texture of the surface instead
of any chemical or mineralogical differences (48). To fur-
ther verify the mineralogical changes, additional studies
using XRD were performed as discussed below.

The X-ray diffractograms of untreated, lime-treated,
and GP-treated specimens after curing the specimens for
14 days and subjecting them to moisture conditioning are
shown in Figure 12. The untreated natural soil is primar-
ily showing diffraction peaks of calcites (29.4�, 36.1�,
43.2�, 47.6�, 48.6�, 57.5�), quartz (20.9�, 26.6�, 39.5�,
42.5�, 50.2�), illite (19.9�, 24.9�, 35.0�), muscovites
(17.9�), and some montmorillonite (19.9�, 23.1�). No
characteristic peaks of mineral gypsum were observed in
the natural soil (sulfate content=336ppm). The artifi-
cially synthesized HS soil treated with 6% lime is shown
in Figure 12b. The addition of gypsum and lime resulted
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in the development of new peaks, as observed in the dif-
fractogram. The characteristic gypsum peak (11.7�)
could still be observed after 14 days of curing. In addi-
tion to the gypsum peak, peaks at 15.8� and 18.6� con-
firmed ettringite formation in HS soil as observed in the
FESEM image (Figure 11b). The soluble sulfate from

gypsum, Ca+2 from lime, and soil aluminates under high
pH react in the presence of moisture to form this deleter-
ious mineral which imparts significant strength loss and
volumetric swell in 6% lime-treated HS soils even after
longer curing periods (Figures 6b and 7b). It should be
noted that, even though cementitious compounds (e.g.,

Figure 10. Resilient modulus (MR) variations with deviatoric stress and confining pressure for: (a, b) untreated soil, (c, d) 6L-HS-14d, (e,
f) 8GP-HS-14d, and (g, h) 30GP-HS-14d.
Note: L = lime; HS = high-sulfate soil; GP = geopolymer.
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C-S-H) might have formed in the specimen, because of
its amorphous nature, no distinguishable peaks were
identified. The GP-treated soil (Figure 12c) shows the
presence of a new gypsum peak at 11.7� from artificially
treating the natural soil with CaSO4�2H2O. However, in

the absence of a Ca-based source, no ettringite peaks
were formed in 30GP-HS-14d, indicating the efficacy of
this novel stabilizer in suppressing the formation of
ettringite, imparting significant improvements in other
engineering properties (Figures 5, 8, 9, and 10).

Summary and Conclusion

This study conducted tests to understand the efficacy of
using a novel metakaolin-based GP to treat sulfate-rich
expansive soils for supporting pavement infrastructure.
Low-sulfate and high-sulfate soils were prepared and
treated with lime and different dosages of GP to study,
understand, and compare their effects on the strength,
durability, swelling–shrinkage strains, resilient moduli
over different curing periods. Furthermore, microstruc-
tural studies using FESEM and XRD were performed to
detect the formation of new reaction products and how
they affect the properties of treated soils. Some of the
salient findings from this study are presented below:

� The 30% GP treatment significantly improved
unsoaked and soaked UCSs of LS and HS soils
cured for different periods, compared with 6%
lime treatment and 8% GP treatment. The
uniformly-formed GP networks enhanced the
bonds between GP gels and clay particles.

� The strength retention factors of 30% GP treat-
ment were significantly higher than 6% lime treat-
ment and 8% GP treatment for both soil groups.
The higher strength retention factors after moist-
ure intrusion for 30% GP treatment of HS soils
compared with 6% lime treatment indicated the
potential benefits of this eco-friendly stabilizer.
The absence of ettringite crystals and strong GP
networks from geopolymerization possibly con-
tributed to the strength retention.

Figure 11. Field Emission Scanning Electron Microscopy (FESEM) images: (a) untreated soil, (b) 6L-HS-14d, and (c) 30GP-HS-14d.
Note: L = lime; HS = high-sulfate soil; GP = geopolymer.

Figure 12. X-Ray Diffraction (XRD) patterns: (a) untreated soil,
(b) 6L-HS-14d, and (c) 30GP-HS-14d.
Note: L = lime; HS = high-sulfate soil; GP = geopolymer.
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� The 30% GP treatment on LS and HS soils was
effective in swell-shrinkage potential during all
curing periods. However, for HS soils, the higher
dosage of GP was more effective than 6% lime
and lower GP dosage. For the shrinkage reduc-
tion, 30% GP treatment was more effective than
6% lime and 8% GP treatments.

� MR values from RLTT indicated that 30% GP
significantly improved the stiffness of the treated
HS soils for various curing periods. Furthermore,
GP dosage developed soil hardening behavior and
improved shear resistance as compared with tradi-
tional lime treatment, indicating its efficacy for
use as a subgrade stabilizer.

� Microstructural characterization using FESEM
images detected the presence of needle-shaped
ettringite crystals in the lime-treated HS soil. The
presence of ettringite was also confirmed using
characteristic peaks identified from XRD studies.
The GP-treated soil showed uniform coatings of
the GP network in the FESEM image. XRD dif-
fractogram of the soil showed the absence of
ettringite peaks indicating the potential efficacy of
GP to suppress the ettringite formation and subse-
quently enhance engineering properties of high-
sulfate expansive soils.

Future studies, including pavement test sections on
GP-treated expansive soils, are required to close the
knowledge gap between laboratory data and field imple-
mentations. Also, further studies on the strengthening
mechanisms of the GP-clay system are needed to assess
the long-term performance of GP-stabilized subgrade
soils in ambient conditions. These would lead to a novel
and sustainable binder for sulfate soil treatments.
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