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Abstract

Alluvial deposits, which are mainly sediments with high void ratios, have not completed their geological formation. Since they
contain organic matter, their bearing capacity and shear strength are low, and they are included in the class of problematic
soils. The damage and financial losses that occur as a result of the frequent use of such soils as subgrade soils have made
the idea of stabilizing their properties indispensable. Therefore, this study aims to perform an evaluation and assessment of
the role of two common and distinct additives named lime and fly ash in the stabilization of alluvial subgrades. To better
understand the effects of the grain size distribution of alluvial soils, the samples were distinguished as coarse grained (CG),
medium grained (MG), and fine grained (FG) with three effective particle sizes. Since the evaluation of California Bearing
Ratio (CBR) is the most significant indicator of strength in subgrade soils, the effect of 2, 4, 6, and 10% lime (L) and 10,
15, and 20% fly ash (FA) on the alluvial subgrades cured in several hours were investigated and further investigations were
made for the most effective type of stabilization method, named as FA stabilization. Unconfined compressive strength (UCS)
experiments were also carried out to establish correlations with CBR. Through great numbers of CBR tests, it was concluded
that the few lime and fly ash significantly can affect the CBR value of alluvial soils in high degrees. While stabilizing FG
and MG alluvial soils with 6%L increases the CBR value, 15% of FA is needed to increased the CBR value of MG and CG
soils. Although FA additive should be used more, this method needs to be examined in more depth, since it is economical,
provides more strength increase compared to lime, and is not adversely affected by the grain size effect as lime. That is why,
in the current study, the main relations between CBR and compaction parameters for the quick application of FA stabilization
with alluvial subgrades in the field were proposed. Since the compaction test is faster and more economical than the CBR
tests, the use of correlations will be an effective study output.
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The creation of an adequate road network, especially in rural
areas, is vital for the socio-economic development of each
country (Sezer et al. 2006; Senol et al. 2006; Goktepe et al.
2008; Ghosh and Dey 2009; Clarke et al. 2010; Wilkinson
et al. 2010). On the other hand, the construction through
conventional means and techniques of a broad network
of roads requires heavy financial investment (Tastan
et al. 2011; Azadegan et al. 2012). To meet construction
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high sensitivity to moisture (Liu and Pemberton 2010;
Amiralian 2013; Chauhan and Sharma 2014). Qualified soils
are scarce or in short supply in many parts of the world.
On the other hand, the rapid increase in the transportation
demand has led engineers to evaluate even the local lands
with poor soil properties. In case of such soils are intended
to use as underlying soil during the construction of a
concrete or asphalt pavement, the pavement can be easily
cracked. Because of these unfavorable circumstances, often,
engineers are required to use under-standard materials,
industrial construction aids, and creative design methods
to pursue alternative designs (Amiralian et al. 2012a;
Amiralian 2013; Yorulmaz et al. 2021).

Alluvial soils are one of the commonly encountered poor
soil types in the construction of roads and embankments,
which contain a wide particle size range both in terms of soil
type and condition. These soils are formed by the deposi-
tion of a variety of facies at the cross-section and especially
along the river’s course in the river valley system. In the
process of their formation, with the growing distance from
the head of the river, fine material is increasingly transported
and deposited by rivers, often containing substantial organic
fraction admixtures (Masaoud 2015; Kumar and Archana
2017; Do et al. 2018). Therefore, alluvial deposits are loose
soils that do not fully complete the development of their
geology when it is compared with the others. The erratic
nature of these soils causes a high void ratio, low bearing
capacity, and high compressibility potential (Semerci et al.
2017; Diab et al. 2018). Thus, in the case of the alluvial
soils being encountered as a subgrade material, a detailed
design procedure is required. Lack of studies in the literature
about the characteristics of this type of soil causes mistaken
designs, thereby, economic losses and even injuries (Itakura
et al. 2005; Singh 2009). That is why further instigations are
needed to evaluate the alluvial soil behavior and improve the
weak properties.

To ensure proper design, enhance the mechanical and
chemical characteristics of the soils’ engineering efficiency,
techniques for soil stabilization have been applied, such as
incorporating stabilizers. Furthermore, the use of stabilizing
agents in roadwork and subgrades with poor soil conditions
enhance other characteristics, such as cohesion, thus contrib-
uting to the stabilization of the road or embankment. This
may potentially contribute to a major decrease in the cost of
road construction. For this reason, various additives such as
fly ash, lime, rice husk, silica fume, or other minerals such
as cement and volcanic slag have been utilized (Amiralian
et al. 2012b; Mukesh and Patel 2012; Kumar and Mishra
2005; Schanz and Elsawy 2015). In particular, lime and fly
ash have been used in several engineering projects such as
highways, foundation bases, and embankments as an effec-
tive additive in soil stabilization owing to their binding prop-
erties. Besides, the usage of fly ash makes the stabilization
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cheaper, since it is a type of waste material generated from
thermal power plants.

