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Abstract

This paper presents a comparison of the stabilization of alluvial soils using lime and fly ash. It aims to draw basic
inferences for these soils based on the test results obtained. In this regard, lime and fly ash were added to silty alluvial
soil at different rates, and the slamples were subjected to different curing periods. The cured samples underwent 0 and 1
freeze-thaw cycles in a closed-system cabinet by maintaining the specimens at -24°C and +24°C for 24 hours each, to
evaluate the influence of temperature changes. Based on the undrained shear strength values obtained from the
unconsolidated-undrained triaxial tests, the most prominent finding is that stabilization with fly ash performed better than
with lime, as the alluvial soil was rich in silts. The optimal stabilization period was determined as 28 days for both
stabilizers. The increased curing time was influenced by mechanisms potentially arising from the use of calcium-based
stabilizers in a sulfate-containing environment, which was most evident in lime stabilization. While the most effective
lime stabilization was achieved between 3% and 6%, this range increased to as much as 20% for fly ash. Although fly ash
stabilization yielded better results in terms of undrained shear strength, lime stabilization demonstrated better performance
against freeze-thaw cycles.
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Kirec¢ ve Ucucu Kiil ile Stabilize Edilmis Donma-Coziilme Dongiilii Aliivyonel
Zeminlerin Performansina iliskin Karsilastirmah Bir Cahsma

Oz

Bu ¢alisma, aliivyonlu zeminlerin kire¢ ve ugucu kiil ile stabilizasyonunun bir karsilagtirmasint olusturmakta ve elde
edilen deney sonuglart dogrultusunda bu zeminler igin temel ¢ikarimlarda bulunmay1 amaglamaktadir. Bu baglamda, siltli
alivyonlu zemine farkli oranlarda kire¢ ve ugucu kiil ilave edilmis ve numuneler farkl: siirelerde kiirlenmistir. Kiirlenen
numuneler, sicaklik degisimlerinin etkisini de igerecek sekilde, -24 ve +24 C™'de 24 saat tutularak kapali sistem bir dolapta
0 ve 1 donma-¢oziilme ¢evrimlerine maruz birakilmistir. Konsolidasyonsuz-drenajsiz ii¢ eksenli deneylerle elde edilen
drenajsiz kayma dayanimi degerinden yapilan ¢ikarimlarda, aliivyonlu zeminin silt bakimindan zengin olmasi nedeniyle
ucucu kiil ile stabilizasyonun kireg ile stabilizasyondan daha iyi sonug verdigi sonucuna ulagilmigtir. Her iki stabilizator
icin de en optimum stabilizasyon siiresi 28 giin olarak belirlenmistir. Kiir siiresinin artmasi, siilfat iceren bir ortamda
kalsiyum bazli stabilizatorlerin kullanilmasi sonucu olusabilecek mekanizmalardan etkilenmistir. Bu, kiregle
stabilizasyonda en belirgin sekilde goriilmiistiir. En etkili stabilizasyon kireg i¢in %3 ila 6 arasinda elde edilirken, bu oran
ucucu kil i¢in %20'ye kadar ¢ikmistir. Ancak, kirecle stabilize edilmis aliivyonlu zeminler donma-¢dziilme dongiisiine
kars1 daha iyi direng saglamistir.
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1. Introduction

The safety and cost of construction projects are primarily influenced by the characteristics of
the subgrade soil. In weak soils, the underlying layer is not suitable for safely bearing the loads
imposed by the proposed structure. As the extent of damage to structures built on weak soils became
more evident, researchers began focusing on improving their undesirable engineering properties using
various methodologies, especially through chemical stabilization. Rather than replacing the weak soil
with stronger material, stabilization has been recognized as a more cost-effective and practical
solution for the project budgets (Sharma et al. 2012; Firoozi et al. 2017; Teber and Akoguz, 2024).
The most common outcomes of stabilization include improved strength and durability, reduced
swelling potential, and decreased compressibility, permeability, and plastic of the soil (Hausmann
1990; Sherwood 1993; Prabakar et al. 2004; Naeini et al. 2012; Estabragh et al. 2013; Das 2015). To
ensure the long-term strength and stability of the structures, understanding the stabilization
mechanism of the subgrade soil becomes essential. One of the important aspects of soil stabilization
in achieving soil with the desired quality is selecting an appropriate stabilizer and using its variable
parameters at effective ratios (Nalbantoglu 2004; Barbhuiya et al. 2009; Maaitah 2012; Balkis 2017).
Excessive use of stabilizers and extended curing can lead to high costs and may even negatively affect
soil strength (Golhashem & Uygar 2020). Therefore, investigating the interaction mechanism
between different stabilizers and soils has become essential for determining the optimal values of
variable parameters during the stabilization process (Arslan et al., 2024; Sert et al., 2024).

