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Abstract: The treatment of sulfate-bearing soil with calcium-based stabilizers such as cement or lime
often results in ettringite formation, consequently leading to swelling and strength deterioration.
Ettringite formation has negative environmental and economic effects on various civil engineering
structures. This study was conducted to investigate the use of different materials (nano-magnesium
oxide (M), ground granulated blast-furnace slag (GGBS), and rice husk ash (RHA)) for gypseous soil
stabilization to prevent ettringite formation. Various tests were performed, including flexural strength,
unconfined compression strength, linear expansion, and microstructure analysis (SEM/EDX), on lime
(L)-, M)-, (M-RHA)-, (M-GGBS)-, and (M-GGBS-RHA)-stabilized gypseous soil samples to determine
their properties. The results indicated that the swelling rates of the soil samples mixed with 20%
M-RHA, M-GGBS, and M-GGBS-RHA binders were much lower (less than 0.01% of volume change)
than those of the soil samples mixed with 10% and 20% lime-stabilized binders after a curing period
of 90 days. Meanwhile, the strengths of the soil samples mixed with 20% of M-RHA, M-GGBS, and
M-GGBS-RHA soil specimens after soaking of 90 days were obviously higher (with a range from
2.7-12.8 MPa) than those of the soil samples mixed with 20% of lime-stabilized binder. The SEM and
EDX results showed no ettringite formation in the M-RHA-, M-GGBS-, and M-GGBS-RHA-stabilized
soils. Overall, the test results proved the potential of M-RHA, M-GGBS, and M-GGBS-RHA as
effective soil stabilizers.

Keywords: sulfate-bearing soil; ettringite; soil stabilization; gypseous soil; calcium-based stabilizer;
non-calcium-based stabilizer

1. Introduction

Gypseous soils are soils containing significant amounts of calcium sulfates (CaSO4 x 2H,0).
Such soils are widely distributed in many countries, such as the US, UK, India, Africa,
and Australia [1,2]. Gypseous soils are common in highway pavement construction,
but they often pose many problems, such as cracking, collapsing, and pavement layer
settlement, thereby making pavement and highway construction on such soil a challenge
to geotechnical engineers [1,3,4]. One of the proven economical ways to improve the
engineering properties of soil samples is via chemical soil stabilization [5-7]. The most
common soil stabilization method is the addition of cement or lime to increase the soil’s
durability and strength [1,3-5,8-11]. However, adverse effects of ground heave have been
reported when using cement and lime to stabilize sulfate-rich soil. Sulfate-induced heave
is well known to have serious negative impacts on the general performance of runways,
highways, and other structures that are constructed on lime- or cement-stabilized sulfate-
rich soil layers [1,4,11]. The application of lime or cement on sulfate-rich soils frequently
elicits a series of reactions that result in the formation of ettringite [CagAl(SO4)3(OH)12
x 26H,0], which is an expansive sulfate-mineral-based compound [2,4,12]. Ettringite
contains 26 water molecules and can resist expansive increases in volume when exposed to
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Cag[Al(OH)],x  (SO4);26H,0 + 2HpSiO; ™ +2C05~ + O,
— Cag[Si(OH)4], X (SO4)p5 % (CO3), x 24H,0 + 2A1(OH), +SO3~ +40H ™ + 2HO;,

hydration, thereby leading to a significant heave effect, swelling, and decline in compressive
strength [13]. Many types of equipment and tests have been utilized to determine the
negative impact of sulfate on soil stabilization. The most common equipment and tests
are unconfined compressive strength tests used to reveal the influence of ettringite on the
strength of soil samples containing sulfate, and linear expansion to observe the magnitude
of swelling induced by ettringite formation. Adeleke et al. [4] demonstrated understanding
of the mechanisms of sulfate-bearing soil when stabilized with a calcium-based stabilizer.
Unconfined compressive strength and linear expansion tests were conducted on gypseous
soil containing a high level of calcium sulfate (10%, 15%, and 20%) treated with 7%, 8%,
9%, and 10% calcium-based stabilizer (cement). The outcomes illustrated that the strength
reduced by a factor range of 6-47% at 28 days of curing, while the swelling magnitude
depended mainly on the sulfate concentration, with the highest rate of swelling observed
in the presence of sulfate at 10%.

Treatment of sulfate-containing soils (SO4) with calcium-based stabilizers encour-
ages a reaction between the calcium content of the stabilizer (lime or cement) and the
sulfate/aluminum content of the soil. With the presence of water, this generates large
quantities of ettringite (a crystalline mineral), causing further changes in volume and
damage to the structures built on such soil (see Equation (1)) [2,14,15].

6Ca?" +120H" + 2AP" + 3502~ + 26H,0 — CagAly(SO4);(OH);, x 26H,0 (1)

Ettringite can transform into another expanding mineral: thaumasite[CagSip(CO3)2(SO4)2(OH)12
x 24H,0]. The transformation occurs due to the replacement of aluminum and sulfate with
silica and carbonate at temperatures < 15 °C (see Equation (2)) [2,12].