In this paper, an effort was made to enhance the unde-
sired properties of a subgrade material, namely alluvial
soil, and assess the most suitable and cost-effective stabili-
zation method. The study includes analysis, evaluation, and
assessment of the role of lime and fly ash in the stabilization
of alluvial subgrades in different particle sizes and curing
periods effects. To systematically achieve this goal, firstly,
by preparing fine (FG), medium (MG), and coarse-grained
(CG) samples, the grain size effect on engineering properties
of alluvial deposits was analyzed. To determine geotechni-
cal index properties of each size group liquid limit, plastic
limit, specific gravity, wet sieve analysis, and standard com-
paction tests were conducted. Furtherly, utilizing CBR and
UCS tests, the effect of 2, 4, 6, and 10% L and 10, 15, and
20% FA on the CBR and UCS of each size group was inves-
tigated. To examine the curing time effect on CBR of allu-
vial subgrades, different periods as 24, 96, and 168 h were
considered. At last, the acceptable stabilization parameters
for alluvial soils were specified and proposed for the road
constructions through a detailed analysis of the results. For
each alluvial subgrade group and stabilizer combinations,
empirical correlations were proposed as a function of OMC
and MDD from the obtained set of data to a quick assess-
ment of CBR value in-situ. The paper will be a useful tool
for preventing the early failure of roads in projects consisting
of alluvial soils by evaluating its versatile nature and propos-
ing a convenient stabilization method for each size group.

Background of lime and fly ash stabilization
Lime stabilization

In 1924, lime was used for the first time on modern roads
when hydrated lime was applied for the stabilization of
short routes (Sezer et al. 2006; Clarke et al. 2010; Amiralian
2013). Since then, lime stabilization was used in many
civil engineering projects such as highways, dams, routes,
airports, slopes, foundation bases, and canal linings, all
within certain economic limits (Wilkinson et al. 2010;
Harichane et al. 2011a, b; Amiralian 2013). The quality,
simplification, and related economic factors resulted in
the lime being used extensively to change the engineering
properties of soft soil as a stabilizer, and it is done by using
different types of lime by performing several experiments
including Atterberg’s limits, compaction, CBR, UCS, and
CPT (Parsons and Kneebone 2005; Liu and Pemberton 2010;
Amiralian 2013). Despite the variety of studies conducted
on lime stabilization, the number of studies examining the
unpredicted behavior of alluvial soils stabilized with lime
has remained to a limited extent.



Arab J Geosci (2022) 15: 535

Page30f20 535

The ability of lime to alter soil plasticity is one of the most
noticeable advantages of lime as it has been stated by several
scholars in the form of a decrease in the plasticity index of pure
soil after stabilization (Parsons and Milburn 2003; Parsons and
Kneebone 2005; Senol et al. 2006; Goktepe et al. 2008; Ghosh
and Dey 2009; Clarke et al. 2010; Liu and Pemberton 2010;
Wilkinson et al. 2010; Castro-Fresno et al. 2011; Seco et al.
2011; Amiralian 2013; Anggraini et al. 2014). A reduction in
the plasticity index is directly related to the development of
soil that is more workable and brittle (Jung and Bobet 2008).
Furthermore, the plasticity index of the soil is directly related
to the soil's swelling pressure and swelling potential. Lime
can effectively restrict the swelling ability of soils through
the chemical stabilization between the soil, lime, and water
(Tastan et al. 2011; Pedarla et al. 2011; Jones and Jefferson
2012).

The chemical process between lime and soil is mainly based
on the pozzolanic reactions, in which, aluminous and siliceous
minerals in the soil and calcium hydroxide in the lime reacts.
The main concept of these reactions relies on the development
of cementitious compounds through the interchangeable nature
of chemicals in the soil and lime. Since pozzolanic reactions
are highly dependent on time, two main stages called immedi-
ate and long-term stages to dominate the outcomes obtained.
The first stage, in other words, the immediate stage, includes
the earlier phase of the reactions in which the exchange of
free cations between soil and lime occurs (Sherwood 1993;
Chittoori 2008; Khan et al. 2015; Firoozi et al. 2017). In
cation exchange, the cations (Ca") in the lime replaces with
the sodium and hydrogens in the soil at the exchangeable sur-
faces on the soil (Sherwood 1993). The interchange mecha-
nism results in the reduction of repulsive forces in clay so that
more compacted soil material with closer grains is obtained.
As aresult, the dispersed structure of the clay is destroyed and
caused flocculation of the particles. This is the stage mainly
responsible for the reduction in the plasticity of the soil and
less water affinity in the soil. Furtherly, the structural trans-
formation of the soil happens in the consequence of this stage
from clayey type to more silty or sandy so that less plastic
soil. These benefits are taken in hours or even days. The sec-
ond and main stage can take days or even years to complete.
This stage is responsible for the strength gaining process by
the pozzolanic reactions. The reactions start with the increase
in pH of the pore water reaches above 10.5 at which the clay
particles are destroyed. At this moment, the silica and alumina
in clay become free to react with the calcium in lime and make
cementitious gels form (Egs. 1 and 2).

