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Abstract

Engineers face growing challenges in dealing with problematic soils, particularly those containing
sulfates, for infrastructure and construction development. In cold regions, the problem is
compounded by freeze-thaw cycling, which can cause durability issues. Calcium-based materials,
such as ordinary Portland cement and lime, have been successful in enhancing soil properties.
However, their use is often constrained by cost, excessive energy consumption, and their
contribution to global carbon dioxide emissions. Furthermore, treatment of sulfate-bearing soils
with calcium-based materials can lead to ettringite formation, resulting in volumetric instability
and other durability issues. Thus, this study investigated the performance of various mixtures of
stabilizers, including lime, ground granulated blast furnace slag (GGBFS), and basic oxygen
furnace slag (BOFS), and their behavior under freeze-thaw cycles. A range of engineering,
durability, and mineralogical tests were carried out in accordance with standard guidelines. The
results showed that both binary and ternary mixtures exhibited similar behaviors regarding
optimum moisture content (OMC) and maximum dry density (MDD). As OMC increased, there
was a subsequent decrease in MDD, except for ternary mixture I, where MDD slightly increased.
Ternary blend 11 (4% of 70% GGBFS and 30% BOFS) demonstrated the highest UCS before
mellowing, and surprisingly, ternary mixture I11 of the same proportion had the highest UCS after
mellowing. All stabilizer blends were effective in reducing the swelling behaviors of untreated
soil, with 4% lime being the most effective. However, there was disparity in the DC test, with only
6% and 8% exhibiting better resistance to moisture susceptibility. From a durability standpoint,
only 4% of the 70% GGBFS: 30% BOFS mixture before and after mellowing could withstand F-
T cycles beyond 40 cycles (20 days) without collapsing, resisting F-T, mass loss, and swelling
without collapsing. X-ray microscope analysis summarized that no significant ettringite mineral
was detected in all soil samples except for low thaumasite minerals, which were observed in the
“control” mellowed soil. Contrarily, the scanning electron micrograph showed the development of
needle-like ettringite in almost all the ternary mixtures | and Il while demonstrating massive
openings and pores in the binary mixture. Therefore, ternary mixtures Il and Il (4% of 70%
GGBFS and 30% BOFS) showed the overall best performance, which exemplifies that stabilizing
sulfate-bearing soil with a higher content of slag offers the most promising performance.
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Chapter One - Introduction

1.1 Preamble

Every roadway or highway construction relies on quality soil for structural durability, and
these constructions have been documented in the literature when sulfate saline soils were used
oblivious of their unusual performance, in particular their lower bearing capacity and other critical
areas [1, 2]. Saline soils are special soils with a high soluble salt content that exceeds a certain
threshold [3, 4]. Soil salinization is common in arid and semiarid locations. Still, the soil processes
are also expanding in humid climate zones, particularly in coastal areas where groundwater is
contaminated by seawater that come through rivers and estuaries, creating soil salinization in huge
areas [5]. Issanova et al. [5] continued that these soils are distributed unevenly and common in
Kazakhstan's southern and central regions. Saline soils cover 111.6 million hectares in Kazakhstan,
accounting for 41% of the country's soils [6]. These salty soils are split into “coarse-grained saline

and fine-grained saline soils” [3].

1.2 Statement of Problem

As urbanization and population growth continue to increase, there is a surging demand for
land to be used for housing, transportation, and other civil infrastructures. However, engineers are
increasingly faced with the challenge of dealing with problematic soils such as sulfate-containing
soils for construction, which can result in a variety of geotechnical conditions, such as bearing
failure, excessive settlement, instability, erosion, and water infiltration. associated with
construction.
This phenomenon is exemplified in several Asian regions, including Kazakhstan, where there is
severe climate arises. For instance, Kazakhstan experiences scorching summers and bone-chilling
winters, particularly in the northern regions. The long winter seasons also subject the region to
severe freeze-thaw cycles, posing additional challenges. Moreover, the saline soil in Kazakhstan,
enriched with sodium sulfate, exhibits properties akin to expansive clay, exhibiting swelling or
contraction in response to moisture fluctuations through crystallization or dissolution. This soil
presents a considerable hurdle for road and railroad engineers in cold climates due to its relatively
high solubility and corrosivity [4, 7, 8]. Having sulfate-saline soil also exhibits undesirable

characteristics that result in problems like “roadbed swelling and frost boiling” [7].



Furthermore, the sodium sulfate in saline soil is alarmingly high, leading to its expansion or
shrinkage through "crystallization or dissolution with moisture change™ [4, 9]. As a result of these
characteristics, some pavements constructed on the saline surface have experienced different types
of damage in the form of failures such as cracks, ravels, ruts, and landslides on newly constructed
roads [2]. Hence, they are referred to as inferior construction materials with poor mechanical and
geotechnical properties [10]. The behavior of these materials under freezing and thawing cycles is
a very complex phenomenon [11].

In regions characterized by low temperatures or cold climates, the formation of ice lenses among
particles during freezing and the abundant water content has a substantial effect on the mechanical
properties of these soils [12]. Consequently, both the strength and bearing capacity of the
foundation soil can be substantially diminished [13-15]. Therefore, it is essential for engineers to
take into account the detrimental consequences of these phenomena when designing and building
infrastructure in such areas. To address this pressing issue, some studies have suggested treating
or stabilizing these sulfate soils with waste or sustainable materials to serve as a reliable base or
subbase road materials, and pavement for average roads under freeze-thaw cycling [4]. However,
there is still a dearth of literature on the freeze-thaw resistance of sulfate soils stabilized with waste
materials. Thus, this merited additional research to evaluate the effectiveness of these stabilization
techniques and their potential to alleviate the deleterious effects of high sulfate-saline soils induced

by F-T cycles.

1.3 Rationale of the Study

Various stabilization materials to treat saline soils have been the subject of numerous
research. However, the choice of Portland cement is the commonest method of stabilizing poor
soils until there have been several calls for alternatives due to the harmful environmental effects
associated with the use of cement. With respect to sulfate saline soil stabilization, lime has been
previously investigated as a stabilizer [7], whereas other studies have delved further into the use
of binders like fly ash for the purpose of solidifying these materials [16]. However, Kazakhstan is
a country blessed with a plethora of natural resources, particularly by-products or final steel waste
materials. Extensive research has investigated the application of steel slags in road infrastructure
materials, and it has been established that these slag materials offer substantial benefits in terms of
their environmental sustainability, mechanical strength, and economic viability [17-20].



In view of the dearth of references relating to the behaviors of sulfate-saline soil stabilized with

lime-slag additives subjected to F-T cycles, this paper investigates the engineering and durability

behaviors of saline soils treated with binders such as GGBFS, BOFS, and Lime.

1.4 Research Hypotheses

The hypotheses that would be tested for this are given below.

Saline soils stabilized with lime, GGBFS, and BOFS experience improved strength.
Saline soils stabilized with lime, GGBFS, and BOFS experience improved durability.
The stabilization of saline soil with lime, GGBFS, and BOFS can resist freezing-thawing
cycles.

Mellowed soils can improve mechanical and durability properties of saline soil while

providing resistance to freeze-thaw cycles.

1.5 Research Objectives

The purpose of the research is to explore the feasibility of chemical additives such as lime,

GGBFS, and BOFs to stabilize saline soil and examine the long-term mechanical and durability

performances of these stabilized materials. In accomplishing this purpose, the following specific

objectives are essential:

1.

5.

Evaluate the strength performance of the sulfate saline soil stabilized with lime, GGBFS,
and BOFS.

Evaluate the durability performance of the sulfate saline soil stabilized with lime, GGBFS,
and BOFS.

Investigate the freezing-thawing resistance of high sulfate salinized soil stabilized with
lime, GGBFS, and BOFS.

Investigate the feasibility of employing pre-compaction techniques “mellowing” as an
alternative soil stabilization approach.

Justify the feasibility of stabilized sulfate saline soil as pavement construction material.

1.6 Thesis Structure

The present thesis is composed of five chapters, each of which provides a comprehensive

examination of the utilization of sulfate-bearing soils in pavement construction, specifically

focusing on stabilization methods and their application. Chapter one provides a comprehensive



summary of the contextual background on sulfate-bearing soils, presenting the current trends in
these soils, outlining the justification for the research, and outlining the research's aims and
contributions to the field. Chapter two undertakes an exhaustive review of the literature, collating,
scrutinizing, and amalgamating all relevant data on soil stabilization, encompassing the
mechanisms, sulfate-bearing soils, sulfate levels, stabilizing agents and techniques, and empirical
evidence on the F-T cycle resistance of waste slag and other sustainable binders. Chapter three
outlines the materials, mix design, test methods, and curing conditions utilized in the study,
furnishing an intricate characterization of the sulfate-bearing saline soil, lime, and slag-based
materials, alongside the extensive experimental program formulated for inquiry. Chapter four
presents the findings of the experimental tests and examines the influences of selecting different
binary and varying ternary mixtures on the sulfate-bearing saline soil, assessing their geotechnical
properties and durability parameters. Finally, Chapter five synthesizes the discoveries and

provides suggestions for future research in the domain.



Chapter Two — Literature Review

2.1 Introduction

The task conducted a desk study to collect rich data from a quality database and critically reviewed
relevant articles on the research topic. VVarious materials from several sources would be studied to
gain in-depth knowledge of the topic, including the previous experimentation programs, mix
design, curing strategy as well as analysis techniques. This literature serves as a building block to
obtaining information on the common approach used to investigate the stabilization of saline soil
with slags and lime. Ultimately, the desk study focuses on the experimental and analytical
strategies used to analyze the characteristics and behaviors of parameters and mixture proportions

encompassing ground granulated blast furnace slag, basic oxygen slag, and lime.

2.2 Sulfate Bearing Soll

Sulfate-bearing soil, sulfate-induced soil, sulfate-contained soil, and sulfate-rich soil are all used
interchangeably in the paper as they typically mean the same thing. In the literature, several sources
of sulfate soils are recorded [21] and are widespread in Asia, particularly across China and
Kazakhstan. Saline soil, like expansive clay, is characterized by a high content of sodium sulfate
(Na2S0a). The volumetric behavior of this soil is susceptible to alterations in moisture levels, as it
can undergo changes through the processes of crystallizing or dissolving the Na;SO4 [4]. These
soils also exhibit sulfate in the forms of gypsum (CaS04.2H.0), potassium sulfate (K2SOa), and
magnesium sulfate (MgSOas) [21, 22]. Sulfate reactivity is profoundly regulated by the soil's
moisture-absorbing capacity and solubility conditions. Sulfate saline soil has a high concentration
of soluble sulfates such as Na.SO4 and NaHSO4, which can be harmful to engineering projects.
Na>S0s is one of these substances that presents specific difficulties because its solubility changes
significantly with temperature. Na;SO4 tends to crystallize and transform into the hydrated
substance Na»,S04.10H,0O when the temperature drops. Due to the considerable increase in salt
volume caused by this process, structures built on this soil may fail due to deformation [8]. Without
further ado, these soils containing sulfates can present significant challenges in the construction of
pavements, including cracking, collapse, and settlement of pavement layers. It is logical to
anticipate that the behavior of individual saline soils to stabilization will differ due to variations in

characteristics among different regions [23].