@

Chemical modification remains the most effective method of soil stabilization. Among
the available chemical admixtures, the most extensively used for soil stabilization is
lime [16]. Aldawood et al. [1] performed unconfined compressive strength, X-ray diffrac-
tion, and scanning electron microscopy tests on gypseous soil (with different gypsum
amounts: 5%, 15%, and 25%) to investigate the influence of lime applied at different
dosages (0%, 3%, 5%, and 10%) to stabilize sulfate-bearing soil. The results noted that the
mechanical properties of soil specimens were not only affected by the curing time, but
also depended on the lime dosage. The optimum reduction in strength was detected to be
5%, and the results of micro tests confirmed the ettringite formation and the pozzolanic
products. Researchers and engineers are now progressively exploring novel materials that
can serve as soil stabilizers to overcome the lime-induced heave problems often encoun-
tered in sulfate-bearing soils during the construction of civil structures. Novel methods
should be able to repress heave and ettringite formation in sulfate-rich soils. Materials
that exhibit pozzolanic properties, such as rice husk ash (RHA) and ground granulated
blast-furnace slag (GGBS), are believed to be suitable sulfate soil stabilizers because such
materials generally consume lime [17], thereby reducing its availability for the formation
of expansive products while improving the strength of the soil [18].

Annually, millions of tons of industrial and agricultural waste are produced globally,
creating serious problems such as environmental pollution and the deterioration of the
health of many inhabitants of the world [10,19]. Due to this fact, studies are needed
to find alternative uses for waste materials for economic purposes. Concurrently, the
sources of cement, lime, and other raw materials, especially near large urban centers, are
depleting and thus becoming more expensive, in addition to existing transportation costs
and environmental restrictions [10]. Considering these facts, waste materials such as RHA
and GGBS can be used as alternative raw materials in the production of building materials
to reduce the cost of building projects while protecting the environment [9,10,17,19-21].
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The processes involved in the production of lime and Portland cement (PC) contribute
significantly to environmental pollution; for instance, the production of one ton of (PC)
leads to the emission of almost 0.95 tons of CO; and requires almost 5000 MJ of energy to
complete [9,22-24]; for lime production, these values are ~0.79 tons of CO, and ~3200 MJ
of energy [9]. This calls for the use of waste materials as a complete or partial replacement
of conventional binders, as proposed by various researchers [6,10,12,20,25-29]. GGBS is
a waste product from the iron industry and has been considered a suitable material for
soil stabilization [19]. In terms of CO, emission and energy consumption, only 1300 MJ
of energy is required to produce one ton of GGBS, and the process emits only 0.07 tons of
CO; [2,26]. GGBS can be activated via lime for soil stabilization, as it is a latent hydraulic
material [16,30]. This process involves three basic reactions: the lime—soil reaction, lime—
GGBS reaction, and GGBS-soil reaction [30]. Calcium silicate hydrates (CSH), calcium
aluminosilicate hydrates (CASH), and calcium aluminate hydrates (CAH) are the major
hydration products of lime-GGBS-stabilized soil [6,24,26].

GGBS can serve as a partial or complete replacement for cement or lime to prevent or
reduce ettringite formation in stabilized sulfate soils. The alumina and silica contents of
GGBS can quickly react with the calcium content in soil to form a cementitious gel, thereby
reducing or preventing ettringite formation [6,15]. GGBS can also reduce water availability
and permeability through the formation of a denser cementitious matrix, which improves
resistance to both external and internal sulfate attacks [17,21,31,32].

One agricultural waste material is the husk separated from rice. Due to its limited
applications, this material is usually burnt and destroyed. The product remaining after the
burning phase, called RHA, has unique characteristics, such as a high silica content [10,33].
Bazyar [10] indicated that RHA has positive impacts on the improvement of gypsum clays’
mechanical properties with lime. The author also recommended 6-8% lime and 8-10%
RHA as the optimum amounts for stabilization of gypseous soil. RHA has an adequate
amount of silica with a high specific surface area, which is very suitable for activating the
soil and lime reaction.

Reactive magnesia (M) is a more effective substance in GGBS activation compared
to lime, as it facilitates a higher rate of strength development [2,6,20,25,26,28]. Reactive
M is commonly obtained from the calcination of magnesite in the temperature range of
700-800 °C (below the temperature for dead-burned M (>1400 °C)). About 2400 M]J of
energy is required to produce one ton of reactive M, and the process emits about 1.4 tons of
CO; [23,24,27]. Reactive M is used at low concentrations during GGBS activation; hence,
the overall CO, emission during the reaction of M with GGBS is considered relatively
lower than that of PC. For instance, the production of one ton of M-GGBS with M at the
optimum M:GGBS ratio of 1:9-1:4 only emits about 0.20-0.34 tons of CO, [9,26]. The study
by Li et al. [2] also showed that M-GGBS binder protected gypseous soil samples from
swelling and contributed to better strength after soaking compared to PC.

This work aimed to establish a new method to stabilize soils subjected to internal sul-
fate attacks by gypsum (CaSQO4) using a combination of nano-magnesium oxide (M), RHA,
and GGBS. For this purpose, unconfined compressive strength (UCS), linear expansion
(LP), and flexural strength (FS) tests were performed before and after exposure to water. In
this study, two steps were taken to achieve the objectives:

Step 1: Running compaction characteristics for each mixture.

Step 2: Performing UCS before and after sulfate exposure, LP, and FS tests.

The curing times applied were 7, 28, and 90 days. In addition to the UCS, LP, and FS
tests, SEM and EDS were performed to study the stabilized soil samples to determine their
mineralogical and microstructural performance.