Ca** + OH™ + Si0, — C — S — H(calciumsilicatehydrate)
ey

Ca** + OH™ + AL,Oy — C — A — H(calciumaluminatehydrate)
2

The formed gels turn into cementitious materials in time
by bonding the particles together and by behaving as the
cohesion which leads strength to increase. The number of
reactions depends on the number of minerals present in the
soil and curing time. To boost soil strength, some scholars
suggested different amounts of lime, and this may be linked
to the number of clay minerals used in their soil modifica-
tion tests. The availability of kaolinite, illite, and montmoril-
lonite may help to increase the soil bearing capacity in this
context (Goktepe et al. 2008). The influential parameters
of the stabilization are detected from the past studies are
mainly lime content, curing time, mineralogy, and engineer-
ing properties of the soil (Kassim and Chern 2004). Al-Kiki
et al. (2011) increased the number of the factors related to
the soil by supplementing the pore water pH, amount of free
sodium, amount of organic matter, the number of silica and
alumina, drainage conditions, etc. Moreover, lime stabiliza-
tion can be successfully applied to fine- and medium-grained
soils but there are still doubts about the coarse-grained ones.
Therefore, in the current study, the effect of lime stabiliza-
tion on the alluvial soils with different particle sizes such
as fine-, medium-, and coarse-grained soils was evaluated.

Despite the advantages that come from lime stabilization,
the situation can be reversed for some soils which contain
sulfates and chloride (Puppala et al. 1999; Saussaye et al.
2015). Therefore, assessing the interaction of the lime with
the different type of soils, particularly special ones like allu-
vial soils, become a critical point of the stabilization.

The evaluation of the success of the stabilization can be
detected by using different laboratory tests, such as uncon-
fined compressive strength (UCS), triaxial compression,
and California bearing ratio (CBR). Extensive use of the
CBR tests in transportation engineering and the empirical
correlations obtained between this parameter and the bear-
ing capacity of the soils over time makes the parameter a
reference to be used in the studies related to stabilization.
The past studies proved that the CBR of subgrade soil can
be increased up to 86.85% of its initial value by stabilizing
the soil with lime (Gidday and Mittal 2020). In the study,
an optimum dosage of lime was inspected at about 7-9% at
7 days of curing.

Fly ash stabilization

Fly ash is one of the most plenteous and useful byproducts
of power plants. This industrial gray powder includes
incombustible, glass-like particles, and from thermal power
plants creates residues from the combustion of powdered
coal (Senol et al. 2006; Sezer et al. 2006; Amiralian et al.
2012b; Kavak and Baykal 2012). The application of fly ash
as a stabilizer in the soil gives the opportunity of recycling
and prevent environmental contamination. Due to the
vast amount of its availability, utilizing fly ash in the soils
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cause an economical way of stabilization (Rifa et al. 2009;
Dewangan et al. 2010; Vincent and Captain, 2011; Singhai
et al. 2016). Therefore, in the current study, a sustainable
stabilization method for the alluvial subgrade soils was
intended to detect by fly ash contribution.

The stabilization of the soil is mainly caused by the poz-
zolanic reactivity of fly ash as in the case of lime. The con-
tribution of fly ash to the strength is not only through the
pozzolanic activity, but also its lime content and hydraulic
properties (Kolias et al. 2005). The criterion of reactivity
depends on the type of fly ash used. There are two kinds
of fly ash produced in power plants such as class C and
class F. Class C type fly ashes have self-cementitious prop-
erty, whereas, Class F needs a cementitious activator to
start pozzolanic reactions (Kumar and Sharma 2004; Arora
and Aydilek 2005; Firoozi et al. 2015). The main outcomes
from fly ash stabilization are the reduction in plasticity
and increase in the bearing capacity, stiffness, and strength
depending on the soil and fly ash-related parameters. The
literature review has proven that both types of fly ashes can
be effectively utilized in the subgrade soils since it causes
significant increases in CBR indicating an enhancement in
the strength (Qubain et al. 2000). In a study conducted by
Kavak and Baykal (2012), the influence of self-cementing
fly ashes for the stabilization of soft fine-grained soils was
evaluated. Tests were performed on admixtures for CBR and
modulus of resilient (M,). The addition of fly ash improved
the CBR and M, of the inorganic soils dramatically. Probakar

Fig. 1 Geological map of the
coastal part of western Anatolia

et al. (2013) studied the three different soil types and vary-
ing percentages of fly ash. The addition of fly ash decreased
the dry density of the soil and the unit weight of the soil.
With enhancing fly ash amount in soils, the void ratios and
porosity have changed. By the addition of fly ash, the shear
strength and CBR of the mixture were increased, and the
increase was nonlinear. Umar et al. (2013) obtained improve-
ment on the CBR of the soil up to 15-18% of fly ash content.
Beyond these percentages of stabilizers, CBR has decreased.
Based on the soil and fly ash type, the optimum content of
the fly ash for gaining strength was found to be between 15
and 30% (Brooks 2009).