A wide range of soil stabilizers has been introduced and applied to meet the desired physical
and chemical properties of soils. Among them, the most widely applied stabilizers are cement, lime,
and fly ash due to their pozzolanic nature (Sharma et al. 2012; Sherwood 1993; Little 1999;
Nalbantoglu & Gucbilmez 2002). The immediate and long-term reactionsthat occur when these
calcium-based stabilizers are used are largely responsible for enhancing the strength and durability
of the soils, resulting in the production of a higher-quality material. In the short term, as a result of
the flocculated structure formed after the cation exchange between the soil and the stabilizers, a
decrease in soil plasticity and an increase in the pH value of the environment are observed. When the
pH value reaches a threshold level (generally considered to be 10.5) in the long term, pozzolans in
the soil, such as silica and alumina, are released and react with the available calcium in the
environment, leading to strength gains. The main compounds responsible for this mechanism are
cementitious gels, namely, Calcium-Silicate-Hydrates (CSH) and Calcium-Aluminate-Hydrates
(CAH) gels, which are the products of pozzolanic reactions. The newly formed matrix significantly
alters the properties of the soil, resulting in a stronger and more durable soil structure to be formed

(Firoozi et al. 2017). Among these types of stabilizers, fly ash, which is a by-product material,
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(Parsons & Milburn 2003; Phanikumar & Sharma 2004; Arora & Aydilek 2005). By incorporating
waste materials such as fly ash into the soil, a sustainable approach can be achieved from both
economic and environmental perspectives. Fly ash is a waste material produced from the
combustionof coal and serves as a type of stabilizer. whose properties may vary depending on the
chemical composition of the burned coal. Its amorphous structure, rich in siliceous and aluminous
compounds, and its fine-grained texture are among the main reasons for its pozzolanic feature. In
general, fly ash is classified into two main categories, Class-C and Class-F, based on the cementitious
properties they exhibit. Class C fly ash, which has self-cementing properties due to its high lime
content (CaO > 8%), does not require the use of an additional activator for soil stabilization. In
contrast, Class F fly ash contains less lime (CaO < 8%) and has a less reactive nature (Manz 1999).
As with any stabilizers, the soil type and mineralogical composition are as important as the chemical
properties of the fly ash. Past studies have shown that fly ash yields successful results, particularly in
silty and sandy soils, the degree of improvement decreases with increasing plasticity (Firoozi 2017,
Arora & Aydilek 2005; Acosta 2002; Bhuvaneshwari et al. 2005). In a study conducted by Parsons
& Milburn (2003), three different soil types (CH, ML, SM) were stabilized using fly ash, cement, and
lime. The study demonstrated that fly ash produced the highest strength gain in low-plasticity silt
(ML) soils. In cases where plastic soils are encountered, lime is typically the recommended stabilizer.
The possibility that fly ash may be insufficient in some conditions also increases the preference for
commercial stabilizers such as lime. While the use of fly ash as a waste material offers significant
environmental advantages, the fact that lime is inexpensive and widely available can, in certain cases,
provide even greater benefits (Bhuvaneshwari et al. 2005; Little & Nair 2009). When the soil types
used in stabilization are examined, it can be observed that most studies have focused on expansive
soils in order to prevent significant volumetric changes under loading conditions. However, there are
a limited number of studies that primarily address the stabilization of a crucial type of soil type:
alluvial soils. Alluvial soils are one of the recently formed loamy soil types, characterized by large
pores formed as a result of sedimentation processes (Yadav et al. 2017). This type of soil exhibits
significant settlement behavior due to its low bearing capacity and high void ratio. Nevertheless, it is
one of the most commonly encountered soil types in transportation systems as base material or
beneath structures as a sub-base material. Special attention should be given to the stabilization of
these soils with the aforementioned materials. Moreover, due to the large voids in the alluvial soils,
seasonal changes that cause freeze-thaw cycles within these voids, and the related parameters that
contribute to strength reduction, must be investigated in detail. From this point of view, it can be
concluded that the stabilization of alluvial soils, particularly targeting their problematic properties,
represents a relevant subject of study; however, there are still gaps in the existing literature on this

topic (Malikzada et al. 2022). Additionally, the sensitivity of alluvial soil strength to temperature
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fluctuations indicates that the parameters considered in the stabilization of these soils with different
materials should not be limited to material properties alone, but should also account for environmental
effects. From this perspective, the number of studies that consider environmental effects in the
stabilization of alluvial soils using materials such as lime and fly ash remains limited. It is important
to note that, when evaluated in conjunction with temperature fluctuations, the general conclusions
drawn in previous studies regarding lime and fly ash stabilization may vary depending on the
characteristics and classification of the alluvial soil (Arslan et al., 2023). Previously, Arora & Aydilek
(2005) investigated the influence of several parameters, such as fine and water content, curing time,
activator type, and cohesion, on key engineering properties of fly ash stabilized sandy soils.
Unconfined Compression (UCS) and California Bearing Ratio (CBR) tests were conducted using
lime and cement as activators. While the soil samples stabilized with 40% of fly ash, cement, and
lime were added as 1, 2, 4, 5, 7 %, and 4, 7, 10 % of this mixture, respectively. Additionally, to
increase sample cohesion, 10% kaolinite was added to some of the mixtures. The effect of temperature
was incorporated into the study by subjecting the samples to freeze-thaw cycles, freezing at —23°C
and thawing at room temperature, over 2, 4, 8, and 12 cycles. The UCS and CBR values increased
with cement addition (up to 5%) but decreased with increasing lime content. UCS values also
increased with the number of freeze-thaw cycles in cement-treated samples but decreased in lime-
treated samples. The study revealed that an increase in the cohesion of stabilized soil negatively
affects its durability under temperature fluctuations. The phenomenon, particularly observed in
compacted clay samples, was attributed to the formation of ice lenses within the soil, leading to an
increase in cracking (Benson & Othman 1993). Cheng et al. (2021) also studied the freeze-thaw
response of salinized soils stabilized with fly ash. The freeze-thaw process was followed by
maintaining the samples at —13.9 °C for 6 hours and at 20 °C for another 6 hours. Following the
application of 0, 1, 3, 5, 7, 9, and 11 cycles of freeze-thaw; triaxial shear, unconfined compression,
and scanning electron microscopy tests were performed. The results demonstrated that the strength
parameters decreased significantly after the freeze-thaw cycles. For stabilized soils, the strength
initially increased with the addition of fly ash but began to decrease beyond a certain content. The
maximum cohesion and internal friction angle were achieved at 15% of fly ash. Moreover, Yilmaz &
Fidan (2018) performed a study on the freeze-thaw performance of clayey soils using lime and perlite
as stabilizers. When comparing the activity of the two materials, perlite was found to be the most
negatively affected by the application of freeze-thaw cycles. In addition, Nguyen et al. (2019), based
on UCS test results, reported that lime stabilization under freeze-thaw conditions yielded better
performance in low-plasticity silty soils. Based on the aforementioned studies, it is evident that there