2.3 Sulfate Level

The degree of content of sulfate present in soils is termed as sulfate level. It is critical for improving
high sulfate soils as they result in sulfate heave which has destructive effects on the pavement [24].
Berger et al. [25] itemize the severity and threshold of sulfate levels in the soil as presented in
Table 2.1.

Sulphate 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%

Table 2.1 Severity of Sulfate Levels in Soil (Berger et al. [25])

2.4 Soil Stabilization and its Mechanisms

2.4.1 General

Soil stabilization is generally used for enhancing the characteristics of the existing soil
from a geotechnical perspective. Soil stabilization has become one of the useful solutions to treat
weak soils to accomplish the required engineering properties such as strength, permeability,
compressibility, and plasticity [26]. These are some of the specifications required for structures to
be placed safely without undergoing large settlements. In that respect, stabilization is essential for
improved durability of civil infrastructures to resist undesirable effects of F-T or wet-dry cycles,

and even erosion [26].

2.4.2 Chemical Stabilization using traditional binders

Calcium-based materials, including cement and lime, have been greatly deployed as
common stabilizing agents for soil containing sulfates [22, 27, 28]. These materials result in heave
stimulated by sulfate through the development of ettringite and thaumasite minerals when reacted
with accompanying free alumina and the concerned soluble sulfate soils, which then cause the soil
to expand [21, 29, 30]. Thaumasite, as a known silicate mineral, often appears as acicular radiating
groups of colorless to white prismatic hexagonal crystals [31]. Its structural formula is represented
by CasSi(OH)6(CO3) (SO4)12H0. Ehwailat et al. [32] reported in their review that thaumasite

has a greater tendency to cause swell than ettringite minerals.



While the subsequent sections present comprehensive synopses of cement and lime

stabilizers derived from prior scholarly literature, particular emphasis is placed on lime stabilizer.

Cement Stabilizer

Cement is one of the oldest binding or admixing agents that have been commonly used for
improving and stabilizing soils. Ordinary Portland Cement (OPC) is the most common one in this
case, albeit there are various other types of cement. In general, Portland cement stabilizes soils
more effectively and favorably than lime at the same stabilizing agent dosage [26]. However, as
addressed previously, cement use is associated with many drawbacks and thus, limited the focus

on lime as the preferred chemical additive.

Lime Stabilizer

The most popular forms of lime for soil stabilization are quicklime and hydrated lime,
mainly because they can produce enough calcium ions to meet the needs of the soil [31, 33]. The
production of lime culminates from burning limestone and is utilized in different forms when
stabilizing different soils [26]. When lime is employed to stabilize soil, the soil's engineering
properties record some improvements, which include enhanced strength, toughness, enhanced
workability and resilience, volumetric stability, and resistance to deleterious moisture effects and
perpetual deformation [31, 34]. Studies by Puppala et al. [35] highlight that lime stabilization is
crucial in lowering soil swelling when sulfate levels are about 1000 ppm. However, it is
noteworthy that when sulfate-bearing soils are treated with lime and exposed to moisture, the
formation of ettringite minerals may occur, resulting in the accelerated soil swelling potential [29].
Ettringite, illustrated in Figure 2.1, is a weak sulfate material and when hydrated, significant
heaving occurs. Consequently, this sulfate heaving can cause severe deterioration of various civil
infrastructures, such as highways, and runways among other civil infrastructures erected on these

calcium-based stabilized sulfate-bearing soils [29, 36].

Moreover, from a freezing-thawing cycle standpoint. When there is an increased curing
period of lime-stabilized soil, it results in less volume change and a higher resilience modulus [11,
37]. The stabilizing technique, according to countless studies, involves adding lime to a system of
clay-based soil that contains water, which triggers “hydration, cation exchange, and pozzolanic
reactions” [38]. The lime quickly reacts with the soil's moisture to make hydrated lime (Ca (OH)>),

which during the hydration process generates a significant quantity of heat. On these premises, the



lime employed with other binders to stabilize sulfate-contained soils needs to be handled with great

caution.

A
ol
ol
LQ| ©HO
|
‘6_3 @ Ca
: ~!| © OH
T | omn
v

Figure 2.1 Schematic of the ettringite’s mineral structure (Puppala et al. [24]).

2.4.3 Chemical Stabilization using non-traditional Binders

Sequel to numerous calls for sustainability as well as mitigation of sulfate heave concerns
associated with the use of CBMs for treating sulfate-rich soils, non-traditional binders or
supplementary cementitious materials has been subjected to wide exploration to replace these
CBMs partially or wholly for treating sulfate-bearing soils. The rationale for incorporating and
considering these materials as stabilizing agents is their pozzolanic ability and other measures of
controlling landfill and other environmental challenges associated with the accumulation and
hazardous exposure of these wastes. Thus, it is important to highlight that these by-product wastes
are less expensive than traditional binders [39]. Various other supplementary cementitious
materials also exist in the literature, however, for this study, slag wastes, such as ground granulated

blast furnace slag and basic oxygen furnace slags will be extensively discussed.



Ground Granulated Blast Furnace Slag (GGBFS)

Ground granulated blast furnace slag (GGBFS) is a residue from the steel industry acquired
through the rapid quenching of molten slag and thus, usually landfilled. The rapid cooling process
yields GGBFS with heightened cementitious properties, albeit at the expense of reduced molten
slag crystallization [40]. When GGBFS is used independently, exhibits limited strength-enriching
properties due to its dormant hydraulic binding characteristics [26, 41]. Hence, an alkali is required
to accelerate and complete the activation process and provide binding properties for soils. Many
candidates explored in literature are CBMs, cement kiln dust, NaOH, KOH, and Mg(OH)..

As previously reported in the literature, GGBFS has been frequently activated with lime in
soil stabilization applications, using either “quicklime or hydrated lime” [22, 42]. The resultant
binder created by the activation of GGBFS with lime has been investigated for various
applications, including the stabilization of sulfate soil. Additionally, lime has the benefit of
hastening the hydration of GGBFS into calcium silicate hydrate (CSH) gel, significantly improving
the strength and swelling characteristics of soils. Previous literature has documented the positive
influence of the addition of activated GGBFS in soil stabilization on the engineering properties of
soil, such as higher dynamic modulus, strength, and durability [33, 43, 44]. Other intriguing
performance advantages brought about by the application of GGBFS include increased
permeability, reduced ettringite formation for reducing swelling, and durability enhancement [34].
As a result, CBMs can be partially or entirely replaced with GGBFS.

Basic Oxygen Furnace Slag (BOFS)

Similar to the GGBFS, basic oxygen furnace slag (BOFS) is also a residue from the steel
industry produced from iron production. These materials are usually widespread globally and it
presents environmental challenges when improperly disposed of. Generally, one ton of pig iron
yields approximately 300 kg of Blast Furnace Slag, and 1000 kg of raw steel yields around 130 kg
of BOF slag [45]. Based on statistics from European Slag Association, the application of BOF and
other secondary steel slags as road infrastructure materials in Europe has experienced an increased
significant surge, soaring from “6.6 million tons in 2000 to 10.6 million tons in 2012 [19].
Additionally, global steel production increased to 1599.5 million tons in 2015, a remarkable surge
of over 200 percent in 48 years, and further rose to 1666.2 million tons of crude steel produced a
year later [20, 46].
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Researchers are recently considering the use of these slags as materials in road
constructions because they were found to be environmentally, and economically viable [17-20,
47]. Also, BOFS have considerable engineering properties such as higher specific gravity, high
mechanical strength, high bulk density, high water absorption, and lower L.A. abrasion [45, 46].
In addition, these authors continued that BOFs have high angularity and particle shape and an
excellent interlocking mechanism.

However, there are debates concerning the impracticality of using this slag as a standalone
owing to its poor hydraulic activity as well as its expansive behavior triggered by the moisture-
induced hydration of CaO and MgO and the oxidized metallic component [48]. Conversely, the
authors reported that when mixed with other binders like GGBFS and other calcium-based
compounds, the results were satisfactory. Like GGBFS, lime is usually added to the BOF slag to
mitigate slag’s deleterious components, including phosphorus, gaseous carbon monoxide, and

silicon before use as stabilizing materials [17, 19].

Previous studies have also reported the feasibility of using lime to activate BOFS and its
resulting impacts. Abdi [49] for instance, compared the engineering properties of BOF slag and
lime and found that lime had better stabilizing effects even though they both enhanced the strength
and durability of kaolinite soil. However, the combination of BOF slag and lime considerably

enhanced strength growth and ability to withstand F-T cycling.

2.4.4 Mechanisms of Stabilization

According to Talluri et al. [21], the treatment of saline or expansive soils with lime initiates
a cascade of reactions resulting in alterations in plasticity and strength. These reactions may
encompass “cation exchange, flocculation/agglomeration, pozzolanic reactions, or carbonation”
reactions [31]. The first two reactions are known as "modification reactions™ because they improve
workability, plasticity, and shear strength. Based on the soil clay mineralogy, water conditions,
and level of effect, lime is needed to trigger cation exchange reactions. When stabilizers such as
lime are mixed with soil, cation exchange consequently occurs, causing flocculation and
agglomeration of soil particles as shown in Figure 2.2 [26]. This causes the soil to exhibit a rougher
particle size distribution, increased permeability & hydraulic conductivity, and reduced plasticity.
The lime-soil mixture is immediately subjected to this process, which lasts for only a short period.