Materials
Alluvial soil

Considering the importance and common usage of alluvial
soils as a subgrade, the proposed study was carried out to
evaluate and stabilization of their weak properties. The soil
samples that are used in this study were taken from Cigli
— Balatgik region (Izmir, Turkey). In Fig. 1, a geological
map of the coastal part of western Anatolia has been shown
and the dominant soil type of the Balat¢ik region is alluvial
soil according to the map. The samples were immediately
coated with sealed bags to protect their natural properties

:] Quaternary alluvium |:| Neogene sediments [:] Bornova flysch zone Sakarya Zone
v v v | Neogene volcanics :] Neogene Kozak granite Karaburun platform Menderes Massif
normal- and/or A ; major thrust ;
. oblique-slip fault % strike-slip fault . ané liri e . . inferred fault
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Fig.2 A view from the alluvial
soil samples with different
particle sizes

Table 1 The proportion of coarse-grained, medium-grained, and fine-
grained samples

Coarse grained (CG) Medium grained (MG)  Fine grained (FG)
60% C 35% C 10% C
30% M 30% M 30% M
10% F 35% F 60% F

and they were transferred to the soil mechanics laboratory
and kept in airtight boxes.

Since alluvial soils include a wide range of grain sizes
in nature, in the current study, three distinct sizes of the
samples were used. In this way, the engineering properties
and the effect of particle size on the CBR of alluvial soils
can be investigated and a general framework for the alluvial
soils can be inspected. Figure 2 shows different particle
sizes in alluvial soil samples prepared from these three
groups of particle sizes in different combinations. Coarse
(C) particle ranges between 4.75 and 2.00 mm, medium (M)

particle varies between 2.00 and 0.425 mm, and fine (F)
particle is below 0.425 mm. Table 1 shows the proportions
of the prepared samples, respectively. Through laboratory
investigations, the main index properties of each group were
determined.

Thermal power plant fly ash

Different current evaluations have suggested that the use
of fly ash is lower than the quantity produced, although
potential use will increase (Sharma et al. 2012). Fly ash of
about 500 million tons accounts for approximately 75-80%
of the world’s total production, based on assessments
(Fig. 3). Since the utilization of such huge amounts of
byproduct would be advantageous both environmentally
and economically in the projects where a large amount of
stabilization material may be needed such as road projects,
it was also evaluated as a stabilization method for alluvial
soils in this study.

Fig.3 Fly ash production in
different countries (Kavak and
Akyarli 2007; Degirmenci et al.
2007)
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Fig.4 The stabilizers used in
the present study. a Thermal

power plant fly ash. b Slaked
powdered lime

Table 2 Chemical composition

Main compound Sio,
of thermal power plant fly ash

ALO, P05 CaO

Na,0 SO, TiO, K,0 MgO

used in the current study

Fly ash (%) 43.3 24.1

0.2 14.9 0.3 4.1 0.9 2.6 3.1

Table 3 The chemical requirements for the classification of fly ash

Chemical property Class F Class C Reference

Si0, + Al,O3+Fe,0; (min. %) 70.00  50.00 ASTM C618-12a

SO; (max. %) 5 5 ASTM C618-12a

Water content (max. %) 3 3 ASTM C618-12a

Alkalis (such as Na,O) (max. 1.5 1.5 ASTM C618-12a
%)

CaO (%) <8 >8 Manz (1999)

In this research, the thermal power plant fly ash used was
received from Soma Power Plant, Manisa, Turkey. The maxi-
mum grain size of fly ash is 0.075 mm. The fly ash which
is used in this research is shown in Fig. 4a. The chemical
composition of fly ash was determined through X-ray fluo-
rescence (XRF) analysis and results were presented as the
percentage mass of each chemical in the material (Table 2).
XRF provides qualitative information about the sample
being measured. However, XRF is a quantitative technique.
The X-rays emitted by the atoms in the sample are collected
by a detector, then processed in the analysis section to create
a spectrum showing the intensity points of the X-ray versus
energy. The energy peak defines the element. The peak area
or density is an indication of the amount of element in the
sample. To classify the material, minimum conditions in
Table 3 proposed by ASTM C618-12a and Manz (1999)
were used. According to the composition requirements, the

fly ash used in this study is considered in class C which is
the product of lignite. The biggest advantage of using class
C fly ash in stabilization is that an activator is not needed
during stabilization due to the high lime content in it. Due to
this feature of class C fly ash generally called self-cementi-
tious material, by which, the additional budget allocated to
stabilization in the projects becomes less.