are almost no addressing the stabilization of alluvial soils under freeze-thaw conditions. Considering
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that these soils already possess large voids, and may experience critical settlements during freeze-
thaw cycles, identifying the most effective stabilization method becomes crucial.

While previous studies frequently employed lime and fly ash as stabilizers, they remain
insufficient in addressing the stabilization of alluvial soils and fail to provide insight into how these
soils respond to temperature fluctuations in both stabilized and natural states. To address this gap in
the literature, the present study investigates the stabilization of alluvial soils using two different
stabilizers, followed by strength and microstructural analyses after the application of freeze-thaw
cycles. Lime and fly ash were applied in varying proportions and curing times, and their effectiveness
on alluvial soils under temperature changes was compared. This study seeks to answer key questions
regarding the selection of appropriate stabilizers for naturally occurring alluvial soils: which
commonly used material is more suitable for stabilization, how environmental conditions affect
performance, and what the optimal ratio and curing time should be. The undrained shear strength was
selected as the primary strength parameter as it reflects the short-term response and represents the
lower bound of strength behavior. Unlike past studies, the undrained shear strength in this research
was determined through UU tests under various confining pressures, rather than UCS tests where
confinement is neglected. Although the UU test tends to yield the lowest strength values for fine-
grained soils under short-term loading, it offers an advantage over the UCS test by enabling the
evaluation of potential effects of confining pressure. At the same time, the preference for this rapid
test is important in capturing short-term changes, such as those induced by freeze-thaw effects. For
its ability to reflect both the targeted mechanical behavior and related secondary effects, the UU test
was chosen. The study also explores the soil matrix formed by the different stabilizers and includes
comparisons across several factors, such as stabilizer content, curing periods, durability under both

freeze-thaw and normal conditions, stress-strain behavior, and failure mechanisms.

2. Materials and Methods

The materials and methodology employed in this study are described in detail in this section.

2.1. Alluvial Soil

In the current study, fine-grained alluvial soil obtained from the Izmir province of Turkey was
used due to its high variable and weak geotechnical properties. Alluvial soils exhibit soft soil behavior
with low shear strength, which may lead to significant settlements during construction. According to

a geotechnical characterization study conducted in the field by Semerci et al. (2018) (Figure 1), the
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alluvial soil primarily consists of low-plasticity clay or silt, although its composition ranges from

gravel to clay.

AEGEAN SEA

Figure 1. The construction site and alluvial soil sample.

In this study, silty soils were selected from among various alluvial soils collected from the field,
as they exhibit a greater tendency to freeze compared to other soil types (Wang et al. 2014). The

geotechnical index properties of the silty soil specimen used in the study are shown in Table 1.

Table 1. Characterization of the soil.

Parameter Value  Unit ASTM Standard
Liquid limit (LL) 36.5 % D4318-10
Plastic limit (PL) 28.7 % D4318-10
Plasticity index (PI) 7.8 % D4318-10
Specific gravity (Gs) 2.7 - D854-14
Optimum moisture content (OMC) 20 % D698-12
Max. dry density (MDD) 16.3  kN/m’ D698-12
Fine content (F.) 67.0 % D1140-17
pH 8.41 - D4972-19
Soil class (USCS) ML - D2487-11
Clay fraction (HT) 15 % D7928-17
Clay fraction (LDM) 8.6 % ISO 13320:2020

*HT: Hydrometer test, LDM: Laser Diffraction Method

The properties reflecting the particle size distribution of the soil, especially the fine content and
clay fraction, were determined using both the Laser Diffraction Method (LDM) and the Hydrometer
Test (HT). The LDM was employed as it is increasingly recommended for evaluating soil particle
size distribution due to its simplicity and its ability to provide (Miller & Schaetzl 2012; Yang et al.