The remaining two reactions, on the other hand, are categorized as stabilizing reactions, which
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result in a long-term increase in strength because of the creation of a substance called pozzolan
[21].
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Figure 2.2 Soil Stabilization Mechanisms [26]

The authors continued that when sulfate-rich soils or expansive clays are subjected to lime
treatment, their pH elevate to 12.4, causing clay alumina and silica to discharge and combine with
calcium and H>O to form pozzolanic compounds. Some cement-like compounds are produced
when lime is added to a clay-water structure through pozzolanic processes involving lime, water,
soil silica, and alumina [50]. Following the reaction of free Ca?* from the lime with the silica and
alumina that resulted from the breakdown of the clay particles, the results are formulations of
calcium-silicate-hydrate (C-S-H) and calcium-aluminate-hydrate (C-A-H) [51, 52]. These
reactions are summarized in equations 1 and 2, respectively. Similar to how cement gels are
generated when cement is moistened, these cementitious gels bind soil particles and improve the
material's strength and stiffness. While the pozzolanic reaction may linger for months or even
years, the compressive strength, resilient modulus, shear strength, and stiffness of lime-treated

soils continue to increase during the curing process [26, 52-54].
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2.5 Other Methods of Sulfate Soil Stabilization

2.5.1 Pre-compaction Mellowing

Mellowing is another stabilization strategy that enables the development of undesirable
minerals prior to compaction [21]. It enables the solubilization of the sulfate concentration in the
soil thus that tolerable or no sulfate is present later for preventing ettringite or thaumasite [24]. The
procedure entails adding the optimum amount of lime to the soil before compaction, enabling the
lime to react with the soil and develop ettringite minerals. Several standards call for a suitable
mellowing period to be between one and seven days [26]. However, when the sulfate level of the
soil is high, it could be challenging to mellow them due to the inability of sulfate to completely
dissolve during the process [24]. Various studies have attempted to delay compaction by

conducting a mellowing process to understand their behaviors.

For instance, according to Talluri et al. [55], their experimental study investigates the
feasibility of lime stabilization with pre-compaction mellowing with the aim to stabilize six
different high-sulfate soils such as Dallas (12,000 ppm), US-82 (12,000), Riverside (20,000 ppm),
FM-1417 (24,000), Austin (36,000 ppm) and Childress (44,000 ppm). The following mellowing
periods, "0, 3, and 7 days" were carefully studied. The study could not successfully stabilize soil
containing sulfate levels of above 30,000 ppm with the pre-compaction mellowing as these soils
(Austin and Childress) led to higher volumetric swell strains upon treatment with lime. Four other
soils with lesser sulfate levels resulted in lesser volumetric swell strains. Shon et al. [56]
characterized mellowed soils with a view to mitigating volumetric expansion in high sulfate-
bearing soil. In their study, they employed stabilizers such as hydrated lime and Class F fly ash to
control the sulfate present in the sulfate through different interval mellowing processes prior to
three-dimensional swelling and unconfined compressive strength. After the process of mellowing,
a combination of lime and fly ash causes the soil mixture to expand less and retain more of its
unconfined compressive strength. Berger et al. [25] also conducted a study to stabilize soils using
a similar pre-compaction mellowing approach albeit with lower sulfate levels as compared to the
previous studies. In all instances, the test soils' pH was found to be greater than 10, which suggests
that both pozzolanic and sulfate reactions have taken place. The success of mellowing approach in
preserving soil stability was ascribed to the episodes of expansion and diminished sulfates while
mellowing, leaving no extra consumption following compaction. Thus, it exemplifies the essence

of another stabilization techniques reported in previous scholarly literature [21].
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2.6 Empirical Evidence

As previously recounted earlier, sulfate-contained has the natural tendency to swell or
shrink especially when stabilized with calcium-based materials. Thus, various researchers have
made some considerable progress in treating sulfate-rich soils with blends of supplementary
cementitious materials. For instance, Celik and Nalbantoglu [29] attempted the treatment of
sulfate-rich soils using GGBFS and lime to understand their efficacies on plasticity and swell
potential. As a prerequisite, sulfate soil with a concentration of 2,000 ppm, 5,000 ppm, and 10,000
ppm was treated with lime. The outcome of the treatment of all concentration of sulfate-contained
soils except 2000 ppm was disastrous as there were excessive swelling and plasticity in those soils.
Thus, adding 6% GGBFS to the soil stabilized with lime significantly enhanced the plasticity and
swell potential of the soils as there was a substantial reduction in the swelling potential from 8%
to 1%. Conversely, due to the treatment of this sulfate soil with a lime binder, the plasticity index
of such soil also reduced from 31% to 25%. The presence of some needle-like ettringite mineral
formation, caused by the reaction between the calcium from the lime stabilizer and the reactive
alumina and sulfate present in the soil, was discovered through a scanning electron microscope
(SEM) test, which provided evidence of the abnormal swell increase from 10,000 ppm soil treated
with lime.

Li et al. [22] highlighted the presence of other forms of sulfate, including sodium sulfate
(Na2S04) and magnesium sulfate (mgS0Osa), in the soils and therefore, treated these soils with
different proportions of reactive magnesia-activated GGBFS. The swelling of Ca-sulfate soil
improved by increasing the ratio of GGBFS-MgO (i.e., 9:1 and 8:2) whereas the swelling of Mg-
sulfate soil reduced with a decrease in the ratio of GGBFS-MgO (6:4). XRD and SEM micrographs
confirmed that the swelling potential of Ca-sulfate treated soil with 6:4 ratio of GGBFS-MgO as
there was the presence of ettringite, unlike other mixtures. Conversely, no ettringite was detected
in the Mg-sulfate-treated soil with any ratio of GGBFS: MgO but in cement-treated soil.
Stabilizing Ca-sulfate soil with GGBFS: MgO led to a higher UCS than in Mg-sulfate soil, which
substantiated that the strong performance of soils significantly depends on the type of sulfate soil.
This disparity in swelling and strength behavior was also observed in a study by Ebailila et al. [30]
when they attempted to stabilize sulfate soil with blends of lime-GGBFS and lime-silica fume. The
lime-GGBFS treated sulfate soil was more effective than lime-silica fume in terms of strength

performance but reversely in terms of swelling performance. Despite several attempts to stabilize
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sulfate soils, their behaviors when subjected to freeze-thaw actions have not received sufficient
attention. Many studies either investigated the behaviors of untreated sulfate-bearing soil under
freeze-thaw action [57, 58] or the mechanical behaviors of treated sulfate soils [11, 59, 60].
However, Zhou et al. [4] studied the behaviors of cement-treated saline soil subjected to
60 F-T cycles. The stabilized soil specimens cured at 7 and 28 days were placed in a freezing
chamber configured at 25 + 2°C for 12 hours and moved to a moist room at a constant temperature
of 20 £ 2°C and an RH greater than 95 percent again to thaw for 11 hours. Based on the scope of
failure patterns, salt crystallization, and salt and water migration for this study, the researcher
reported and concluded that the presence of external water during the F-T test presented destructive
effects on the stabilized saline soils thus led to the loss of strength with increasing freezing and
thawing cycles. The stabilized soil specimens under F-T cycles get eroded and consequently turned
powdery due to the slow accumulation of salt especially when the moisture content was reached.
Thus, the study recommended an increment of stabilizing contents while curing for a longer time

to provide better resistance to F-T cycles.

2.7 Summary

This chapter painstakingly reviewed the challenges associated with soils with poor
engineering properties especially saline and other sulfate-contained soils. Also, it presented the
review of sulfate-bearing soils and their concentration as well as their stabilization with calcium-
based materials. Ultimately, over the past decades, these traditional stabilization materials like
cement and lime have been widely used due to the significant mechanical properties associated
with these sulfate soils even though there was a need to investigate the durability metrics.
Moreover, various literature exists on the use of non-traditional stabilizers to contain the negative
environment through partial or full replacement of calcium-based materials, the feasibility of
stabilizing these soils in extreme weather otherwise known as freezing and thawing action needed
urgent and thorough attention. Undoubtedly, there is potential for correct blends of waste materials
with activators to foster the freezing-thawing resistance of sulfate-contained soils. Thus, this view
is a motivation for future research to develop adequate blends of supplementary cementitious or

alternative materials for sufficiently stabilizing these problematic soils.
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Chapter Three — Experimental Program
3.1 Introduction
This section intends to determine the physical, chemical, and mineralogical properties of the
raw materials to conduct various laboratory experiments. Figure 3.1 summarizes the experimental

programs that guided the determination of the physical, chemical, and mineralogical properties of
novel soil stabilizers.

| Mix Design and Sample Preparation |

| Experimental Program |
i
Physical/Chemical/Microstructural Tests | Engineering Tests |
|
Untreated Soils Treated Soils Mellowed Scils | Untreated Soils | | Treated Soils | | Mellowed Soils |
I I I
Physical Tests Chemical Tests Microstructural Tests
e - [, -
, - | - I ' ' Unconfined
:| Alterberg Limit | :, Soil pH | :| RD |! Mechanical Test neontine —» OMC & MDD n
! ! I | I i Compression (UCS)
I o i
:l Soil gradation |: !l Edge-Grim : | SEM |I
|

! i —bl Durability |—b| 3D-Swelling |—|.| Dielectric Constant |<-
i i

|
'| specific Gravity
1

Standard XRF | i L] Freeze-Thaw Ultrasonic Pulse Relative Dynamic .
" ! 1 —* " —* "
Compaction : ; ; Cycles velocity Modulus of Elasticity
,,,,,,,,,,,,,,,,,,,,,,,,,,,, L P
| Analysis of Results |
| Conclusion |

Figure 3.1 Experimental Program

3.2 Materials Properties

The materials to be used for the study are Saline soils, three binders (Lime, Ground
Granulated Blast Furnace Slag, and Basic Oxygen Furnace Slag), and a solution (Water). These
materials (see Figure 3.2) except water were obtained from the university laboratory and their
characterization was performed to understand their properties.
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Figure 3.2 showing stabilizing materials, which include (a). Saline Soil (b) Lime (c) GGBFS (d) BOFS

3.3 Mix Design and Test Method

3.3.1 Soil Mixtures and Sample Preparation

To prepare specimens for various testing, the collected saline soils were first air-dried for
24 hours and placed inside the oven to oven dry for an extra 24 hours at 105°c. The soil sample
was then sieved through a 2-mm sieve to get rid of larger particles. Following the preceding steps,
the samples were mixed with a different proportion of binders (see Table 3.1). A different
percentage of water was used during the proctor compaction of each of the mixtures to establish
their respective optimum moisture content (OMC) and maximum dry density (MDD).

For tests such as 3D-Swelling, dielectric, Freeze-thaw, and UPV, the samples were
prepared in cylindrical mold size 101.50 mm [4 in] x 116.50 mm [4.6 in] (diameter x height),
where each mixture system was compacted with an optimum moisture content (OMC). In contrast,
the mold size used for the unconfined compressive strength test was 50 mm x 100 mm (diameter
x height) with each mixture also compacted with an OMC before being covered with cling film to

prevent moisture loss.

Mixing Proportion

The mix proportion, curing conditions, as well as freeze-thaw conditions tabulated below,
are obtained after a careful Eades-Grim experiment guiding the lime content before subsequent
experimental testing.

Table 3.1 Mix design.