Lime

Slaked lime which is the most common and easy to
procure stabilizer, was also used in this study. Lime is a
binder substance based on an inorganic basis obtained
by evaporating the carbon dioxide in it as a result of
heating limestone (calcium carbonate) at different degrees
(850-1450 °C). The maximum grain size of the lime used
in this study is 0.075 mm (Fig. 4b). The main chemicals of
the lime which were determined by the XRF analysis are
summarized in Table 4.

Methods
Index property tests
For the CG, MG, and FG sample groups, sieve analy-

sis, specific gravity tests, standard compaction tests, and
Atterberg limit tests were performed following the related

Table 4 The chemical

o Main compound Sio,
characteristics of slaked

ALO, Ca0 Na,O Fe,0, K,0

powdered lime used in the

Lime (%) <13
current study

0.4—0.8 70.8 <0.2 <03 <0.2
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ASTM standards in Table 5. On the other hand, for the
stabilized soil samples, standard compaction tests and
Atterberg limit tests were conducted to better correlate the
values with the CBR. These laboratory tests were repeated
for the samples with varying proportions of 10, 15, and
20% fly ash and 2, 4, 6, and 10% lime.

California bearing ratio test

California Bearing Ratio (CBR) is a mechanical parameter
that can be related to the strength and bearing capacity of
the subgrade soil in the road or pavement constructions.
The parameter was first utilized by the California Divi-
sion of Highways, then, it was introduced through many
standards (ASTM, AASHTO, US, British) after the reli-
ability and applicability of the method were satisfied from
in situ and laboratory tests. Since the CBR has been used
as a critical parameter in designing the roadworks (i.e.,
in assessing the thickness of the pavement systems), the
evaluation of different stabilization methods in the cur-
rent study was made through this parameter. CBR experi-
ments were conducted on the soil samples at the maximum
dry unit weight and optimum water content according to
ASTM D2435. Firstly, tests were performed for unstabi-
lized coarse-, medium-, and fine-grained soil samples. To
examine the effect of lime on the CBR of these soils, 2,
4, 6, and 10% lime was thoroughly mixed by dry weight
of soil and then experiments were performed. To examine
the impact of fly ash on the CBR of these soils, 10, 15,
and 20% fly ash was mixed by dry weight of soil and then
tests were conducted.

The exact quantity of oven-dried (100-105 C°) soil was
measured and properly mixed with water according to its
optimum water content (OMC). The soil was then com-
pacted to the maximum weight of the dry unit achieved
by the Standard Proctor test. Since soaked CBR of the
subgrade is usually preferred for designing flexible pave-
ments which represents the worst scenario, soaked CBR
tests were performed and molds were soaked in a water
sink for 24, 96, and 168 h for curing. The samples prepared
for CBR tests were labeled by using initials of influential
parameters of the test as in Table 6.

Table 5 Reference ASTM standards utilized in the study for the geo-
technical index determination

Test Particle size  Specific Standard Atterberg
analysis gravity cCompac- limits
tion
ASTM code D1140 & D854 D698 D4318
D6913

Unconfined compressive strength test

The unconfined compressive strength (UCS) is the maxi-
mum axial compressive stress that a right-cylindrical sample
of material can withstand under unconfined conditions—the
confining stress is zero. UCS experiments were conducted
on the soil samples at the maximum dry unit weight and
optimum water content according to ASTM D4609. Firstly,
tests were carried out for unstabilized CG, MG, and FG sam-
ples. To investigate the effect of lime on the UCS of these
soils, 2, 4, 6, and 10% lime was thoroughly mixed by dry
weight of soil and then tests were performed. To investigate
the impact of fly ash on the UCS of these soils, 10, 15, and
20% fly ash was mixed by dry weight of soil and then tests
were conducted.

The exact quantity of oven-dried (100-105 °C) soil was
measured and properly mixed with water according to its
optimum water content (OMC). The soil was then com-
pacted to the maximum weight of the dry unit achieved by
the Standard Proctor test. The sample was 5 cm in diameter
and 10 cm in length.

Results and discussion
Index properties results

A summary of the geotechnical index results of the remolded
CG, MG, and FG alluvial soil samples was presented in
Table 7. The parameters in the table related to the granu-
lometry of the samples were obtained from the grain size
distribution curves illustrated in Fig. 5.

From the results, effective grain sizes confirm that the
soil samples used in the study can be classified as coarse,
medium, and fine. In addition, particle size coefficients illus-
trate that among the tested samples only CG can be classified
as well-graded soil while the others not.

Since the compaction tests have a significant effect on the
CBR test results, in addition to the compaction curves of the
CG, MG, and FG natural (unstabilized) ones, the curves for
the stabilized alluvial soils with 0, 10, 15, and 20% FA were
also obtained as in Fig. 6.