2. Materials and Methods
2.1. Materials

The materials utilized for this research were kaolin clay (K), hydrated lime (L), calcium
sulfate (gypsum) (G), M), (RHA), and (GGBS). Kaolin clay was supplied by KAOLIN
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(Malaysia) SDN BHD under the brand name MK40 as a white, finely ground, odorless
powder. Kaolin clay was used due to the following considerations: (1) it is one of the
major compositions of natural clay minerals; (2) it has a uniform composition, minimal
organic content, and consistent and uniform mineralogy; (3) it has a low cation exchange
capacity [4,20]; (4) it has a higher alumina content than most other costly minerals and can
thus release more alumina in high pH environments, thereby participating in ettringite
mineral formation and increasing susceptibility of sulfate attack [12]. For these reasons,
kaolin clay is a suitable control soil in the soil stabilization process. Table 1 summarizes the
major properties of kaolin clay. A hydrometer test of clay was conducted according to BS
EN ISO 17892—4:2016 [34] with the grading curve shown in Figure 1.

Table 1. Characteristics of the kaolin clay used in this study.

Properties Value
Liquid limit (%) 57.78
Plastic limit (%) 38.13
Shrinking limit (%) 44
Plasticity index 19.65
Sand (%) -
Silt (%) 88.35
Clay (%) 11.65
Electric conductivity (uS/cm) 320
pH 5
Specific gravity (Gs) 2.46
Water content (%) 1.01
Optimum moisture content (%) 29
Maximum dry density (Mg/ m3) 1.326
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Figure 1. Particle size distribution (PSD) of the kaolin clay used in this study.

L, G, and RHA were collected from Sungai Jawi, 14200 Penang, Malaysia. However, G
(CaSOy4 x 2H,0) was selected in this research due to its much lower solubility compared
to other sulfate types (potassium sulfate, magnesium sulfate, and sodium sulfate), as
presented in Table 2. Moreover, it is one of the sulfates that contain calcium, and it is logical
that it would form ettringite if a non-calcium-based stabilizer had been used, as presented
in Table 2.



Appl. Sci. 2021, 11, 6618

50f 26

Table 2. Most common types of sulfate found in soil.

Sulfate Type Common Name Chemical Formula Solubility
Calcium Selenite, gypsum CaSO4 x 2H,0 1.44
Potassium Arcanite K5SOy4 130
Magnesium Epsomite MgSO4 x 7H,0 225
Sodium Themadite, mirabilite Na,SO,4 x 10H,O >225

RHA is a byproduct of the rice milling industry that is produced from the burning
of rice husk. The processing of 1000 kg of rice grain is estimated to generate about 200 kg
of RHA, which, when burnt, should produce about 40 kg of RHA [35]. Currently, RHA
is commercially used in the extraction of silica and as a pozzolanic material [36]. The
phase of the silica content of RHA (amorphous or crystalline) is a function of the duration
and temperature of the burning process. Fine particle-sized amorphous silica is more
reactive, and many researchers [36,37] have shown that burning RHA at a temperature
range of 500-650 °C results mostly in the crystalline form of silica, as it can be effectively
transformed from its active state into a crystalline form. In this research, RHA was prepared
by burning RHA at a temperature range of 350 to 550 °C for three hours to retain the
amorphous silica content.

GGBS is a byproduct of the pig-iron manufacturing process and is formed through the
rapid cooling of molten iron slag to retain its amorphous structure, followed by grinding
to increase its specific surface area. The GGBS used in this study was collected from
MDC Sungai Pentani Company, Malaysia. It was chosen to reduce the rate of ettringite
formation through the provision of more Al and Si, which react with Ca?* to form complex
cementing gels [12,31,32]. The denser structure and lower calcium ion content of GGBS
should contribute to superior sulfate resistance [6,38].

In this research, M was chosen, as it is a green and low-carbon stabilizer for clay soil.
It was collected from Hang Zhou Jiu Peng New Material Co., Ltd., China as a white, fine,
crystalline powder. The production of reactive M requires low temperatures, consumes less
fuel, and emits less CO; than that of Portland cement (PC) [2]. Nanostructured binders have
been receiving more attention recently because the main hydrate CSH gel of cement is also a
natural nanostructured material [5,22]. Furthermore, it reduces sulfate-induced expansion
and has a lower crystallinity and higher reactivity [2,15], thus reacting significantly more
quickly with water [25,39].

An X-ray fluorescence test (XRF) was carried out to determine the chemical properties
of all materials (K, L, M, GGBS, RHA, and G), which are summarized in Table 3.

Table 3. Chemical compositions of kaolin clay, L, M, G, GGBS, and RHA.

Characteristic (%)

Oxides
Kaolin Clay L M G GGBS RHA
CaO - - - - 37 0.41
CaOH, - 92 - - - -
5i0, 58 2.5 - - 32.7 93.1
AlL,O3 38 0.9 - - 153 0.21
Ca2504 - 0.1 - 99 - -
SO3 - - 0.03 - 47 -
MgO - 3.5 99.5 - 8.1 1.59
Cl - - 0.01 0.005 - -
Fe - 0.06 0.01 0.005 - 0.21
H,O - 0.7 0.2 - - -
Loss on ignition 11-14 0.24 0.25 0.99 2.2 4.48
pH 5 11.85 10.83 7.5 10.23 8.97

Specific gravity 2.46 2.23 3.58 2.34 2.96 2.11
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2.2. Sample Preparation

Sulfate-bearing soil or gypseous soil was prepared artificially by mixing kaolin clay
with 10% gypsum (by dry weight of soil). The concentration of sulfate was determined
as the worst case according to AASHTO [40-42]. The risk of different sulfate levels is
summarized in Table 4.

Table 4. Severity of sulfate levels.