Mixture Mixtures Mixture Parameter
Number
1 Soil Control
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2 Soil + 4% lime Binary mixture

3 Soil + 6% lime

4 Soil + 8% lime

5 Soil + 4% lime + 2% [50%GGBFS:50% Ternary mixture |
BOFS]

6 Soil + 4% lime + 4% [50%GGBFS:50%
BOFS]

7 Soil + 4% lime + 2% [70%GGBFS:30% Ternary mixture Il
BOFS]

8 Soil + 4% lime + 4% [70%GGBFS:30%
BOFS]

9 Soil + 4% lime + 2% [70%GGBFS:30% Ternary mixture 111
BOFS]

10 Soil + 4% lime + 4% [70%GGBFS:30%
BOFS]

Note:

!t Ground Granulated Blast Furnace Slag (GGBFS); Basic Oxygen Furnace Slag (BOFS)
2 Mixtures 9 and 10: Soils mellowed with 4% lime for up to 30 days

Curing Conditions
Table 3.2 summarizes the test level, otherwise, and curing conditions employed in this

study. Other factors such as conditions and number of specimens were also provided in the table.

Table 3.2 Testing and Curing Conditions

Properties Test Name Test level Total #of Test condition
specimen

Soil Gradation (Sieve analysis) - 3 -
characterization  Atterberg limit (Cone penetration) - 3 -

Specific gravity - 3 -

Sulfate content - 3 -

Edge-Grim Test - 3 -

XRD analysis - 3 -

MDD-MC relationship - 3 -
Mechanical Unconfined compressive strength 3,14, 28 4x3=12 In-air curing w/
Property plastic sheet
Durability 3D-swelling test Up to 28- 2 Tube suction

da

'Freeze-Thaw test after 3D- 60ycycles In-air

swelling test

ZDielectric constant 60 cycles

3Freeze-Thaw test 60 cycles 4 In-air

Bottom-
saturation
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1 Use 3D-swelling test specimens
2 Use F-T test specimens; After test is over, XRD analysis is required.
3 Use new F-T test specimens

3.3.2 Physical Property Tests

The physical tests for the purpose of characterizing soils include soil gradation, Atterberg
limit, specific gravity, standard proctor compaction, sulfate content determination, and soil pH.
Conversely, to determine the mineralogical composition of a soil sample, X-Ray Diffraction was

employed.

Atterberg limit Test

The Atterberg limit test was investigated to ascertain the plastic limit W, Liquid Limit Wy,
and the Plasticity Index I, of the sulfate saline soil in the laboratory. Although the liquid limit was
performed using the cone penetration method and the cone penetrometer device is as shown in
Figure 3.3. On the other hand, a plastic limit test was performed according to ASTM D4318-17
[61], which involved rolling samples on a glass plate until they crumble. The plasticity index of

the soil samples was determined using Equation 3.

Figure 3.3 Setup of cone penetrometer for liquid limit determination



| Where:
: Ip is the plasticity index of the soil sample.
LL is the liquid limit of the soil sample.

PL is the plastic limit of the soil sample.

_______________________________________________________________________________________________________________________________

Soil Gradation Test
The soil gradation test was carried out in the laboratory to evaluate the particle sizes of soil
samples. The apparatuses that were used to determine the grain size distribution are shown in

Figure 3.4.

Figure 3.4 Setup of Soil Gradation (Particle Size Distribution)

Specific Gravity Test

The specific gravity of soil solids (Gs) can be obtained by determining the ratio of the mass
of a given volume of soil solids to the mass of an equal volume of distilled water. This experiment
was performed in the laboratory by measuring all the materials for the purpose of performing the
foregoing computation. The particle density was determined using the pycnometer method as
shown in Figure 3.5, in accordance with ASTM D854 [62]. Three trials of the pycnometer were

adopted then the average of the findings was computed using equation 4 given below.
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ps = (mLmo)—(m3+m2) X PL e e e s Eqn. 4

where:

ps is the particle density Mg/im?®.

pL is the particle density of distilled water at the test temperature Mg/m®.
mO is the mass of dry pycnometer, in g.

ml is the mass of the pycnometer filled with the distilled water, in g.

m2 is the mass of the pycnometer with the the saline soil sample, in g.

m3 is the mass of the pycnometer with the the soil and distilled water, in g.
md is the mass of the soil sample, in g.

______________________________________________________________________________________________________________________________

Eades-Grim Test

The test involves determining the lime quantity needed to induce enduring strength
modifications, usually through monitoring the pH variations of a soil suspension upon the addition
of different lime percentages. Figure 3.6 shows the various soil solutions and apparatus used to

conduct the experiment as per Tex-121-E [63].

Figure 3.6 Setup of Eades-Grim Test for determining the standard lime content.
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Standard Proctor Compaction

Standard Proctor Compaction test is a test that helps to evaluate the moisture content and
dry density of samples to primarily obtain a variety of curves (polynomial trendlines) that
highlights the curves’ peak points which are equivalent to optimum moisture content (OMC) and
maximum dry density (MDD). This test (see Figure 3.7) was carried out in accordance with ASTM
D698 [64]. Preliminarily, it was crucial to determine compaction parameters to establish the
moisture contents and dry densities of different soil mixtures for accomplishing the compaction
curves.

Figure 3.7 Set up of Proctor Compaction Test for the determination of OMC and MDD relationship.

Soil pH
pH test is another physical property technique used to determine the alkalinity and acidity
of soil samples. The results of the above tests were obtained and illustrated in the next chapter and

were carried out according to Tex-128-E [65].

Sulfate Content Test
This is a test for determining the soluble salt concentration in the soil. This test was
determined using the colorimetric method following Tex-145-E [66]. Figure 3.8 illustrates the

procedure involved in conducting sulfate content determination using colorimetric apparatus.

5
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Figure 3.8 Set up of Colorimetric test for determination of soluble sulfate concentration.

3.3.3 Mechanical Property Tests

Unconfined compressive strength (UCS) tests

Unconfined Compressive Strength was performed on saline soil (control group) and other
mixtures in unconfined conditions with its setup illustrated in Table 3.2. The test as shown Figure
3.9 was performed according to ASTM D2166 [67] to determine the maximum strength (qUmax)
with its strain failure for both untreated saline soil and stabilized soils. Also, the UCS test was
performed for these soils with different types of binders, and different percentages at varying
curing durations (3, 14, and 28 days). Prior to the UCS test, the soils were compacted with OMC
in different layers and extruded afterward. After that, cling film was put sufficiently around the
soil specimens to prevent the escape of moisture. A continuous 1 mm/min loading rate was adopted
to compress cylindrical test specimens with dimensions of 50 mm in diameter and 100 mm in
height. Each mixture was tested four (4) times to provide more precise data, and the average UCS

value was computed and analyzed.

Figure 3.9 Set up of Unconfined Compressive Strength
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3.3.4 Durability Property Tests
Soil Mellowing

At OMC, saline soil with a sulfate level of 12,000 ppm was mixed with 6 percent lime to
start the mellowing process. This process was given 60 days to complete. Figure 3.10 shows the
soil mellowing process when it was mixed with lime at different intervals (1,2 and 4 days). Bowls
containing soil-lime combinations were covered with plastic sheets to stop moisture from
evaporating. The mixture was reworked with extra water to preserve OMC because water is
necessary for chemical interactions between calcium ions from lime and sulfates in soil. After
being mellowed, the samples were carefully homogenized and compacted. The samples of
compacted soil were subjected to engineering testing [24]. Table 3.1 shows the soil mellowing
program critical for the development of other stabilizing mixtures for investigating their

mechanical and durability properties.

Table 3.3 Testing variables for soil mellowing program

Description Variable

Saline Soil Three (Only soil, ternary Il mixtures)
Stabilizer Lime

Dosage One (6%)

Compaction moisture contents One (OMC)

Figure 3.10 Soil Mellowing Process.
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Three-Dimensional Test

The three-dimensional test was performed on saline soil (control) and other soil mixtures
(binary, ternaries) as given in Table 3.1. This 3D test was critical for understanding the swelling
and shrinkage behaviors of various soil mixtures. This test was performed in accordance with the
directives of the Texas A&M Transportation Institute. Prior to the test, two sets of soil specimens
were prepared by compacting in three layers with the OMC for each soil mixture then extruded
using an automatic extruder after weighing using a weighing scale. Following the specimens
demolding, the two specimens for each soil mixture were weighed and measured (diameter, D, &
height, H). These specimens were air-cured for three days after being wrapped in cling film to
prevent moisture loss and then subsequently oven-dried at 60°C for 1-day after the cling films were

removed.

Before oven drying, the dielectric constant test was performed on each soil specimen, and
after oven drying, all specimens were carefully enclosed with moist paper in a rotational manner
and finally enclosed with a synthetic rubber skin or membrane. On the top and bottom of the soil
specimens that have been covered are pieces of filter paper and porous stone. These appropriately
dressed soil samples’ initial height and diameter were measured and documented before being
carefully immersed into the water container for capillary action to observe the swelling
characteristics of the mixtures. Adequate moisture is necessary for the sulfate soils to undergo the
required reactions that facilitate the formation of ettringite crystals and their subsequent hydration
[21, 55]. Therefore, during and after the 3D-swelling process, the assembled and soaked soil
samples' height was measured using a digital caliper at three points at regular intervals. Similarly,
the radial diameter of the soil sample was determined at the marked top, middle, and bottom and
explicitly, the procedure is shown in Figure 3.11. The samples’ volume was then determined based
on the average height and diameter values. The expansion of the soil sample was then obtained by
determining the rate of change of its volume to the original volume. By calculating the average
values for height and diameter, the volume of the soil sample was determined, which explains the
observed changes during the 28-day 3-D swelling test. This test is essential to verify the maximum
point at which soil heaving can take place. After the 3D-swelling process and oven drying of all

3D samples, the dielectric constant was performed again.



Figure 3.11 Setup for Three-Dimensional procedure for swell-shrink determination

Dielectric Test

Material can be categorized as "good,"” "marginal,” or "bad" depending on how susceptible
it is to moisture based on its dielectric constant. The "tube suction test" procedure specified in Tex-
144-E [68] standard was employed to calculate the dielectric constant value. The test entailed
placing a specimen having a 4in (101.1 mm) diameter and 4.5in (116.80 mm) high on an arranged
filter paper and a porous stone at the bottom and enclosed with yellow rubber skin. Each filter
paper, plastic sheet, and porous stone were placed on top of the specimen before being placed
under continuous capillary suction conditions inside a container. Figure 3.12 shows the percometer

measurements of the dielectric constant values for each specimen.

Figure 3.12 Setup of Dielectric Constant Test for moisture susceptibility determination.