Figure 6 shows that there is an enhance in the maximum
dry unit weight and reduction in the optimum moisture con-
tent for 10% FA stabilized soils, then there is a clear pattern
that optimum moisture content increases while maximum dry
unit weight decreases by 15% and 20% FA stabilized soils.
The reason for the decrease of the optimum moisture con-
tent, especially in fine soils with 10% fly ash, can be discussed
as follows: the ion exchange among chemicals and fine soil
reduces the density of the electrical double layer and enhances
flocculation. The flocculation of solid materials means that
water-additive-soil mixtures could be compacted with lower
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Table 6 Sample codes and
explanations of the relevant

parameters
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No  Sample code Grain size distribution  Stabilization Content (%)  Curing (hours)
1 CG_N_24 Coarse grained No stabilization - 24
2 CG_N_96 96
3 CG_N_168 168
4 MG_N_24 Medium grained 24
5 MG_N_96 96
6 MG_N_168 168
7 FG_N_24 Fine grained 24
8 FG_N_96 96
9 FG_N_168 168
10 CG_L 2 24 Coarse grained Lime stabilized 2 24
11 CG_L_2 96 96
12 CG_L_2_168 168
13 MG_L_2 24 Medium grained 24
14 MG_L_2 96 96
15 MG_L_2 168 168
16 FG_L_2_24 Fine grained 24
17 FG_L_2_96 96
18 FG_L_2_168 168
19 CG_L_ 424 Coarse grained Lime stabilized 4 24
20 CG_L_4_96 96
21 CG_L_4_168 168
22 MG_L_4 24 Medium grained 24
23 MG_L_4 96 96
24 MG_L_4_168 168
25 FG_L_4_24 Fine grained 24
26 FG_L_4_96 96
27 FG_L_4_168 168
28 CG_L_6_24 Coarse grained Lime stabilized 6 24
29 CG_L_6_96 96
30 CG_L_6_168 168
31 MG_L_6_24 Medium grained 24
32 MG_L_6_96 96
33 MG_L_6_168 168
34 FG_L_6_24 Fine grained 24
35 FG_L_6_96 96
36 FG_L_6_168 168
37 CG_L_10_24 Coarse grained Lime stabilized 10 24
38 CG_L_10_96 96
39 CG_L_10_168 168
40 MG_L_10_24 Medium grained 24
41 MG_L_10_96 96
42 MG_L_10_168 168
43 FG_L_10_24 Fine grained 24
44 FG_L_10_96 96
45 FG_L_10_168 168
46 CG_FA_10_24 Coarse grained Fly ash stabilized 10 24
47 CG_FA_10_168 168
48 MG_FA_10_24 Medium grained 24
49 MG_FA_10_168 168
50 FG_FA_10_24 Fine grained 24
51 FG_FA_10_168 168
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Table 6 (continued)

No  Sample code Grain size distribution  Stabilization Content (%)  Curing (hours)
52 CG_FA_15_24 Coarse grained Fly ash stabilized 15 24
53 CG_FA_15_168 168
54 MG_FA_15_24 Medium grained 24
55 MG_FA_15_168 168
56 FG_FA_15_24 Fine grained 24
57 FG_FA_15_168 168
58 CG_FA_20_24 Coarse grained Fly ash stabilized 20 24
59 CG_FA_20_168 168
60 MG_FA_20_24 Medium grained 24
61 MG_FA_20_168 168
62 FG_FA_20_24 Fine grained 24
63 FG_FA_20_168 168

Table 7 Geotechnical index parameters of the alluvial soil groups

Engineering property FG MG CG
Max. dry unit weight (MDD), kN/m? 169  19.35 19.55
Opt. moist. content (OMC), % 17 11 10.5
Specific gravity (G,) 2.68  2.67 2.66
Liquid limit (LL), % 383 - -
Plastic Limit (PL), % 257 - -
Effective diameter (D), mm 0.032 0.068 035
Coefficient of uniformity (C,) 9.4 25.0 7.7
Coefficient of curvature (C,) 0.6 0.7 2.1
Unified Soil Classification System (USCS) SM SP-SM  SW

moisture content and optimum water content can be decreased.
The reduction in the optimum moisture content implies that
alluvial soil can be stabilized by applying fly ash to soils with
low moisture content. The reduction in the maximum dry unit
weight via an increased percentage of fly ash is due to the
decreased specific gravity of the fly ash as opposed to allu-
vial soil and the instant creation of cemented products which
decrease the density of the stabilized soil (Dash and Hussain
2012; Kumar et al. 2007). This is also confirmed that behav-
ior of expansive soil stabilized with fly ash was conducted
by Ghosh (2010). Through standard Proctor experiments per-
formed on the fly ash stabilized soils it is approved that via an
increase in the content of fly ash, the maximum dry weight
and optimum moisture content reduced. By rising the fly ash
amount to 15%, optimum water content and maximum dry unit
weight decreased 7% and 4.3% respectively.