Sulfate Concentration

Risk Level
Parts per Million Percentage of Dry Weight
Low risk >3000 ppm >3%
Moderate risk 3000-5000 ppm 3-5%
Moderate to high risk 5000-8000 ppm 5-8%
High to unacceptable risk >8000 ppm >8%
Unacceptable risk >10,000 ppm >10%

Cylinder samples were 50 mm in diameter and 100 mm in height and were prepared as
reported by [2,4,8] for tests of linear expansion (LP), flexural strength (FS), and unconfined
compressive strength (UCS). Each mixture system was compacted with an optimum mois-
ture content (OMC) and maximum dry density (MMD) following the BSEN 13286-2:2010
standard [43]. After compaction of samples, each sample was covered using cling film to
reduce moisture loss.

The total binder contents were fixed at 10% and 20% based on the weight of the soil
(see Table 5) for each system (unary, binary, and ternary). This was achieved using activator
(L) calcium-based stabilizer and (M) non-calcium-based stabilizer at dosages of 10% and
20%, with (G) calcium sulfate dosed at 10% (as a worst case) into kaolin clay. The ratios
of M stabilized with (RHA and GGBS) (Figure S1 in supplementary materials shows a
comparison of particle size distribution between RHA and GGBS) were set as 1:3, 1:1, and
3:1in a binary system, and 1:05:05, 1:1:2, 1:2:1, and 1:2.5:0.5 in a ternary system. Figure 2
summarizes the experimental process. In total, 462 cylinder samples were prepared: 207
for testing UCS, 138 for LP, and 117 for FS.

Ternary system
K-M-GGBS-RHA-G

* Con:lpresslve St“.!“gth + Scanning electron microscopy
* Linear expansion I — . o
=« Flexural strength il

K-M; kaolin + nano—magnesium oxide.

K-L-G; kaolin + lime + gypsum.

K-G-M; kaolin + nano—magnesium oxide + gypsum.

K-M-RHA; kaolin + nano—magnesium oxide + rice husk ash+ gypsum.
K-M-GGBS; kaolin + nano—magnesium oxide + ground granulated blast-furnace
slag+ gypsum.

K-M-GGBS-RHA; kaolin + nano—magnesium oxide + ground granulated blast-
furnace slag + rice husk ash+ gypsum.

Figure 2. Schematic representation of the experimental procedure.
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Table 5. Mixture designs of stabilizer agents.
Mix Code Binder Composition Binder Ratio (%) Dosage (%)
Unary
K K - -
K-M M 100 10, 20
K-L-G L 100 10,20
K-M-G M 100 10, 20
Binary
K-M-RHA-G M:RHA 3:1,1:1,1:3 10, 20
K-M-GGBS-G M:GGBS 3:1,1:1,1:3 10, 20
Ternary
K-M-GGBS-RHA-G M:GGBS:RHA 1:0.5:0.5, 1:1:2, 1:2:1, 1:2.5:0.5 10, 20

(K) Kaolin, (G) gypsum, (L) hydrated lime, (M) nano—-magnesium oxide, (RHA) Rice husk ash, and (GGBS)
ground granulated blast-furnace slag.

2.3. Experiments
2.3.1. Linear Expansion Test (Swelling) (LP) Test

Two cylindrical samples were prepared for each mix proportion, and were cured for
7,28, and 90 days to determine their vertical swelling ratio (%). Swelling readings were
recorded every 24 h until no significant swelling ratio was observed after partial soaking in
water. The LP test was conducted following the BS EN 13286-49:2004 standard [44].

2.3.2. Unconfined Compressive Strength (UCS) Test

The UCS test was conducted according to BS EN ISO 17892-7:2018 [45] for each mix
proportion; three cylindrical samples were tested for compressive strength before and
after soaking. “Before soaking” implies that the samples had been cured for 7, 28, and
90 days without having been immersed in water, while “after soaking” implies after the
linear expansion test, which was 52 days after the preparation of the samples for all soil
stabilization systems. A constant rate of compression strain of 1 mm/min was applied
until sample failure occurred.

2.3.3. Flexural Strength (FS) Test

For this test, specimens similar to those described for the UCS and LP tests were used.
A three-point bending test was performed to determine the flexural strength for kaolin clay
and the optimum mixing of sulfate-bearing soil mixed with the calcium-based stabilizer
(lime) and non-calcium-based stabilizer. For each test, three samples were prepared using
a compaction mold at the maximum dry density (MMD) and optimum moisture content
(OMC) and cured for 7 and 28 days. The flexural strength test was performed according to
ASTM D1635 at a constant strain rate of 0.1 mm/min. The flexural stress for the circular
specimens of the outer layer of each specimen was calculated as follows:

FS= —

S p— 3)
where FS = flexural strength, P = maximum applied load, r = radius of the sample, and
L = support span.