Freeze-Thaw Test
According to the ASTM D560-16 [69], this test would be conducted in a freezing-thawing
controlled chamber with a standard temperature of between -25°C and 20°C as well as under 60
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cycles. This standard is used to assess the susceptibility of hardened compacted soil specimens to
frequent freezing and thawing. The resistance criteria are based on the volume changes and soil-
additive losses caused by frequent freezing and thawing [37]. All soil specimens obtained from
the 3-D swelling action (as shown in Figure 3.13) were carefully placed into the F-T chamber to
undergo F-T cycles (10, 20, 30, 40, 50, and 60). An open system that was used throughout the test
while the specimens’ containers were filled with water to the bottom porous stone level for
capillary action for only the 5 cycles. The duration of one cycle of freezing and thawing was 12

hours.
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Figure 3.13 Setup of Freezing-Thawing Test for 60 cycles action.

Ultrasonic Pulse Velocity

The Ultrasonic Pulse Velocity (UPV) technique is a non-destructive testing technique for
determining the stress waves’ compression velocities in solid materials. These velocities are driven
by the density and elastic properties of the materials [50]. The UPV test was conducted using a
PUNDIT device as shown in Figure 3.14 and was performed following standard ASTM C597 [70].
Before using this PUNDIT device, it was calibrated by attaching two transducers to the cylindrical

block and the double readings were similar (25.4 ps).
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Figure 3.14 Setup for Ultrasonic Pulse Velocity (UPV) Test.

The UPV value was then determined by measuring the time required for the stress wave to
travel the full length of the soil specimen after the two transducers had been attached to both ends
of each specimen. Meanwhile, the resilient modulus (Er) measures a soil's capacity to withstand

deformation [71] and they are computed using UPV data.

3.3.5 Mineralogical and Microstructural Tests
X-Ray Diffraction (XRD)

X-ray diffraction (XRD) was instrumental in identifying the mineralogical components of
all soil samples, which was completed using a RIGAKU Smart Lab X-Ray diffractometer as shown
in Figure 3.15. The fine or powdered samples passing #325 (45 um) sieve were run and determined
through a scan axis of 2theta ranging from 5 to 70 with a step of 0.01 and integrated at the duration
time of 3.0 counts per second speed. The findings from the experiment was analyzed using MDI
Jade 6 software and the computational analysis of the generated values were completed using
Origin Pro 2022.



Figure 3.15 Setup for X-Ray Diffraction Test

Scanning Electron Microscope (SEM)

Scanning electron microscopy (SEM) was utilised to analyse and describe the surface
morphology of both untreated and treated soil samples. This experiment was completed using
Scanning Electron Microscope Jeol JSM-IT200(LA) as shown in Figure 3.16 and stabilizers used
for this experiments are the one with volumetric expansion behaviours and the images obtained

will be analyzed for identify the elements that may be responsible for such behaviors.

Figure 3.16 Scanning Electron Microscope

Energy Dispersive Spectroscopy

Energy Dispersive Spectroscopy (EDS) was used to assess the chemical nature of the
elemental composition of various soil samples. The experiment was performed in conjunction with
SEM as shown in the immediate above figure (3.16) to identify different elements to verify

findings from SEM.
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Chapter Four — Results and Analysis

4.1 Introduction
The results on the strength and quality of the stabilized saline soil are holistically presented

and analyzed.

4.2 Soil Characterization
The characterization of soils for this study are grouped into physical, chemical, and
mineralogical properties. The findings of both properties are presented in the subsequent

subheadings to understand the properties of both untreated soil and treated soil, where applicable.

Table 4.1 Physical Properties of High-Sulfate Saline Soil

Property Value
Liquid limit (LL) 37.2
Plastic limit (LP) 17
Plasticity Index (PI) 20.2
Specific gravity 2.48
pH 9.08
Grain Size distribution

Gravel (> 4.75) 0.14
Sand (0.075- 4.75) 96.89
Silt and Clay (<0.075) 2.97
USCS Soil Classification CL
Maximum Dry Density (MDD) (kg/m?) 1916
Optimum Moisture Content (OMC) (%) 10.6

4.2.1 Soil Gradation Test

The soil gradation findings for this study indicate that the soil used had a particle size
distribution as shown in Figure 4.1, revealing gravel, silt and clay, and sand contents of 0.14%,
96.89%, and 2.97%, respectively.
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Figure 4.1 Particle Size Distribution

4.2.2 Atterberg Limits Test

Table 4.1 presents the outcomes of the Atterberg limits test encompassing the liquid limit,
plastic limit, and plasticity index. The liquid limit (LL) was determined by conducting three trials
of the cone penetration test, guided by the Tex-105-E [72], and the liquid limit was determined to
be 37.2% through the corresponding moisture content value for 20mm penetration. The plastic
limit was found to be 17.2%, resulting in a plasticity index of 20%. These parameters, namely LL,
PL, and PI, are recognized as valuable indicators of moisture affinity changes in soil engineering
properties and offer useful estimates of soil swell potential, as previously noted by Chen [73].

4.2.3 Edge-Grim Test
Figure 4.2 presents the soil pH of saline soil treated with lime, which accelerates the pH to
12.4 causing calcium to release, clay alumina and silica to dissolve, and pozzolanic compounds to

develop as a result.
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Figure 4.2 Eades-Grim Test Result for Saline Soil and Lime

4.2.4 Sulfate Content Test

Based on the directives provided in Tex-145-E [66] to evaluate the sulfate concentration
of soil mixtures, the values (in parts per million) are summarized as shown in Table 4.2. The tests
were performed aftermath unconfined compressive strength at fixed durations for all soil mixtures,
mellowing inclusive. Figure 4.3a and Figure 4.3b represent the trends of sulfate level in soil for
all soil mixtures prior to mellowing and after mellowing. In the case of soil mixtures, as shown in
Figure 4.3a, all soil samples had very high sulfate levels at three days before decreasing in 14 days,
albeit temporarily. This is due to the noticeable increment in the sulfate levels of soil mixtures
except soil stabilized with 4 percent of lime and 2% (50%G:50%B).

Following the pre-compaction mellowing procedure (other methods of stabilization), the
concentration of soluble sulfates declined, as was expected. During the first three days, they had
the lowest sulfate level compared to the regular soil combinations (un-mellowed soil mixtures).
The reduction in sulfate of the mellowed soils is highly apparent when compared to the control
soil before and after mellowing, which supports the essence of soil mellowing, to lower sulfate
levels in soils. Other soil blending mixes showed a similar phenomenon. These can be explained
by the optimum amounts of lime and water addition, which increases the concentration of free
calcium in the system, critical for the formation of ettringite crystals. This phenomenon of sulfate

level reduction could be due to the calcium's availability.
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Table 4.2 Summary of Soluble Sulfate Concentrations of Soil Mixtures (in ppm)

Soil Mixture 3-d 14-d 28-d
Soluble Sulfate content (ppm)
Saline Soil 17040 14000 14720
4% Lime 15840 10240 11840
6% Lime 13600 9440 11120
8% Lime 13040 9920 10000
Soil + 4%L + 2% (50%G:50%B) 14240 10480 9360
Soil + 4%L + 4% (50%G:50%B) 12800 7920 9440
Soil + 4%L + 2% (70%G:30%B) 12560 9840 11520
Soil + 4%L + 4% (70%G:30%B) 11680 7280 7480
MS + 4%L + 2% (70%G:30%B) 9120 8640 10880
MS + 4%L + 4% (70%G:30%B) 8080 7840 10160
Mellowed Soil (MS) (C) 9920 11600 10400
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Figure 4.3 Sulfate Content with respect to their curing period (a) stabilized soil mixtures (b) mellowed soil
mixtures.
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4.2.5 Standard Compaction Test

Following the examination of the behaviors of different stabilizers on the compaction
characteristics of saline soil, Figure 4.4 depicts the relationship between optimum moisture content
(Wopt) and maximum dry density (yd,max) for different mixtures under the same compaction effort.
This test was performed to satisfy one of the conditions for performing soil stabilization: ensuring
that water content is controlled to facilitate maximum dry density [74]. The untreated soil showed
a maximum dry density (1916 kg/m?) and an optimum moisture content (10.6%). The addition of
lime in binary mixtures (4%, 6%, and 8%) affected the compaction characteristics, resulting in a
slight decrease in the MDD (1867 kg/m3, 1862 kg/m?, and 1844 kg/m?® respectively) and
subsequent highest OMC (12%, 11.7%, and 12%). This accompanies an orderly and slightly
declining maximum dry density. Afterward, the introduction of different proportions of GGBFS
and BOFS to the fixed 4% lime (in ternary mixtures 1) showed an increase in MDD (1889 kg/m?,
1890 kg/m?®) and a relative decrease in moisture content (10.5%, 11.2%) as compared to the binary
mixtures. However, increasing the proportion of GGBFS over BOFS to the fixed 4% lime in
ternary mixtures Il resulted in a slightly lower MDD (1879 kg/m3, 1875 kg/m3) and a higher OMC
(11.4%, 11.5%) compared to the ternary mixture I.
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Figure 4.4 MDD and OMC determination of the control and the stabilized soils.
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Generally, as compared to plain saline soil, the increasing content of stabilizers reduces the
MDD and conversely increases the OMC, except in the ternary mixture 1. The decline in MDD of
all stabilized mixtures is attributed to the resistance to compaction triggered by “flocculated and
agglomerated soil particles” established in cation exchange activity from stabilizers and the
surrounding soil surface [33, 75]. Conversely, the increase in OMC could be a result of the
exothermic reaction between soil and additives, which requires some water for hydration [76], and
the increased void ratio caused by flocculated particles taking up more space in the soil matrix.
Therefore, the results of this study are in line with the results found in previous studies on sulfate-
contained soils [77-79].

4.3 Mechanical Property

4.3.1 Unconfined Compressive Strength

Figure 4.5 shows the effect of various stabilizer content on the compressive strength of
stabilized saline soils. Comparing stabilized mixtures to saline soil (control), the unconfined
compressive strength of all mixtures is substantially higher, thus corroborating the rationale for
conducting soil stabilization. The unconfined compressive strength (UCS) of most mixtures, apart
from the binary mixture containing 4% lime and two ternary mixtures (2% of 50% GGBFS: 50%
BOFS and 2% of 70% GGBFS: 30% BOFS), showed a significant increase in strength after 3 days

of curing when compared to natural soils.

In comparing the UCS of soil stabilized mixtures without being mellowed, only two lime-
and-slag-based mixtures 4% of (50%G + 50% B) and 4% of (70% GGBFS + 30% BOFS) at a
fixed 4% lime showed a significant increase in UCS values in all durations when compared with
other mixtures, including the untreated soil. Thus, this suggests that an increased lime and slag
combination leads to increased strength gain in all durations. Moreover, this consolidates the

suitability of slag-based materials in stabilizing high-sulfate saline soils.