CBR tests results
Unstabilized alluvial deposits

Figure 7 shows the CBR of FG, MG, and CG with different
curing times. As it can be seen from Table 8, FG samples

have the lowest CBR while CG specimen has the maximum.
The coarser is the soil particle the higher CBR can be. In the
literature, several empirical correlations were introduced to
estimate CBR for different types of soils (Naveen and San-
tosh 2014; Rakaraddi and Gomarsi 2015; Siddhartha et al.
2015). Almost all equations derived demonstrated that CBR
is dependent on the compaction properties of soil which are
mainly maximum dry density (MDD) and optimum moisture
content (OMC). It was proved by the equations that the soils
with high MDD and low OMC exhibit more strength in CBR
tests. In this study, the soils with different granulometry
showed similar behavior in the literature. Coarse-grained
samples exhibited higher CBRs than the fines. In addition
to this, the CBRs demonstrated a different trend only in CG
samples with the longest curing period.

Lime stabilized alluvial deposits

To examine the impact of lime on stabilization of alluvial
deposits, 2, 4, 6, and 10% lime by dry weight of soil was
mixed with CG, MG, FG alluvial soils. For curing time,
24,96, and 168 h were considered. It is seen that lime treat-
ment has a positive effect on the CBR results (Table 9). The
maximum CBR for the FG sample was obtained in a 6% lime
mixture at 168 h curing time as 27.8% which shows a signifi-
cant increase in CBR. For MG samples the maximum CBR
was obtained as 10.2% in 6% lime mixture at 168-h curing
time. So, 6% of lime increased the CBR of the MG sample
considerably. Since the CBR of the unstabilized CG sample
was higher than FG and MG samples, the effect of lime on
the CBR of CG samples was not as high as FG and MG
samples. The maximum CBR for CG samples was 22.7% in
a 2% mixture of lime (Fig. 8).

CBR test results for stabilized alluvial soil samples indi-
cate that the application of lime can improve the CBR of
FG and MG soils, whereas, this is not the general case for
the CG samples. For the coarser samples, it is shown that
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Fig.5 Particle size distribution 100
curves of the stabilized CG, a)
MG, and FG samples with the 90 |
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less CBR for 10% lime stabilization than the unstabilized
case was obtained. One of the most significant effects con-
cerning the unstabilized form was obtained in FG samples.
By introducing lime in the fine samples, the formation of
cementitious gels is allowed over time due to the chemical
reactions stated previously, soil gains strength and durability.
The strength increase continues up to an optimum limit after
which no chemical reactions can take place. In contrast, for
CG, fewer reactions take place; however, due to the increase
in fine content, less strength can be gained at low contents

@ Springer
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of the lime (Hamdani 2018). Regarding the obtained data,
the curved plots such as CBR contours can be interpolated
for each soil group concerning the increasing curing (IC) as
in Fig. 9. The plots are indicative of the interactive nature of
FG soils with lime, decreasing interaction for MG, and the
worsening effect of CG. In addition, it can be seen that the
optimum ratio of lime decreases with increasing grain size.
This phenomenon was observed in almost all curing times.

The results are consistent with the literature studies
researching this subject (Bose 2012). Noor and Uddin (2017)
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Fig.7 The comparison of CBRs obtained from the tests of FG, MG, 2 6.99 7.04 13.74
and CG soils 4 5.05 4.04 17.85
6 12.05 932 14.73
L . 10 1.69 4.61 5.05
Table 8 CBRs in various curing 3 3
fime Curing time - CBR (%) 0 1.53 4.76 2132
FG MG CG 168 h 2 7.19 9.07 22.66
4 53 4.56 19.34
24 h 0.89 3.17 10.07
6 27.77 10.16 17.36
96 h 098 43 11.26
10 273 4.83 9.32
168 h 153 47 21
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studied the impacts of lime stabilization on the modification
of the mechanical characteristics of the cohesive soil, CBR
experiments were carried out on soil samples with a nor-
mal composition and also with varying proportions of lime
mixture. This can be stated that the CBR of natural compo-
sition has been achieved by 4.5%. CBRs are significantly
increased up to 33% after stabilization with both 2 and 4%
lime. Amadi and Okeiyi (2017) examined the use of quick
and hydrated lime in the stabilization of lateritic soil, and a
laboratory study was conducted to determine and compare
the stabilization efficacy of various proportions of quick and
hydrated lime (0, 2.5, 5, 7.5, 10%) by applying separately to
regionally available lateritic soil. CBR experiment results
indicate that the CBR of the natural specimen was 8 and 2%
for unsoaked and soaked states, respectively. The addition of
6% hydrated lime strongly improved the CBR of the soaked
sample by up to 43%.