2.3.4. Microstructure Analysis (SEM/EDX)

Scanning electron microscopy (SEM) was performed to inspect the surface morphology
of the specimens, which was followed by energy dispersive spectroscopy (EDS) to reveal
the presence and composition of various elements within. Small portions of soil specimens
were collected from carefully hand-broken samples after UCS and then dried in the oven at
105 °C for 24 h prior to testing.
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3. Results and Discussion
3.1. Unconfined Compressive Strength (UCS) Test
3.1.1. Effects of M-RHA on UCS

Figures 3 and 4 depict the effects of L and M additions on the UCS values after 7,
28, and 90 days of curing for the gypseous soil samples. The UCS values for M-treated
samples increased from 885.33 to 1108.67 kPa when the M content was increased from
10% to 20% without the presence of sulfate at 90 days of curing. Samples treated with L
and M (10% and 20%) showed a decrease in UCS values in the presence of sulfate (see
Figures 3 and 4). Furthermore, after soaking, the UCS values deteriorated from 885.33 to
635 kPa for M10%, (reducing by 28.27%) and 1108.67 to 1035.33 kPa with 20% M content in
the presence of sulfate (reducing by 6.62%). However, this deterioration, as compared to
that of the lime stabilizer, was much less. The observed deterioration in the UCS results
can be attributed to ettringite production, the growth of which between the particles of the
sample soil would lead to the destruction of the soil structure. In addition, the residual
sulfate chelates formed calcium in CSH through a decalcification process, which accounted
for the lower strengths of the soaked and unsoaked samples. However, the higher strength
of the M-treated samples might have been due to the hydration process and formation
of pozzolanic products that might have improved the strength of the bonds between the
soil particles.
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Figure 3. UCS of soils stabilized with 10% of L, M, and M-RHA before and after soaking in the presence of sulfate: (a) after
7 days of curing, (b) after 28 days of curing, (c) after 90 days of curing.



Appl. Sci. 2021, 11, 6618

9 of 26

ucCs (kPa)

3000

3000

25004

[ IBefore sozking|  (JCS of 7 days [Beforesoakingl  UCS of 28 days
[ Aster soaking [ After soaking

---------- L 1500

ucCs (kPa)

----- L 1000

3000

[ ]Before soaking] ~ UCS of 90 days
[ Atter soaking
2500

2000

1500 4

UCS (kPa)

1000 ~

Figure 4. UCS of soils stabilized with 10% of L, M, and M-GGBS before and after soaking in the presence of sulfate: (a) after
7 days of curing, (b) after 28 days of curing, (c) after 90 days of curing.

Figures 3 and 4 show the effects of the RHA content on enhancing the USC values
for the M-treated samples (soaked and unsoaked) after 7, 28, and 90 days of curing in the
presence of sulfate. For example, Figure 4b indicates that the UCS values of the samples
treated with 7.5M-12.5RHA increased from 2510 kPa to 2753 kPa when immersed in water
after 28 days of curing, where UCS increased by 9.68%. This impact was also observed for
5M-15RHA (increased from 1830 to 2148 kPa), which was improved by 17.37%, and 5M-
S5RHA (increased from 884 to 929 kPa), which was enhanced by 5.09%. These improvements
could be due to pozzolanic product (CSH) formation, which would have improved the
USC value for the samples with higher M-RHA content.

3.1.2. Effects of M-GGBS on UCS

For the M-GGBS stabilizer, all specimens showed enhancement of their UCS values.
Figures 5 and 6 presented the maximum UCS of the M-GGBS-stabilized soils at the M:GGBS
ratio of 1:3 when a 20% binder was used to stabilize the sulfate-bearing soil: 3327.33, 7125,
and 12,115 kPa at 7, 28 and 90 days of curing, respectively. This improvement may have
been because of the high content of highly reactive M, and because an excessive residual
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can negatively impact the strength of stabilized soils. Nevertheless, the UCS values of
the stabilized samples before and after soaking indicated enhancement in the mechanical
performance of the samples after wetting, except ratios of 3:1 and 1:1 when used to treat
gypseous soil samples with 10% M-GGBS-stabilizer (see Figure 5); for example, the samples
treated with 5SM-5GGBS deteriorated by 13.02%, 33.11% and 29.76% at 7, 28 and 90 days
of curing, respectively. The UCS of the treated soil sample with 2.5M:17.5GGBS was
11,275 kPa after soaking, which was significantly higher than that before soaking (914.23%)
after 7 days of curing. After soaking, the 5SM-15GGBS ratio of 1:3 exhibited an optimum
UCS value of 12,831 kPa, which was increased by 5.91% after 90 days of curing. However,
the UCS values showed a decline at higher M-GGBS ratios. These findings agree with
the report by Li et al. [2], where highly reactive M was found to have better activation
efficiency with GGBS compared to low-reactive M; therefore, lower M-GGBS ratios are
recommended to achieve higher UCS values.
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Figure 5. UCS of soils stabilized with 20% of L, M, and M-RHA before and after soaking in the presence of sulfate: (a) after
7 days of curing, (b) after 28 days of curing, (c) after 90 days of curing.
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Figure 6. UCS of soils stabilized with 20% of L, M, and M-GGBS before and after soaking in the presence of sulfate: (a) after
7 days of curing, (b) after 28 days of curing, (c) after 90 days of curing.

3.1.3. Effects of M-GGBS-RHA on UCS

As shown in Figures 7 and 8, all ternary binder compositions improved the UCS
values in the stabilized gypseous soil. The highest values of UCS obtained by the M-GGBS-
RHA stabilizer ratio of 1:2.5:0.5 were 2050, 5232, and 9142 kPa after 7, 28, and 90 days of
curing, respectively. However, the lowest enhancements after 7, 28, and 90 days of curing
were 563.67, 758.67, and 975 kPa, respectively, when a stabilizer—binder ratio of 1:0.5:0.5

was used.