Effect of stabilizer content on the UCS Test

A UCS experiment was completed to assess the effect of various chemical binders on
enhancing the compressive strength of saline soil. The chemical binders studied were standalone
lime and various mixtures of lime with GGBFS and BOFS in various proportions. The results of
the study are significant in terms of identifying effective strategies for enhancing the mechanical
properties of sulfate-bearing saline soil. In binary mixture, lime of all proportions except 8% did
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not lead to a significant increase in the strength gain throughout the duration. In the ternary mixture
I, a different proportion (2% and 4%) of slag-based materials (50% GGBFS and 50% BOFS) were
used throughout but 4% of the lime-and-slag treated demonstrated higher UCS gain, unlike the 2%
of the same mixture. Similarly, a different proportion (2% and 4%) of slag-based materials (70%
GGBFS and 30% BOFS) showed different UCS gain and just like ternary mixture 11, 4% of the
lime-and-slag treated demonstrated higher UCS gain, unlike the 2% of the same mixture.
Generally, when comparing all the 4% content of both ternary mixtures, the addition of 4% (70%
GGBFS and 30% BOFS) had significant effects on the increased UCS gain.
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Figure 4.5 Unconfined Compressive Strength of all soil mixtures.

Effect of curing period on the UCS test

Figure 4.5 shows that the UCS of all soil mixtures improves significantly with increasing
curing time. Unlike untreated soil, the highest increment occurred during the 28-day. As an
illustration, the consolidation of saline soil utilizing lime in concentrations of 4%, 6%, and 8%
resulted in considerable and noteworthy unconfined compressive strength (UCS) improvement.

Specifically, the UCS values of specimens treated with 4% lime and aged for 28 days experienced
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a substantial enhancement, increasing from 61.89 kPa to 160.35 kPa, in comparison to specimens
aged for 14 days. The UCS increase at 28 days was 2.59 times higher than that observed in the 14-
day specimens. 6% lime stabilized soil increased from 93.67 kPa (3-day) to 218.51 kPa (28-day),
showing that the UCS gain was about 2.33 times whereas, the 8% lime stabilized specimens
increased from 133.35 kPa (3-day) to 406.06 kPa (28-day) summarizing that the UCS gain was
about 3.05 times. However, there is only a significant increment in the UCS values of 8% lime-
based, unlike other lime-treated soil specimens which had no significant UCS gain between 14 to
28 days. This may be explained by the flocculation/agglomeration reactions [31].

A considerably high UCS increment is prevalent in some of the combined lime-and-slag
stabilized soil mixtures such as 4% (50% GGBFS and 50% BOFS) and 4% (70% GGBFS + 30%
BOFS). For example, the former (ternary mixture I) had significantly higher UCS values (172.61
kPa, 472.32 kPa, and 996.78 kPa) after 3-day, 14-day, and 28-day, respectively, which summarizes
that the UCS gain was 5.77 times in 28-day as compared to 3-day. Whereas the latter (ternary
mixture 11) had the highest UCS values in all mixtures (133.55 kPa, 534.64 kPa, and 1115.80 kPa)
after 3-day, 14-day, and 28-day, which summarizes that the UCS gain was 8.35 times in 28-day as

compared to 3-day.

In general, the compressive strength of the soil treated with lime demonstrated notable
enhancement within a 3-day curing period as compared to the untreated natural soils. However,
the unconfined compressive strength (UCS) of other stabilized soils subjected to the same curing
duration did not exhibit significant improvement. This could be ascribed to the inability of the lime
to produce insufficient ca?* for cation exchange and pozzolanic reactions [7], but it is only natural
for the UCS of stabilized soil to increase with increasing curing time [80]. Contrarily to the
behavior of saline soil, the UCS of combined lime-and-slag soil mixtures significantly increased
with time, although the increase in UCS for soil treated with 6% lime was relatively slow between
14 to 28 days. Remarkably, the protracted improvement observed in 28 days for the UCS of
combined lime-and-slag base (GGBFS and BOFS) stabilized soils reflects the development of
“calcium aluminate hydrate (C-A-H) and calcium silicate hydrate (C-S-H) gel” from pozzolanic
activity [81, 82].
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4.4 Durability Properties

4.4.1 Three-Dimensional Swelling

Figure 4.6 illustrates the volumetric change behavior of untreated and treated soil
specimens of different compositions subjected to 28 days of continuous capillary suction. The
untreated soil (control), when subjected to soak action, expanded rapidly until 6 days slowing
down the expansive phenomenon for the rest of the duration. However, the binary blending of the
soil with three percentages of lime stabilizers (such as 4%, 6%, and 8%), drastically reduced the
volumetric expansion of the soil. For instance, soil stabilized with 4% lime exhibits shrinkage
behavior for up to 8 days, after which it resists both steady resistance to shrinkage and swelling
afterward. The soil treated with 6% lime showed steady increases in expansion up to 8 days then
resumed increasing swelling which peaked at 1.3% corresponding to 24 days. The volume
expansion of soil treated with 8% lime peaked early before showing varying declining trends until
the end of the 3D test. From the binary mixture standpoint, it can be concluded that an increase in
the lime content increases the swelling behavior of the soil with respect to the capillary suction

duration.

In the case of ternary mixture I, soil stabilized with 2% (70% GGBFS + 30% BOFS) at
fixed 4% is characterized by shrinkage at an early age, albeit it started exhibiting swell behavior
from day 10 which rapidly rises and eventually peaking at 1.5% corresponding to 28 days.
Conversely, soil treated with 4% of (70% GGBFS + 30% BOFS) is marred by inconsistent
volumetric expansion throughout the continuous capillary suction despite peaking early at 1.4%
(6 days). The presence of CaO in the GGBFS may have triggered the formation of ettringite
minerals. The former mixture had the second-highest expansion rate of 1.5% at 28 days after 6

days, unlike the latter mixture which recorded 1.4% during the same period.

The addition of 2% and 4% by weight of equal proportions of ground granulated blast
furnace slag (50% GGBFS) and basic oxygen slag (50%), respectively, is characterized by
fluctuating shrinkage behavior at an early stage, with the former mixture showing resistance to
both swelling and shrinkage at later stages. Conversely, the latter mixture (4% of 50G:50B)
showed fluctuating swelling behavior between 6 days and 21 days where it peaked at 1.1%
corresponding to 21 days. Thus, the presence of ettringite minerals may explain this behavior

disparity due to the addition of lime in sulfate-containing soils. It is noteworthy that these mixtures
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had the highest shrinkage, indicating that the equal addition of both GGBFS and BOFS provides
resistance to volumetric expansion between the ternary mixture I and Il. Overall, the saline soil
treated with 4% lime exhibited the greatest resistance to volumetric expansion and shrinkage
throughout the full 28-day capillary suction test In terms of final swelling percentage for all

mixtures, Table 4.3 summarizes the soil mixtures with Maximum swell and shrink values.

i' ——S0il (Control) —— Soil + 4%L 1
i Soil + 6%L Soil + 8%L i
i = S0l + 4%L + 2% (50%G:50%B) —0— Soil + 4%L + 4% (50%G:50%B) H
: e S0l + 4%L + 2% (70%G:30%B) e S0l + 4%L + 4% (70%G:30%B) :

VOLUMETRIC EXPANSION (%)
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Figure 4.6 3-D Volumetric Swell-Shrink Measurement.

Table 4.3 Summary of the final volumetric swell behavior of stabilized soil samples

Maximum Duration Ranking Maximum Rank

Swell (days) Shrink
Soil (Control) 4.39 6 8 NA NA
4%L 0.47 1 1 -0.53 5
6%L 1.28 24 3 NA NA
8%L 1.29 1 4 -0.01 1
4%L+ 2% (50G:50B) 0.60 1 2 -0.76 6
4%L + 4% (50G:50B) 1.13 21 5 -0.36 3
4%L + 2% (70G:30B) 151 24 7 -0.40 4
4%L + 4% (70G+30B) 1.35 6 6 -0.07 2

The moisture content change during the 3-D swelling test on stabilized soil mixtures was evaluated
and presented in Figure 4.7. All soil specimens experienced an increase in moisture content change

over the initial two days, attributed to the capillary action. Among the dried soil specimens, the
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ternary mixture I (2% (50%GGBFS and 50% BOFS) showed the highest water absorption without

any signs of slowing down until 28 days. Although it is only natural for the control soil (untreated

soil) to absorb excess water due to its properties, it slowly reduces the water absorption later on.

Conversely, the soil mixture stabilized with 4% lime showed the lowest water absorption of all the

pre-mellowing categories. Moreover, ternary mixture Il, such as soil stabilized with 2% (70%
GGBFS and 30% BOFS) and the soil stabilized with 4% (70% GGBFS and 30% BOFS) exhibited

the second and third lowest moisture content, respectively, throughout the capillary soak action.
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Figure 4.7 Moisture content change determination.

4.4.2 Dielectric Constant

Figure 4.8 demonstrates the dielectric constant (DC) values which highlight the moisture

susceptibility of all soil mixtures within a specified duration. Compared with the untreated soil

(control), the stabilized soils before 3-D swelling presented increasing DC values but drastically

reduced DC values after the 3-D swelling test. The presence of lime drastically reduces the DC

values at 28 days, but the introduction of slag increases the DC values within the same period.
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Surprisingly, increasing the slag materials content increases the DC values, whereas the presence

of lime reduces the DC values.
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Figure 4.8 Dielectric Constant measurement for all soil mixtures

4.4.3 Soil Mellowing

Following the soil mellowing process conducted on ternary Il mixtures, (see ternary Ill
mixtures), various tests such as UCS test, 3D swelling test, DC test, and F-T test were conducted
to understand their effects on the strength and durability behaviors as compared to treated soils
that were not mellowed. The following sub-headings are results obtained, respectively with
analyses.

Effect of Soil Mellowing on the UCS Test

The strength behavior of mellowed soils throughout 3, 14, and 28 days are presented and
compared as shown in Figure 4.5. Generally, the mellowed soil stabilized with a proportion of 4%
(70% GGBFS + 30% BOFS) recorded the highest compressive strength (814 kPa, 891.21 kPa, and
1425.90 kPa) in 3-day, 14-day, and 28-day, respectively, when compared to other mellowed soils
and even other soil mixtures (not-mellowed). However, the only difference is that the UCS gain
of 2% (70% GGBFS + 30% BOFS) was much higher for 14 days as compared to 4% (70% GGBFS
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+ 30% BOFS). Also, the strength gain was not as significantly higher (1.75 times in 28 days) with

respect to the curing time as compared with not-mellowed soil mixtures of similar mix proportions.