2019). To ensure the accuracy of the results and to allow for comparison, the hydrometer test was
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also performed alongside the LDM. One of the most influential parameters in soil stabilization is the
mineralogical composition of the soil. Therefore, X-ray diffraction (XRD) analysis was conducted to
identify the dominant minerals present in the soil (Figure 2). Based on the peak patterns observed in
the XRD results, the major mineral components were determined. The most notable finding was the

presence of sulfate-containing minerals such as melanterite, epsomite, and polyhalite.
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Figure 2. XRD pattern of the alluvial soil.

2.2. Hydrated Lime

In this study, slaked lime, —commonly used and readily available—was selected as the
stabilizing agent. The maximum particle size of the lime was 0.075 mm. To meet the requirements of
effective soil stabilization, a lime type rich in calcium oxide was preferred. According to the results

of the X-ray diffraction (XRD) analysis, the lime consisted of 67.3% calcite and 32.7% vaterite.

2.3. Fly Ash

Studies have indicated that the utilization of fly ash remains significantly lower than the amount
produced (Sharma et al. 2012). In this study, Class C fly ash obtained from the Soma Thermal Power
Plant located in Manisa, Turkey, was used. The maximum particle size of the fly ash was 0.075 mm.
The primary advantage of using Class C fly ash lies in its self-cementing nature, which eliminates the
need for additional activators during the stabilization process due to its inherent lime content. This

characteristic reduces the overall stabilization cost in engineering projects, as no extra chemical
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additives are required (Phanikumar & Sharma 2004; Bhuvaneshwari et al. 2005; Horpibulsuk et al.
2013).
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Figure 3. Fly ash production in different countries (Degirmenci et al. 2007; Horpibulsuk et al. 2013).

2.4. Sample Preparation

The laboratory testing program in this study involved the preparation of natural and stabilized
alluvial soil samples using lime and fly ash, the application of predetermined curing periods,
consistency limit tests on the cured samples, and repeated freeze-thaw cycles. In the final stage, the
samples were subjected to unconsolidated-undrained (UU) triaxial compression tests to determine
their undrained shear strength parameters. Due to the presence of multiple variables in the UU tests,

the samples were coded according to their test conditions, as presented in Tables 2 and 3.

Table 2. Sample codes of lime stabilized samples for varying parameters.

Sample Code  Lime (%) Curing (days) FT cycles

OL1DOC 0 1 0
OLIDIC 1
3L7D0OC 3 0
3L7DIC 1
6L7D0C 6 7 0
6L7D1C 1
12L7D0C 12 0
12L7D1C 1
3L28D0C 3 0
3L28D1C 1
6L28D0C 6 28 0
6L28D1C 1
12L.28D0C 12 0
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12L.28D1C

3L56D0OC 3

3L56D1C

6L56D0C 6 56
6L56D1C

12L.56D0C

12L56D1C

*The letters L stand for lime content, D for days of curing, and C for cycle no.

12

—_O = O = O

Table 3. Sample codes of fly ash stabilized samples for varying parameters.

Sample Code Fly ash (%) Curing (days) FT cycles

10F7DOC 0 0

10F7D1C 1

20F7D0C 0
20 7

20F7D1C 1

30F7D0C 0
30

30F7D1C 1

10F28D0C 0 0

10F28D1C 1

20F28D0C 0
20 28

20F28DI1C 1

30F28D0C 0
30

30F28D1C 1

10F56D0C 0 0

10F56D1C 1

20F56D0C 0
20 56

20F56D1C 1

30F56D0C 0
30

30F56D1C 1

*The letters F stand for fly ash content, D for days of curing, and C for cycle no.

The experimental schedule was organized based on the lime and fly ash contents and the
designated curing periods. The natural soil samples (first group in Table 2) were prepared by mixing
oven-dried alluvial soil with distilled water in accordance with their maximum dry density and
optimum water content. Each mixture was prepared separately to ensure homogeneity. Specifically,
all materials were weighed and prepared following the sample preparation guidelines outlined in the
ASTM D2850 standard for Unconsolidated-Undrained (UU) Triaxial Compression tests. Each
sample was compacted in three layers into a cylindrical mold with a diameter of 5 cm and a height of
10 cm, using a tamper to achieve the target density. Initially, the soil-water mixture was manually
stirred for 2 minutes using a steel rod to ensure uniform water distribution. This was followed by

mechanical mixing at 60 rpm for 3 minutes until a uniform consistency was obtained. Considering
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the compaction energy required by Standard Proctor method, 20 blows using a tamper weighing
approximately 11.8 N were sufficient to compact the samples. After compaction, the samples were
extruded from the mold using a hydraulic extruder, immediately wrapped with cling film and placed
in zip-lock bags to minimize moisture loss. The wrapped samples were then stored in a humidity-
controlled curing chamber at 20°C + 2°C for 7 days to ensure uniform curing. This moisture
preservation process was chosen after testing various sealing materials such as aluminum foil, cling
film, and various types of zip lock bags. Among these, the most effective preservation method was
chosen to maintain constant water content during the curing time and FT process. Moisture loss
measured prior to testing showed an average decrease of 0.5%, which was deemed negligible. To
ensure the reliability of the results, two identical samples were prepared for each UU test condition,
and the test was repeated in cases where results were inconsistent. The degree of water saturation of
the tested samples ranged from 84.6 and 85.2%. Based on the literature, samples with saturation levels
above 80% are generally considered partially saturated (Kamata et al. 2009). Thus, the samples used
in this study were treated as partially saturated. The decision to maintain partial saturation during
sample preparation was made to preserve the characteristic properties of the soil, such as water
content and void ratio. Furthermore, the testing procedures were aligned with recommendations found
in the literature to prevent any potential effects associated with full saturation (Vanapalli & Fredlund

1997; Nishimura 2006; Tsukamoto 2019).