Appl. Sci. 2021, 11, 6618

12 of 26

1800

1600 -

1400 4

1200 4

UCS (kPa)
N B o © D
S S8 8 8 8
8 8 8 8 8

o

[]Before soaking|

UCS of 7 days
[ Atter soaking

[]Before soaking
[ Atter soaking

UCS of 28 days

1000 4

ucs (kPa)
2
T

600 4
400 4

2004

+1000

o
S
S

1800

- 1600
- 1400
+1200

uUCS (kPa)

o M & o
S S o
S © o

Figure 7. UCS of soils stabilized with 10% of L, M, and M-GGBS-RHA before and after soaking in the presence of sulfate:
(a) after 7 days of curing, (b) after 28 days of curing, (c) after 90 days of curing.

After soaking, the M-GGBS-RHA ratio of 1:2.5:0.5 produced the highest UCS of
9721 kPa among all the M-GGBS-RHA-stabilized soils, an increase of 6.33%; the UCS
decreased with the reduction in the GGBS ratio. This enhancement in the UCS values might
have been due to the hydration process following the prolonging of the curing time from
7 days to 90 days; this should ensure proper hydration, improved strength, and resistance
against sulfate attacks [8]. Furthermore, the production of more cementitious gels, such as
CSH, CAH, and CSAH, contributed to consumption of the available calcium, leading to
the inhibition of ettringite formation [4].
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Figure 8. UCS of soils stabilized with 20% of L, M and M-GGBS-RHA before and after soaking in the presence of sulfate:
(a) after 7 days of curing, (b) after 28 days of curing, (c) after 90 days of curing.

3.2. Linear Expansion Test (Swelling) (LP) Test

Figures 9-14 illustrate the typical swelling plots for K-M clay and K-L-G and K-M-G
clay systems dosed with 10% wt of gypsum and stabilizer with 10% and 20% wt of L
and M for observatory periods of 7, 28, and 90 days, respectively. Swelling was observed
immediately after soaking the cylinder samples in water, which was sustained through-
out monitoring until the cessation of swelling. A higher rate of swelling was observed
compared to the reported expansion in lime-stabilized sulfate-bearing soils [4,10,15].
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Figure 9. Vertical swelling strain of soils stabilized with 10% of L, M, M-RHA, and M-GGBS after 7 days of curing: (a) results
presented as a line curve, (b) results presented as columns.
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Figure 10. Vertical swelling strain of soils stabilized with 10% of L, M, M-RHA, and M-GGBS after 28 days of curing:
(a) results presented as a line curve, (b) results presented as columns.
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Figure 11. Vertical swelling strain of soils stabilized with 10% of L, M, M-RHA, and M-GGBS after 90 days of curing:
(a) results presented as a line curve, (b) results presented as columns.
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Figure 12. Vertical swelling strain of soils stabilized with 20% of L, M, M-RHA, and M-GGBS after 7 days of curing:
(a) results presented as a line curve, (b) results presented as columns.
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Figure 13. Vertical swelling strain of soils stabilized with 20% of L, M, M-RHA, and M-GGBS after 28 days of curing:
(a) results presented as a line curve, (b) results presented as columns.
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Figure 14. Vertical swelling strain of soils stabilized with 20% of L, M, M-RHA, and M-GGBS after 90 days of curing:
(a) results presented as a line curve, (b) results presented as columns.

Figures 9 and 12 show the highest degree of swelling obtained with a calcium-based

stabilizer (10% wt): which was 25.226% with 10% lime after 7 days curing; meanwhile,
the lowest swelling was observed with 20% lime: 18.313% after seven days of curing.
Nevertheless, the comparison of the swelling values of the treated soils between the
calcium-based stabilizer and non-calcium-based stabilizer clearly showed that the non-
calcium-based stabilizer (M) had a significant effect on restricting the swelling values. For
example, when 10% and 20% M were used, the swelling values were 0.18% and 0.466%;
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Linear Expansion (%)

hence, the swelling was restricted to 99.28% and 97.45%. This result was due to the
absence of calcium in non-calcium-based stabilizer (M), which led to the suppression of
ettringite formation.

3.2.1. Effects of M-RHA on Swelling

Utilizing the M-RHA stabilizer resulted in a restriction in the volume change (swelling)
for all gypseous soil specimens, as presented in Figures 9-14. The lowest minimum values
of swelling, achieved with a 5M-5RHA ratio of 1:1, were 0.047%, 0.04%, and 0.01% after 7,
28, and 90 days of curing, respectively, with the swelling inhibited 99.81%, 99.78%, and
99.67%, respectively. Furthermore, the 20% M-RHA-stabilizer led to a low volumetric
change after 90 days of curing at 0.011%, 0.026%, and 0.026%, with the swelling suppressed
t0 99.5%, 98.82%, and 98.82%, respectively. This reduction in swelling can be attributed to
the restriction of ettringite formation and the production of more CSH compounds in the
absence of calcium.

3.2.2. Effects of M-GGBS on Swelling

Figures 9-14 present the vertical volume change (swelling) of gypseous soil treated
with the M-GGBS stabilizer. The maximum vertical volume change was 7.293%, obtained
after applying a 7.5M-2.5GGBS ratio of 3:1 over 7 days of curing. However, all other
specimens exhibited low swelling. For example, the swelling of soil samples stabilized
with 5M-15GGBS and 2.5M-17.5GGBS was 0.001% and 0.005% after 90 days of curing,
with swelling magnitude almost wholly suppressed to 99.95% and 99.77%. The reduction
in the swelling values was because of the use of GGBS, which exhibited superior sulfate
resistance along with its denser structure and lower presence of calcium ions [6,38].