Effects of Soil Mellowing on the 3-D Test

Figure 4.9 depicts the variations in the behavior of mellowed soils (ternary mixture I11)
under 3D-swelling action over 28 days. After immersing the mellowed soil (control) specimens in
water for two days, a maximum volumetric expansion of 1.2% was observed, followed by a steep
increase in the expansion of the soil until day eight. The trend fluctuated and resisted expansion
for the remainder of the duration. On the other hand, the mellowed soil stabilized at 2% (70%
GGBFS + 30% BOFS), reached a peak of expansion (1.5%) at 10 days and fluctuated until 28
days. Meanwhile, the mellowed soil stabilized with a higher proportion of additives, i.e., 2% of
(70% GGBFS + 30% BOFS), which dramatically and consistently increased to a peak of 1.1% in
18 days. Since then, it has decreased rapidly until 24 days and then steadily. Overall, this soil

mixture can withstand shrink and swell behavior during soak action.
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Figure 4.9 Three-Dimensional Swell test determination for mellowed soil samples

As shown in Figure 4.10, the mellowed soil samples with the proportion of 4% (70%
GGBFS + 30% BOFS) dramatically exhibit the highest water absorption compared to all other soil
mixtures, both before and after mellowing. Whereas the mellowed soil samples comprising 2%
(70% GGBFS + 30% BOFS) had the second highest moisture change throughout all the 3D-
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Swelling procedures. Overall, these results highlight the impact of different stabilization

treatments on soil moisture content and their behavior during the mellowing process.
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Figure 4.10 Moisture content change determination of mellowed soils mixtures.

Effect of Soil Mellowing on Moisture Susceptibility

In assessing the moisture susceptibility of different mixtures of mellowed soils, a dielectric
constant test was performed, and the result is displayed in Figure 4.11. None of the mellowed soil

samples showed any significant resistance to moisture susceptibility.



43

—— MS + 49%L + 29%(70%G:30%B) —8— MS + 4%L + 4% (70%G-30%B)
MS (C2)

MOISTURE SUSCEPTIBILITY (%)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

TIME (DAYS)

Figure 4.11 Dielectric Constant measurement for all mellowed soil mixtures
4.4.4 Freeze-Thaw Resistance

Relative Dynamic Modulus of Elasticity (RDME) of soil mixtures

RDME is the ratio of strain to stress at the time when the stress is at its minimum point
under dynamic loads [83]. Estimating the relative dynamic modulus of soil samples is paramount,
especially under extreme weather condition (Freezing and thawing). For instance, as the soil
specimens experience F-T cycles, they progressively loses their ability to be elastic, causing the
RDME to decrease, surface scaling to gradually grow, and the strength of the material to decrease
[84]. Thus, RDME determination of soil mixtures that undergo F-T cycles is crucial for
understanding the frost resistance of stabilized soil mixtures. However, due to the huge time
commitment and the need for sophisticated laboratory facilities associated with conducting this
kind of test, drawing inferences from the concrete parameters reported in the study by Shon et al.
[84] could suffice.

Where: vs symbolizes the UPV after final cycles of freezing and thawing; vo symbolizes the UPV

at the initial cycles and Pssymbolizes the percentage of RDME at the end of the cycles.
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The above equation 5 details how the relative dynamic modulus of elasticity was computed,
and the findings are given in the form of an illustration as shown in Figure 4.12. Surprisingly, all
soil mixtures except only 4% of the ternary mixture Il did not show any signs of RDME throughout
the freeze-thaw cycles. The RDME value of 4% of the ternary mixture Il slowly increases from 30
cycles and stops at 50 cycles. In contrast, all mellowed soils in ternary mixture Il had increasing
RDME values with increasing freezing-thawing cycles until 30 cycles, after which the RDME
started declining. This could be a result of a drastically declined hydration rate during the F-T
cycles, especially given the mass losses in those soil samples. Thus, the higher the slag content,
the higher the RDME of all soil samples.
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Figure 4.12 The Relative Dynamic Modulus of Elasticity of soil samples

Effect of F-T Actions on soil specimens

The durability performance of all soil mixtures was assessed through the Freezing-Thawing
(F-T) test and the findings are shown in Figure 4.13a and Figure 4.13b. The test involved using
specimens that have been subjected to 28 days of wetting and drying actions before 60 cycles of
freezing and thawing (corresponding to 2 cycles per 24 hours) in accordance with the American
Standard D 570. The specimens, stabilized with different proportions of binders, were evaluated
in terms of soil-binder mass loss and volume changes. To measure the impact of different binders
such as lime, ground granulated blast furnace slag (GGBFS), and basic oxygen furnace slag
(BOFS), the weight of the specimens was recorded before and after the F-T cycles. The difference

in the masses can be computed as a percentage of the initial dry mass and was referred to as the
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percentage cumulative mass loss (PCML) from the freeze-thaw conditions [50]. The PCML is a

critical indicator for understanding the resistance of soil specimens to F-T cycles [85].

The findings showed that, during the initial stages of the freeze-thaw action (first 10
cycles), all soil specimens experienced a dramatic increase in mass, due to water absorption, with
no mass loss observed. At 20 cycles, mass loss was observed in all specimens except the untreated
soil, 8% lime, and 2% of (70% GGBFS + 30% BOFS). Rapid mass loss was observed in all
specimens, except the untreated soil and 4% (70% GGBFS + 30% BOFS), starting from 30 cycles.
The highest mass losses were observed in 4% lime (16.02%) and 6% (12.38%). The soil specimens
in the ternary mixture I and Il had mass losses of 14.72% and 12.58%, and 10.85%, respectively.
A similar phenomenon was observed until the end of the whole F-T cycle (from 40-60 cycles).
With the exception of untreated soil and ternary mixture Il [4% (70% GGBFS + 30% BOFS)], the
PCML of soil binders increased rapidly, persisting until the conclusion of the freeze-thaw cycles,
whereas the latter mixtures showed resistance to mass loss. This showed that the augmentation in

slag content in the ternary mixtures had a destructive impact on the soil specimens’ mass loss.

In the case of the mellowed soil mixtures (ternary mixture I11), Figure 4.13b shows that
there was only a gain in mass at 10 and 20 cycles, except for the mellowed soil (Control) with a
mass loss of 1.99%. Unlike the non-mellowed soils, the mellowed soil specimens showed higher

resistance to mass loss, with the highest mass loss of 6.2% at 60 cycles.
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Figure 4.13 PCML of (a). Control soil and stabilized soil mixtures and, (b). Mellowed soil mixtures.

The findings of the study on the impact of freeze-thaw cycles on the volumetric change of
stabilized soils are illustrated in Figure 4.14 and Figure 4.15. The study lasted for 30 days (60
cycles) and involved both non-mellowed and mellowed soils. Figure 4.14 indicates that all soil
specimens experienced volumetric expansion immediately after the freeze-thaw action, with the
highest peak occurring at 20 cycles for all specimens except for the soil specimens containing 2%
(70% GGBFS + 30% BOFS), which had the highest volumetric expansion of 7.97% and reached
its peak at 40 cycles. Conversely, the lowest volumetric expansion was observed in the ternary 11
mixture of 4% (70% GGBFS + 30% BOFS), as it demonstrated resistance to expansion up to 30
cycles. After this, it can be seen that all soil sample mixtures exhibited rapid volumetric shrinkage
throughout the freeze-thaw cycles. The outcome of the study suggests that the introduction of lime
has a minimal effect on controlling swelling and that increasing the proportion of slag, particularly

GGBFS has the potential to reduce both expansion and shrinkage during freeze-thaw action.
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Figure 4.14 3-D Volumetric Swell-Shrink determination of soil mixtures during F-T cycles.

The illustration as shown in Figure 4.15 indicates that all mellowed soil specimens
demonstrate resistance to volumetric expansion during the freeze-thaw action. The specimens
exhibit slow expansion until 30 cycles, with an expansion rate of less than 0.5% throughout the
cycles. Subsequently, these soils exhibit a gradual shrinkage until the end of the freeze-thaw cycle.
The highest shrinkage rate was observed in the mellowed soil, reaching 2.55% at 60 cycles. These

findings demonstrate the capability of mellowed soils to resist expansion during freeze-thaw

cycles, while also undergoing limited shrinkage.
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4.5 Mineralogical and Microstructural Properties

The mineralogical composition of different soil mixtures, acquired subsequent to freeze-
thaw (F-T) cycles, was meticulously assessed via X-ray diffraction (XRD), and the corresponding
patterns are depicted in Figures 4.16, 4.17 and 4.18. These figures show distinct X-ray diffraction
(XRD) patterns of various soil mixtures, wherein XRD of all stabilized soils and mellowed soils
displayed akin components (quartz and gypsum) to those found in saline soil. However, a subtle
presence of thaumasite was detected in only the mellowed soil (MS). Surprisingly, no significant
ettringite or thaumasite, known as expansive minerals, was detected in all the peaks of the XRD
patterns. This intriguing finding may potentially provide insight into the underlying mechanisms

that drive the observed shrinkage behaviors during the 60 F-T cycles and 3D swell test.

Control
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Figure 4.16 XRD Analysis of Saline Soil

The XRD pattern for plain mixture (control) are illustrated in Figure 4.16 and the major
components found in the saline soil were predominantly quartz (SiO2), gypsum (CaSOsH-0) and
some silicon sulphide (SiSz). The abundance of gypsum in the soil results in a substantial
concentration of sulfate ions, showcasing its salinity and precipitating as crystallized salt. This
phenomenon significantly diminishes the soil's performance, rendering it inferior in terms of

engineering properties, and inflicts deleterious effects that ultimately lead to soil degradation [4].

Figure 4.17 illustrates the diverse X-ray diffraction (XRD) patterns observed in the
stabilized soil mixtures. Remarkably, nearly all soil samples displayed similar composition, except

for the 4% lime-treated sample, which exhibited a pattern akin to plain soil. Intriguingly, apart
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from the 4% lime and 2% (70% GGBFS + 30% BOFS) treated samples, all other soil samples
manifested the presence of calcium carbonate, specifically calcite, as revealed by XRD analysis.
Notably, the absence of ettringite or thaumasite in any of the soil mixtures is unexpected. This
phenomenon may be attributed to constrained moisture circulation during freeze-thaw (F-T)
cycles, particularly considering the observed shrinkage behavior in some of the soil specimens.
These findings suggest that the F-T action may have resulted in altered mineralogical
transformations and reduced the formation of ettringite or thaumasite in the stabilized soil
mixtures. This could be because of diminished moisture circulation, especially since there were

some shrinkage behaviors among the soil specimens during the F-T cycles.
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Figure 4.17 XRD Analysis of all Stabilized Saline Soils

Figure 4.18 illustrates distinct X-ray diffraction (XRD) patterns of various mellowed soil
mixtures, wherein most soil samples displayed akin components to those found in stabilized soil
samples. However, a subtle presence of thaumasite was detected in only the mellowed soil (MS).
Furthermore, the XRD patterns shown in the figure succinctly depict that the process of stabilizing

mellowed soil samples proved effective, resulting in the complete elimination of gypsum. This
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resolute action explains the increased resistance of mellowed soil samples against the detrimental

effects of freeze-thaw (F-T) cycles, as corroborated by the durability property findings.
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Figure 4.18 XRD Analysis of all Mellowed Soil Samples

4.6 SEM/ EDS Characterization

A scanning electron microscope experiment was performed on selected soil mixtures to
investigate their microstructural properties, which are critical for buttressing the durability
behaviors exhibited after the F-T cycles. The SEM pictures with accompanying energy dispersive
spectroscopy (EDS) were taken after 60 F-T cycles, and the results obtained are summarized in
the figures below. Figure 4.19a and Figure 4.19b show the scanning electron microscope and the

energy dispersive spectroscopy of control soil and binary mixture (4% lime), respectively.