2.5. Sample Curing

After the samples were prepared and properly stored, multiple curing periods were selected to
allow for chemical reactions between the soil and the stabilizers. Previous studies have shown that a
7-day curing period is generally sufficient to initiate reactions for lime, whereas fly ash typically
requires 28 days (Nalbantoglu 2004; Boardman et al. 2001). It is also well established that longer
curing durations result in stabilized samples with higher shear strength. To develop a more
comprehensive understanding of the influence of curing time on the undrained shear strength of
stabilized soils, specimens treated with lime and fly ash were cured for 7, 28, and 56 days. The curing
was conducted in desiccators to protect the specimens from adverse ambient conditions. For
comparison, natural (unstabilized) soil samples were cured for one day to ensure uniform moisture
distribution within the sample. Each specimen was weighed before and after curing to confirm that
water loss remained within acceptable limits. The primary objective of defining multiple curing
periods in this study was to identify the most effective curing duration for the tested soil type,

particularly in response to freeze-thaw (FT) exposure.
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2.6. Geotechnical Index Tests

Before conducting the strength tests, the geotechnical index parameters of both the natural and
stabilized samples were found to evaluate how compressive behavior and consistency limits of the
soil responded to stabilization. As given in Table 1, optimum moisture content, maximum dry density,
plastic limit, liquid limit, and plasticity index were designated using the relevant standards. The
primary objective of this phase was to assess the compression behavior and phase changes in the soil
resulting from the addition of lime and fly ash, and to establish a relationship with the strength
development mechanism in stabilized soils. For this reason, it was essential to determine the

consistency limits following stabilization and curing.

2.7. Freeze-Thaw (FT) Cycles

Before performing triaxial tests on both natural and stabilized soils, the samples were exposed
to simulated seasonal temperature variations using a freeze-thaw cabinet. The manually equipment
was capable of applying temperatures ranging from -30°C to +30°C with an accuracy of 0.1°C. A
closed type system without a water supply unit was used, meaning the only moisture present was the
water content initially contained in the soil (Qu et al. 2019). Since fine-grained soils exhibit low
permeability, the freeze-thaw behavior can be considered as occurring under undrained consitions.
The FT cycles applied in this study were conducted in accordance with ASTM D560. A critical
consideration in designing the freeze-thaw exposure was the selection of temperature conditions that
reflect both the regional climate and broader environmental contexts in which alluvial soils are
typically found. In addition to mimicking the regional climate—where average seasonal temperatures
range from +20 °C in summer to —8 °C in winter—more extreme temperature boundaries were
adopted to capture a wider range of potential freeze-thaw effects. It has been noted in the literature
that applying only a single, narrow-range freeze-thaw cycle may not adequately capture the
degradation potential. Therefore, samples were frozen at —24 °C and thawed at +24 °C, with each
phase lasting 24 hours, resulting in a complete freeze-thaw (FT) cycle of 48 hours. The internal
temperature of the cabinet was monitored using a thermometer, and occasional fluctuations within
+2 °C were recorded and deemed acceptable. The primary objective of this phase of testing was to
assess the freeze-thaw performance of stabilized soils. Specifically, the study sought to understand
how FT exposure affects the ductility of stabilized silty soils. The response of the soil addressed this
research question by capturing the combined effects of both strength degradation and potential self-

healing mechanisms.
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2.8. Unconsolidated-Undrained (UU) Triaxial Tests

Unconsolidated-undrained (UU) triaxial compression tests were conducted on specimens that
had completed the first three stages of the testing program—sampling, curing, and freeze-thaw
conditioning—in order to determine their undrained shear strength. A schematic illustration of the

test procedure is presented in Figure 4.
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Figure 4. The schematic representation of the test procedure.

In the UU test procedure, the samples were subjected to, axial shear under undrained conditions,
while being confined by water-imposed lateral pressure. The loading rate was selected according to
sample properties; however, previous research has shown that rates between 0.05% and 1% per
minute are sufficient to minimize the influence of strain rate on test results (Nishimura 2006). In the
present study, a shear rate of 0.1 mm/min was adopted, as it offered a balance between testing
efficiency and eliminating shear rate effects. Loading was continued until a strain of 15% was
reached, at which point the test was terminated, in accordance with ASTM D2850. This level of strain
corresponded to approximately 15 mm of axial deformation. Each sample was weighed before and

after the test to monitor any changes in moisture content. As previously mentioned, the samples were
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partially saturated before testing, and no saturation process was applied before the triaxial
compression tests in order to preserve their initial moisture content and structural characteristics.
Although no drainage was allowed during testing, changes in volume and degree of saturation were
expected due to compression of air within the soil matrix (ASTM D2850). As a result, it was
anticipated that samples with identical physical properties would not behave in the same manner as
fully saturated soils under UU conditions, particularly when subjected to different levels of confining
stress. Taking the partially saturated condition into account, each sample—identified by the codes
listed in Tables 2 and 3—was tested under confining pressures (o3) of 100, 200, and 300 kPa,

respectively. A total of 108 samples were tested, as illustrated in Figure 5.
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Figure 5. Tested samples after UU a) Lime stabilized, b) Fly ash stabilized.