3.2.3. Effects of M-GGBS-RHA on Swelling

Figures 15-17 reveal that the use of the M-GGBS-RHA stabilizer (10 and 20 wt. %)
modified the behavior of the volumetric change and resulted in a significant decrease in
the swelling magnitude of the gypseous soil. After 28 days of observation, the swelling
magnitudes for 5M-2.5GGBS-2.5RHA, 5M-5GGBS-10RHA, 5M-10GGBS-5RHA, and 5M-
12.5GGBS-2.5RHA were 0.04%, 0.089%, 0.044%, and 0.001%, respectively, with swelling
values suppressed to 99.78%, 98.98%, 99.5%, and 99.98% respectively. Nevertheless, the
longer curing period (90 days) produced further declines in the swelling rate, thereby
achieving minimum swellings of 0.01%, 0.058%, 0.017%, and 0.001%, where the swelling
was roughly inhibited to 99.67%, 97.38%, 99.23%, and 99.95% respectively.
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Figure 15. Vertical swelling strain of soils stabilized with 10% and 20% of L, M, and M-GGBS-RHA after 7 days of curing:
(a) results presented as a line curve, (b) results presented as columns.
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Figure 16. Vertical swelling strain of soils stabilized with 10% and 20% of L, M, and M-GGBS-RHA after 28 days of curing:
(a) results presented as a line curve, (b) results presented as columns.
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Figure 17. Vertical swelling strain of soils stabilized with 10% and 20% of L, M, and M-GGBS-RHA after 90 days of curing:
(a) results presented as a line curve, (b) results presented as columns.

Results from the linear expansion test indicated that swelling behavior disappeared
in the high-sulfate soil, which was treated with the M-GGBS-RHA-stabilizer. The volume
changes of the treated soils were less than those of the lime-treated soils, indicating that
the swelling characteristics were enhanced in the treated high-sulfate soils.

These results indicate that the M-GGBS-RHA-stabilized soil resisted sulfate attacks
better than the lime-stabilized soil. Moreover, the results showed that the swelling of
the lime-stabilized soil was higher than that of the M-GGBS-RHA-stabilized soil with an
increase in the soaking time. The phenomenon can be explained by two factors: (1) a
larger amount of calcium in the lime-stabilized soil contributed to ettringite formation
in the presence of sulfate and (2) the consumption of calcium by sulfate, which led to
a reduction in the formation of cementitious material such as CSH, CAH, and CSAH.
Adeleke et al. [4] reported that there are various levels of risk in relation to swelling, as
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shown in Table 6. The risk level was “very strong” in comparison with the maximum
expansions of 25.226% and 18.313% obtained in the current study from the mixing of
K-10L-10G and K-20L-10G, respectively.

Table 6. Risk levels for swelling of clay soil.

Swelling (%) Risk
0 No swell
0-0.1 Negligible
0.1-0.5 Light
0.5-1.0 Medium
1.0-2.0 Strong
Over 2.0 Very strong

3.3. Flexural Strength Flexural (FS)

Flexural load curves for the kaolin clay and sulfate-bearing soil along with the calcium-
based stabilizer (L) and non-calcium-based stabilizer (M) with the inclusion of RHA, GGBS,
and GGBS-RHA ratios of 10% and 20% after curing for 7 and 28 days, are shown in
Figures 18 and 19. The kaolin clay curve exhibited a flexural strength of 121.44 kPa after
curing for 28 days. In contrast, the curves produced by the M stabilizer mixtures showed a
slight improvement with and without the presence of sulfate, which is a direct measure
of the flexural strength of the specimens. When compared to specimens treated with
the L stabilizer, the flexural strength was less with the presence of sulfate. Furthermore,
using 10% and 20% of the M-RHA, M-GGBS, and M-GGBS-RHA stabilizers resulted in a
significant increase in the peak flexural load. This effect was especially relevant regarding
the 20% M-GGBS content. The flexural strength of the M-GGBS mixture with 10% and
20% content reached 1270.37 and 1922.55 kPa after curing for 28 days, respectively, gaining
values 303.4% and 302.9% higher than those of the L stabilizer (314.89 and 477.11 kPa)
using 10% and 20% mixtures, respectively, after 28 days of curing.
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Figure 18. Flexural load curves of test gypseous soils treated with 10% mixture content after 7 and
28 days of curing.
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Figure 19. Flexural load curves of test gypseous soils treated with 20% mixture content after 7 and
28 days of curing.

3.4. SEM and EDX Analysis

The SEM images of the gypseous soil-lime mixture after 90 days of curing showed
that a significant amount of crystalline mineral needles (ettringite) had formed, as shown
in Figures 20a and 21a. This resulted in a decrease in strength, a high capacity for swelling,
and the destruction of the soil specimen’s structure. The improvement in the gypseous
soil samples was determined by measuring the Si/ Al ratio (%) utilizing EDX to explain
the strength development. Generally, an increase in the Si/ Al ratio refers to the forming
of a high number of Si-O-5i bonds. Consequently, the mechanical strength of the soil
sample structural matrix was enhanced [45]. The Si/Al ratio in the (10% and 20%) L-G
specimens obtained from the EDX pattern ranged from 1.06 to 1.12, which was low due to
the ettringite formation and high porosity in the microstructure of the samples. The EDX
pattern of the gypseous soil-lime mixture and its elemental composition is represented in
Figures 20b and 21b.
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Figure 20. SEM photo and EDX spectrograph of stabilized gypseous soils after 90 days of curing: (a) SEM photo of 10L:10G
and (b) EDX spectrograph of 10L:10G.
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Figure 21. SEM photo and EDX spectrograph of stabilized gypseous soils after 90 days of curing: (a) SEM photo of 20L:10G

and (b) EDX spectrograph of 20L:10G.