The SEM micrographs in both figures had similar elements, and there were clay mineral
flakes present therein. Moreover, it can be seen that from the SEM illustration that the addition of

4% lime, as shown in Figure 4.20 led to several pores and openings, which could be a direct
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consequence of reduced moisture caused by evaporation [38]. However, no formation of ettringite

or thaumasite was observed.

SED 150KV WD 144 mm SId-PC680 HighVac. (81x1,000 — 10 um ) 100

Figure 4.19. SEM/EDS images for high sulfate saline soil (&) SEM image and (b) EDS image.

SED  10.0kV WD129mm St

Figure 4.20. SEM/EDS images for 4% lime (a) SEM image of 4% lime and (b) EDS image of 4% lime.

Figure 4.21a and Figure 4.22a illustrate the SEM images of the stabilized sulfate-bearing
saline soil of ternary mixture 1 (2% and 4% of [50% GGBFS and 50% BOFS], respectively), while
Figure 4.23a belongs to 4% of ternary mixture 11, revealing the scattered and significant quantity
of needle-like crystals, otherwise known as ettringite. These crystals in these figures are a sign of
the ettringite mineral's formation in the presence of sulfate. It is possible that as the stabilizer and

soil mixture hydrated, ettringite minerals formed, causing aberrant swelling in the treated sulfate-
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bearing soils [4, 29]. Figure 4.21b, Figure 4.22b and Figure 4.23b, respectively, show similar EDS

spectra and elemental components.

S ot f 0,00
=4

inA[7 15.0kV WD WE mm  Std-PC60.0 HighVac. [C1x4,000 I 5 um

Figure 4.21. SEM/EDS images for 2% of stabilized ternary mixture I (a) SEM image (b) EDS image.
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Figure 4.23. SEM/EDS images for 4% of stabilized ternary mixture Il (a) SEM image (b) EDS image.
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Figure 4.24a and Figure 4.25a show the SEM images of different mellowed soil mixtures
(ternary mixture 111), comprising 2% of 70% GGBFS and 30% BOFS and only mellowed soil,
respectively. It is surprising that there was no significant needle-like ettringite mineral formation
in the illustration, which could be a reason why the soil specimens did not collapse like other soil
specimens. Moreover, Figure 4.24b and Figure 4.25b show the corresponding EDS spectrum and

elemental composition of the ternary soil mixture 111, which also share similarity in the elements.

1.0610° -

SED

SED 150kv WD 156 mm  Std

Figure 4.25. SEM/EDS images for ternary mixture 111 (a) SEM image of only mellowed soil (b) EDS image of only
mellowed soil.
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Chapter Five — Conclusion and Recommendation

The primary aim of the research was to investigate and develop supplementary
cementitious binders generated from the ternary combination of varying proportions of lime,
GGBFS, and BOFS, followed by the assessment of the material characterization, mechanical, and
durability properties of sulfate-saline soil stabilized with different blends of materials, especially
when under freeze-thaw cycles. Succinctly, the characterization and engineering properties of
these different blends were studied to evaluate how they contribute to the performance of sulfate-
saline soil. Also, assessing their durability behaviors through various experimental testing guided
by experimental programs illustrated in Figure 3.1. To gain a more comprehensive understanding
of the enhanced durability performance of the stabilized soils, mineralogical and microstructural
experiments such as XRD, SEM, and accompanying EDS were performed and evaluated on

treated, untreated, and mellowed soils that had been exposed to severe weather conditions.

5.1 Conclusion
The following important conclusions can be made following the research's findings and

further recommendations concerning the study were provided for future research.

e Surprisingly, there was some disparity in the compaction characteristics in accordance
with their respective blend. e.g., in the case of the binary blend, there was a relative
enhancement in the optimum moisture content with a corresponding reduction in the
maximum dry density. In ternary blend I, there was an increase in the OMC with a
corresponding slight increase in the MDD, and finally, in ternary blend Il, as OMC
increases, there was a subsequent slight decrease in the MDD.

e The optimization of the ternary blend binder showed that higher proportions of GGBFS:
BOFS (4% of 70:30) was the most sufficient and suitable in reducing the sulfate level in
the saline soil.

¢ Following the mellowing process, which is another method of stabilization, the above
blend also proved to be the most effective in reducing the soluble sulfate present in the
soil.

e Generally based on respective ternary blends, the proportion of GGBFS: BOFS (4% of
70:30) had the highest compressive strength corresponding to before mellowing and after
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mellowing. Moreover, this shows that an increase in the waste slag-based materials results
in higher strength gain whether instant or prolonged.

e Untreated soil had the highest volumetric expansion, and all stabilizers were effective in
lowering it. However, 4% lime was the most effective in lowering the expansion whereas
lowering the slag contents was more effective in lowering the volumetric expansion of all
the ternary mixtures (2% of 50%GGBFS:50%BOFS).

e Moisture susceptibility of soil is unsuitable for pavement and thus, only 6% and 8% lime
were more effective in providing resistance to the susceptibility than any other binders,

especially at a later age (28 days).

Moreover, the durability performance of all soil mixtures was assessed through the
measurement of several parameters following their exposure to 30 days of freezing and thawing
corresponding to 60 cycles (2 cycles per day). The results and analysis of these parameters were

performed and therefore, the following conclusions were derived:

e All soil samples subjected to ultrasonic pulse velocity showed no sign of velocity
movement except the higher proportions of GGBFS: BOFS (4% of 70:30) starting at 30
cycles. Thus, the higher the slag content, the higher the velocity of the soil samples.

e Conversely, all mellowed soil samples exhibited UPV values throughout the freezing and
thawing cycles even though the higher proportions of GGBFS: BOFS (4% of 70:30) was
more encouraging.

e The resulting relative dynamic modulus of elasticity using UPV parameters also had
similar outcomes. This concludes that the higher the slag content, the higher the RDME
value of the soil samples before and after mellowing.

e Although all specimens before mellowing could not withstand the high volumetric effect
of freezing-thawing action beyond 20 days (40 cycles), higher proportions of GGBFS:
BOFS (4% of 70:30) was the most effective in lowering the volumetric expansion of all
mixtures under extreme weather condition.

e As expected, all mellowed soil specimens exposed to F-T cycles were the most effective
in lowering the volumetric expansion even though mellowed proportions of GGBFS:
BOFS (4% of 70:30) proved effective in withstanding the expansion for a longer time (25
days).
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e Atthe end of whole cycles, proportions of GGBFS: BOFS (4% of 70:30) before mellowing

and after mellowing had the lowest mass loss.

Finally, the mineralogical and microstructural performance of soil samples subjected to 60
cycles of freezing and thawing, equivalent to 30 days at a rate of 2 cycles per day, were assessed.
Subsequent to the examination and analysis of the XRD patterns and SEM image observations,

the following conclusions were deduced:

e Based on the XRD data, no ettringite and thaumasite minerals was detected in all of the
soil samples subjected to the F-T cycles, not noticeably in the peak region. However, a
weak thaumasite minerals was detected on mellowed soil (MS) only. This finding
concludes that the absence of these minerals may have led to the reduced expansion, but
shrinkage behaviors experienced during the 60 F-T cycles and 3D swell test.

e Quartz was predominant in all soil mixtures (I, Il &I11) whereas, gypsum was presence in
only plain soil, all binary and ternary mixtures except ternary mixture Ill. Thus, it is
concluded that gypsum can present detrimental effects on the soil samples.

e The results of the SEM and EDS show that there were several openings and pores after
stabilizing the soil with lime without any trace of needle-like ettringite. This perfectly align
with the XRD finding on the same soil mixtures.

e The formation of needle-like ettringite can be observed in all of ternary mixture Il, while
4% of ternary mixture 111 also shows some signs of ettringite and pores.

e There was no noticeable ettringite in soil-mellowed mixtures, as shown in the SEM image

observation. This almost coincides with the XRD result except for the only mellowed soil.

Based on the investigation of geotechnical and durability performance metrics for sulfate-
saline stabilized mixtures, the utilization of a 4% dosage of a ternary mixture consisting of 70%
GGBFS and 30% BOFS (for ternary mixtures Il and I11) demonstrates the most superior overall
performance. This novel combination of supplementary cementitious materials exhibits enhanced
resistance to F-T cycles. However, it is noteworthy to mention that an alternative stabilization
method, known as mellowing, displayed even greater resistance to F-T cycles. Therefore, the
utilization of waste slag as a partial replacement for calcium-based materials proves to be the most
favorable option in terms of eco-friendliness, cost-effectiveness, and potential for carbon

emissions reduction.
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5.2 Limitation of the Study

As a result of persistent malfunctions in the core facility laboratory's equipment, coupled
with a highly constrained reservation schedule, the study was unable to successfully carry out X-
ray fluorescence testing to elucidate the findings derived from X-ray diffraction and Scanning
electron microscope. Succinctly, based on the proposed experimental program, XRF was not
conducted in this study at this time due to a faulty AxiosmAX XRF spectrometer. However, an
Energy Dispersive Spectroscopy (EDS) was used as an alternative approach.

5.3 Recommendation
The following are the key recommendations critical for future research based on the long-

term performance of slag-based soil treatment under freeze-thaw action.

e Mellowing of soil samples to reduce sulfate concentration of about 3,000 ppm or less needs
to be achieved before compaction and subsequent swell and F-T cycle tests.

e Improvement in the stabilizer contents by adding more slag-based materials can be
proposed.

e Perform a CBR test to understand the bearing capacity of the soil mixtures.

e Saline soil stabilization as well as soil mellowing need to be performed for a longer period
to verify the possible presence of ettringite or thaumasite formations.

e Considering other alkali-activated wastes with separate ground granulated blast furnace
slag and basic oxygen furnace slag for comparing their superior performances.
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