3. Findings and Discussion

In the paper, where the effects of both lime and fly ash and stabilization on alluvial soils were
examined, unconsolidated — undrained (UU) triaxial compression tests were carried out with
consideration of the potential influences of freeze-thaw (FT) cycle and curing time. Variations in

undrained shear strength values were analyzed based on the test results. The obtained data for the
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undrained shear strength with lime or fly ash content and FT cycle is illustrated in Figure 6. In the
bar graphs, the average undrained shear strength values derived from tests conducted under three
different confining pressures are illustrated. These graphs also reflect the influence of FT cycles and
the variation in strength associated with different curing durations. The relationships shown provide
a general summary of the key findings of the study. Additionally, the overall results are categorized

and discussed under the following main topics.
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Figure 6. The summary results obtained from the tests.

3.1. Failure of Undrained Shear Strength for Lime and Fly Ash Stabilization

According to Figure 6, increasing the content of fly ash and lime generally led to an
improvement in strength; however, the rate of increase tended to decrease beyond a certain level. The
FT cycle typically resulted in a reduction in undrained shear strength. The highest strength values
were generally observed at moderate stabilization levels, specifically at 10%—-20% fly ash and 3%—
6% lime content. As the curing period increased, strength development was more pronounced,
indicating that the stabilization reactions progressed over time. In samples exposed to the FT cycle,
longer the curing periods were associated with reduced strength loss. The most evident correlation

observed in Figure 6 is that stabilization with fly ash in alluvial soils yields more effective results
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than lime, particularly at 28 and 56 days of curing. It can be seen that the undrained shear strength of
alluvial soil increases significantly with the addition of fly ash. While lime stabilization resulted in
relatively modest strength gains, fly ash led to considerably higher improvements. This is likely due
to the fact that the soil being stabilized is silty, and fly ash has been shown to perform well in silty
soils, as reported in previous studies (Firoozi et al. 2017; Arora & Aydilek 2005; Acosta 2002).

Both the physical and chemical characteristics of fly ash contribute to its effectiveness in
stabilization. The high pozzolanic activity of class C fly ash, driven by its high silica and lime content,
explains its more active role in stabilization process compared to lime. Premkumar et al. (2017)
described the underlying mechanism, noting that Ca?>" and OH- ions dissolved in pore water react with
alumina and silica in the soil to form cementing materials such as calcium silicate and calcium
aluminate. Extended curing periods enhance the strength contribution of fly ash by allowing
additional hydration reactions and the formation of more cementing materials. The development of
cementitious bonds between silt particles and fly ash is a key factor in strength improvement.
Moreover, higher the CaO content and greater CaO/SiO2 (or CaO/(S102 + Al203)) ratios in class C
fly ash correlate with increased strength (Raja & Thyagaraj 2019). Additionally, fly ash particles
within the 2-25 pum size range, especially those with spherical morphology, are known to exhibit
higher reactivity, as confirmed by current findings (Moghal 2017). In contrast, lime tends to be more
effective in soils with a high clay content and high activity, which further explains the relatively lower
strength gains observed in the present study (Parsons & Milburn 2003).

When the relationship was examined in greater detail, it was determined that strength
development increased with curing time due to pozzolanic reactions. However, after an initial
increase, the strength either stabilized or began to decrease. In particular after 56 days of curing, the
effect of stabilization diminished to a level that can be could be considered negligible. This decline,
especially in lime-stabilized samples, may be attributed to the formation of detrimental minerals in
the sulfated environment of the alluvial soil, combined with the effects of temperature fluctuations.
These conditions may hinder or even suppress the continuation of pozzolanic reactions (Arnett et al.
2001; Jallad et al. 2003; Raja & Thyagaraj 2019).

On the other hand, in addition to the stabilization content, the optimum curing period for both
stabilizing agents was determined to be 28 days, although the optimal content levels differed. For
lime stabilization, the optimal content ranged between 3 and 6%, whereas for fly ash, it reached levels
exceeding 10%. Although the higher dosage of fly ash might typically be considered a disadvantage,
the substantial strength gain achieved at these levels offsets this concern—rendering it negligible, and
in fact, turning it into a potential advantage. Ultimately, this results in a sustainable and cost-effective

approach for stabilizing alluvial soils.



Karadeniz Fen Bilimleri Dergisi 15(3), 1094-1118, 2025 1109

The absence of sharp strength reductions in lime-stabilized samples became particularly evident
when the FT cycle was applied. At first glance, the resistance of lime stabilized soils to freeze-thaw
effects appeared to be higher than that of fly ash-stabilized soils. In contrast, significant strength
reductions were observed in fly ash-stabilized samples after 28 and 56 days of curing. This behavior
can be attributed to the frost-susceptible nature of silty soils, which are sensitive to temperature
fluctuations (Wang et al. 2014). In fly ash stabilization, where the fly ash amplifies the silt-like
behavior of the soil, this inherent sensitivity becomes more pronounced, and the freeze-thaw process
plays a more active and detrimental role (Horpibulsuk et al. 2013).