Figures 22a and 23a show SEM observation images of the sulfate soil-M-G mixture,
revealing spherical and irregular particles of magnesium silicate hydrate (MCH). The EDX
information showed a slight increase in the Si/Al ratio (1.1 and 1.14) for M-G-stabilizer
specimens with 10% and 20% when compared to the L-G specimens (1.06 and 1.12),
which was probably due to the absence of ettringite and the formation of MSH product.

Figures 22b and 23b, respectively, present the EDS spectrum and elemental composition of
the gypseous soil-M-G mixture.
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Figure 22. SEM photo and EDX spectrograph of stabilized gypseous soils after 90 days of curing: (a) SEM photo of 10M:10G

and (b) EDX spectrograph of 10M:10G.
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Figure 23. SEM photo and EDX spectrograph of stabilized gypseous soils after 90 days of curing: (a) SEM photo of 20M:10G
and (b) EDX spectrograph of 20M:10G.

Figures 24a, 25a and 26a show the SEM observation images of M-GGBS, M-RHA, and
M-GGBS-RHA, respectively. In terms of particle shape and surface features, M-GGBS was
quite different from M-RHA and M-GGBS-RHA. M-RHA and M-GGBS-RHA particles
were spherical, as shown in Figures 25a and 26a. The particles had shiny surfaces without
any dust covering them. The M-GGBS particles were rather angular, irregular in shape,
and the presence of plate-shaped particles was evident (Figure 24a), which had rough,
gritty surface textures. Figures 24a, 25a and 26a show the surface morphologies of the soil—-
M-GGBS, -M-RHA, and -M-GGBS-RHA specimens after 90 days of curing. As indicated,
no ettringite formation was observed. This proves that the addition of M with GGBS
and RHA as a stabilizing agent contributed to the formation of CSH gel to a significant
degree. The presence of some crystalline structures, such as MSH (magnesium silicate
hydrate), was also observed. The pozzolanic activity occurring between M, GGBA, and
RHA as a stabilizer and clay was attributed to the formation of CSH gel. Based on the
results derived from the EDX spectrum, the highest Si/ Al ratios (1.23, 1.59, and 1.41)
were observed in the 7.5M-12.5RHA, 5M-15GGBS, and 5M-12.5GGBS-2.5RHA samples,
respectively. This improvement was due to GGBS and RHA dissolving in an alkaline
activator to generate extra soluble alumina and silica, which increased the Si/ Al ratio of
the specimen, leading to the complete activation of the particles and producing calcium-
alumino-silicate hydrate (CASH) in the matrix. Figures 24b, 25b and 26b show the EDS
spectrum and elemental composition of the gypseous soil-M-GGBS, -M-RHA, and -M-
GGBS-RHA mixtures, respectively.
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Figure 24. SEM photo and EDX spectrograph of stabilized gypseous soils after 90 days of curing: (a) SEM photo of

5M:15GGBS and (b) EDX spectrograph of 5M:15GGBS.
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Figure 25. SEM photo and EDX spectrograph of stabilized gypseous soils after 90 days of curing: (a) SEM photo of

7.5M:12.5RHA and (b) EDX spectrograph of 7.5M:12.5RHA.
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Figure 26. SEM photo and EDX spectrograph of stabilized gypseous soils after 90 days of curing: (a) SEM photo of
5M:12.5GGBS:2.5RHA and (b) EDX spectrograph of 5M-12.5GGBS:2.5RHA.



Appl. Sci. 2021, 11, 6618

24 of 26

References

The increase in UCS value with prolonged curing periods could have been due to
cementing gel formation from the interaction of the soil with the nanoparticles, which
improved the UCS of the treated samples as a result of the improved soil particle bond-
ing [46,47].

4. Conclusions

Sulfate-bearing soils cause major issues in pavement and various civil engineering
infrastructures due to their causing significant swelling and strength damage. The results
of this study portrayed the impacts of (M) as a non-calcium-based stabilizer, rice husk ash,
and GGBS as abundant byproducts in treating gypseous soil with a high level of sulfate.
Based on the results of the study, the following conclusions were made:

e  The minimum swelling values of M-RHA-, M-GGBS-, and M-GGBS-RHA-stabilized
gypseous soils with 20% doses (0.011%, 0.001%, and 0.001%) were lower than that of
lime-stabilized soil.

e  The optimum strength values of M-RHA-, M-GGBS, and M-GGBS-RHA-stabilized
soils after soaking with 20% (2.7, 12.8, and 9.7 MPa) were notably higher than that of
lime-stabilized soil (0.9 MPa).

e  The curing time had a significant impact on the resistance to sulfate attack as a result
of the hydration process; an increase in the curing period from 7 to 90 days resulted in
adequate hydration and improved strength in the presence of sulfate (gypsum).

o  The results of the SEM and EDX showed that no ettringite was formed in the M-RHA-,
M-GGBS-, or M-GGBS-RHA -stabilized soils.

e  The formation of cementing gels such as MSH, MAH, CSH, and CAH improved the
UCS values of the stabilized samples, as these gels occupied the voids and improved
the bonding between the soil particles. As a result, the treated soils” UCS values
were improved.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/app11146618/s1, Figure S1. Particle size distribution (PSD) of RHA and GGBS used in
this study.
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