In general, it was observed that the application of the FT cycle leads to a reduction in strength.
This is primarly due to the volumetric expansion caused by ice formation during freezing, which
gives way to the development of micro-cracks upon thawing. As a result, a wide range of strength
outcomes may be experienced. In certain cases, however, changes in the internal structure of the
samples following freeze-thaw exposure, such as the redistribution of pore water, alterations in dry
unit weight, or minor differences in testing conditions, may result in an unexpected increase in
strength after FT cycle (Liu et al. 2016). In the present study, this phenomenon was particularly
evident in experiments conducted under high confining pressures and was observed in certain cases
involving fly ash stabilization. The effect became more pronounced with longer curing durations,
especially at specific fly ash content levels, where increased interaction between the soil and stabilizer
contributed to the observed strength behavior.

From another perspective, the undrained shear strength results obtained under different
confining pressures, both with and without the application of a freeze-thaw (FT) cycle, were
examined using a single graph (Figure 7), focusing on soils stabilized with lime and fly ash. Basic
inferences continued to be drawn by analyzing the strength variations across different stabilizer
contents. In the graph, the upper and lower limits of strength values for each stabilizer were identified,
and average strength curves were generated based on the variations in stabilizer ratio. Although a
highly distinct trend is not observed from the individual data points in Figure 7, the curves provide
valuable insight by illustrating the lower and upper boundary strength envelopes for stabilized alluvial
silts, both with and without FT exposure. Overall, the lime stabilization curve is significantly lower
than that of fly ash, and a generally concave trend can be observed. While the fly ash curve has not
yet fully developed a concave shape, the peak strength values appear to occur between 15% and 25%
content. In cases where alluvial soils with similar physical and chemical properties require
stabilization, these reference curves offer preliminary guidance for estimating the potential degree of
strength improvement under different conditions. Moreover, the graph suggests that both lime and fly

ash contribute to strength enhancement up to an optimum range (~10%-20%). Beyond this range,
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further increases in stabilizer content may adversely affect the soil structure, leading to reductions in

shear strength.
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Figure 7. The reference curves for lime and fly ash stabilization.

In Figure 8, the effect of the freeze-thaw (FT) cycle on lime and fly ash stabilization is examined
separately, and average strength curves corresponding to each curing period are presented. As
observed in the figure, the application of the FT cycle does not significantly alter the results for lime;
the curves for different curing periods tend to converge, indicating that the influence of curing time
becomes negligible under freeze-thaw conditions. In contrast, an opposite trend is observed for fly
ash stabilization. When the FT cycle is applied, curing time becomes a dominant factor. This behavior
may be attributed to the fact that, in the case of 7-day curing, the pozzolanic reactions associated with
fly ash stabilization are still incomplete, whereas strength values for longer curing durations (28 and
56 days) are closer to one another, reflecting more advanced reaction stages. This observation is
consistent with previous findings suggesting that fly ash-stabilized soils typically develop their full
strength between 28 and 90 days (Premkumar et al. 2017).As shown in Figure 8, both lime and fly
ash stabilization initially enhance the undrained shear strength of the soil; however, their effectiveness
reduces at higher content levels due to over-stabilization or structural weakening. The 28-day curing
period yields the highest strength values, indicating that stabilization reactions are most active and
effective at this stage. Although freeze-thaw cycles reduce the strength of the soil overall, the loss is
more pronounced at higher stabilizer contents. This suggests that excessive amounts of stabilizer may

increase the soil’s vulnerability to FT-related damage. The optimum stabilization levels appear to be
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approximately 6% for lime and between 10% and 20% for fly ash. Moreover, long-term curing (56

days) does not result in significant strength improvement compared to 28 days, suggesting that the

effects of stabilization tend to plateau beyond the 28 day curing period.
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3.2. Stress-Strain Relations and Failure Modes

The stress—strain relationship differs significantly between lime and fly ash-stabilized soils.
These differences are primarly arise from the contrasting brittle and ductile behaviors exhibited by
the stabilized materials. Ductile soils maintain theirstrength after reaching a certain level of
deformation to resist stress—a behavior known as strain hardening. On the contrary, brittle soils fail
abruptly after reaching peak strength, followed by a decline in stress, which is indicative of strain-
softening behavior. These behavioral differences also result in distinct failure modes for stabilized
samples. Figure 9 presents typical stress—strain curves for lime and fly ash stabilization, while Figure
10 illustrates representative failure modes. The curves in Figure 9 reflect the general patterns observed
for each stabilizer type and are included for comparative purposes. As shown, lime-stabilized soils

tend to exhibit ductile behavior, whereas fly ash-stabilized samples show a more brittle response. The
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observed failure modes corroborate these findings. Strain-softening behavior in fly ash-stabilized

soils was only evident at high stabilizer contents. Conversely, strain-hardening behavior in lime-

stabilized soils remained consistent across all stabilization levels, indicating a stable mechanical

response regardless of content. Although the axial deformation at failure varied between the two

stabilizers, the range of elastic behavior, defined by the linear portion of the stress—strain curve, was

found to be similar for both lime and fly ash up to a certain strain level.

In conclusion, the sharp post-peak drop in stress observed in the tests indicates a brittle failure

behavior, which is characteristic of fly ash-stabilized samples. In contrast, lime-stabilized samples

exhibit a distinct strain-hardening phase prior to failure, followed by a stabilization of stress at

residual strength levels.
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Figure 11 presents the stress-strain relationships of two different fly ash-stabilized samples.
Upon examining the curves, it was observed that the elastic phase lasted longer in the absence of the
FT cycle, whereas exposure to FT resulted in a shorter elastic interval. Both the elastic modulus value
and the compressive strength decreased alongside the reduction in elastic behavior under FT
conditions. This outcome is attributed to the effects of the freeze—thaw process, which increases the
formation of voids and microcracks within the soil, thereby compromising its internal structure (Zhao
et al. 2020).

In both cases, deviatoric stress increased with rising confining pressure, indicating that higher
confinement enhances soil strength. However, the sample subjected to the freeze—thaw (FT) cycle
exhibited lower overall deviatoric stress values, suggesting that the FT cycle led to strength
degradation. Strain-hardening behavior was more evident in the sample that was not exposed to FT,
as reflected by its higher residual stress levels. These results demonstrate that while fly ash
stabilization effectively improves the strength of silty soils, this enhancement diminishes following

FT cycles—particularly under higher confining pressures.
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Figure 11. Stress-strain curves of fly ash stabilized soil samples for 0 and 1 cycle.

Yan et al. (2013) reported that freeze—thaw (FT) cycles can alter the shape of stress—strain
curves, shifting the behavior from strain-softening to strain-hardening. This observation was partially
confirmed in the present study, but only for certain confining pressure levels. In contrast, Wang et al.
(2007) suggested that such a transition occurs only after exceeding a critical confining pressure.

As shown in Figure 11, this shift was generally observed in fly ash-stabilized samples at

confining pressures above 200 kPa. However, in the case of lime-stabilized samples, strain-hardening
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behavior remained consistent regardless of FT exposure, and no noticeable change was observed in

the shape of the stress—strain curves.

4. Conclusions and Recommendations

In this paper, the stabilization principles of alluvial soils under freeze-thaw conditions were
discussed. Two common stabilizers, lime and fly ash, were utilized in different proportions, and their
mechanisms were examined over varying curing periods. To capture the freeze-thaw behavior of silty
soils, the samples were subjected to 0 and 1 FT cycles. The key findings and comparisons between
the two stabilization mechanisms are as follows:

(1) The undrained shear strength of fly ash-stabilized alluvial soils was significantly higher
than that of lime stabilized soils in almost all cases, as the interaction between silty soils and fly ash
tends to yield more effective results. Lime stabilization, on the other hand, is more suitable for soils
with high activity and plasticity. Therefore, the stabilization effectiveness of lime remained lower
compared to that of fly ash.

(2) When the effects of different curing times were examined, it was observed that the
increase in curing duration had remained almost ineffective in stabilization with lime. The presence
of detrimental minerals,which may form due to the use of calcium-based stabilizers in sulfated soils,
appeared to dominate the behavior of lime-stabilized samples, likely due to lime’s higher calcium
content. In contrast, fly ash, stabilization improved with longer curing periods. However, in both
cases, the most effective stabilization was achieved at 28 days.

(3) The optimum stabilization rate was found to be between 3-6% for lime, and 15-25% for
fly ash. This finding highlights the potential of fly ash as a sustainable solution by enabling the
recycling of this waste material in the stabilization of alluvial soils.

(4) Lime stabilized soils preserved their structural integrity more effectively, while fly ash-
stabilized soils experienced greater strength loss under freeze—thaw conditions, particularly after 28
and 56 days of curing. Although the influence of silt becomes negligible under higher confining
pressures, further research is needed involving additional freeze—thaw cycles and increased confining
pressure levels to better understand this behavior.

(5) A wide range of data on the stabilization of alluvial soils using fly ash and lime was
compiled and presented graphically, resulting in the development of reference curves that can provide
preliminary guidance. These curves offer a foundation for understanding stabilization behavior in
alluvial soils and also serve as a useful reference when freeze—thaw cycles are considered. Overall,
the graphs contribute to addressing a significant gap in the literature on the stabilization of alluvial

soils.
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(6) The strain-hardening behavior of lime-stabilized soils and the strain-softening behavior
of fly ash-stabilized soils with higher content and longer curing times became dominant.
Correspondingly, lime stabilized samples exhibited a ductile failure mode, whereas fly ash-stabilized
samples failed in a brittle manner. The stress-strain curves of fly ash-stabilized samples were also
affected by the freeze-thaw cycle, showing reduced elastic behavior. At higher confining pressures,
the behavior of fly ash-stabilized soils began to shift from strain-softening to strain hardening. As this
transition may occur beyond a critical confining pressure threshold, future studies should investigate

fly ash stabilization under higher confining pressures.
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