Fly ash stabilized alluvial deposits

To examine the effect of fly ash on the stabilization of allu-
vial deposits, CBR experiments were performed on coarse-,
medium-, and fine-grained alluvial deposits mixed with 10,
15, and 20% fly ash by dry weight of the soil. Twenty-four
and 168 h were considered curing time to investigate only
early and long-term stabilization for fly ash. In a general
aspect, it was observed that the addition of fly ash signifi-
cantly improved the CBR of FG, MG, and CG specimens.
The mixture of 15% FA improved significantly the CBR of
MG and CG samples. CBR of 15% mixture of FA of CG
sample was determined as 41.7% which is the maximum
CBR for CG specimens of this study. The maximum CBR
for the MG sample is obtained as 38.3% in 15% FA admix-
ture. 25.4% CBR was obtained in 20% of FA admixture as
maximum CBR for FG sample. Figure 10 shows the compar-
ison between the CBR of FG, MG, and CG alluvial deposits
stabilized with 10, 15, and 20% fly ash in 24 and 168 h of
curing time, respectively.

50
a) HMFG,24r EWMG, 24 hr WCG,24 hr
40
&30
%
2 20
10
0
0 10 15 20
Fly Ash Content (%)

CBRs for FG, MG, and CG alluvial deposits stabilized
with 10, 15, and 20% fly ash are listed in Table 10 and the
interpolated CBR contours for fly ash stabilization are shown
in Fig. 11. From these contours, it has been determined that
the CBR increase continues for FG soils, while, the optimum
values were achieved at 15% fly ash content for MG and CG
samples. This situation indicates that a stabilizer amount
should be higher for FG soils than the others. Besides this,
as can be seen from the curves, fly ash, which is a more eco-
nomical material than lime, provides stabilization at higher
rates for all three different alluvial soil groups. Since the
negative effect of lime on CG soils is not observed in the
case of fly ash used, it makes this material more suitable for
stabilization purposes for subgrade alluvial soils.

The findings obtained are in excellent accordance with
those reported by Edil et al. (2006) and Firat et al. (2012).
Edil et al. (2006) investigated the stabilization of FG soils
with fly ash. The focus of this research was to assess the
efficacy of self-cementing fly ash extracted from the com-
bustion of sub-bituminous coal for FG soil stabilization
at electric power plants. CBR and resilient modulus (M,)
experiments were performed on mixtures prepared with 7
soft FG soils and four fly ashes. As a result, the presence

Table 10 CBRs for alluvial deposits stabilized with 10, 15, and 20%
FA

Curing time FA (%) CBR (%)
FG MG CG
24 h 0 0.89 3.17 10.06
10 10.26 18.6 27.2
15 9.72 35.46 39.68
20 17.36 28.22 29.76
168 h 0 1.53 4.76 21.02
10 14.88 19.19 28.02
15 15.17 38.29 41.66
20 25.37 35.61 39.68
50
b) MFG, 168 hr MMG, 168 hr ECG, 168 hr
40
&30
&
g 20
10
0
0 10 15 20
Fly Ash Content (%)

Fig. 10 The comparison of 0, 10, 15, and 20% FA on CBR of samples cured for a24 h and b 168 h
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Fig. 11 The CBR contours of
fly ash stabilized CG, MG, and
FG alluvial soil samples

40 45

Fly ash content (%)

of fly ash resulted in a significant increase in CBR, and M.,.
CBRs of the unstabilized soils varied between 1 and 5%. The
implementation of 10% fly ash contributed in CBRs ranging
from 8 to 17% and 18% fly ash contributed in CBRs rang-
ing from 15 to 31%. Firat et al. (2012) examined the use of
marble dust, fly ash, and waste sand (silt quartz) in highway
sub-base filling materials. 0, 5, 10, 15, and 20% of fly ash,
marble dust, and waste sand are supplemented by two types
of natural soils. Experiments were run for normal compac-
tion, permeability, and saturated CBR test. A soaked CBR
test was conducted in this study to assess the soil's bear-
ing ratio under severe situations. CBR of unstabilized soils
ranged between 7 and 11%. After increasing fly ash content

HFG mMG uCG

0 10 15 20
Fly Ash Content (%)

Fig. 12 The effect of fly ash and lime content on the UCS of the samples
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to 15%, the CBR value considerably improves, and it ranges
between 25 and 51%.

UCS test results

The UCS test results for both unstabilized and stabilized
samples have been shown in Fig. 12. In general, it was
observed that the UCS value increased as the grain size
increased for all samples. Khalid et al. (2015) were obtained
that the UCS values increased as the sand content increased
and clay content decreased. Optimum fly ash content and
lime content were obtained as 15% and 4%, respectively. In
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addition, the UCS values of the fly ash stabilized samples  stabilized alluvial soils become an important part of the cur-

were higher than the lime stabilized samples. rent study. Through the database obtained, statistical inter-
pretations were made by plotting the relations. Among the
The correlation between OMC—MDD and CBR geotechnical parameters, OMC and MDD were selected to

relate CBR of stabilized samples, since CBRs are highly
As aresult of the study, the relationship between compaction  dependent on the compaction parameters. Figure 13(a) indi-
parameters and CBR for fly ash stabilization was investi-  cates the regression plot between CBR and OMC — MDD
gated in more detail, due to the higher improvement prop-  alluvial samples stabilized with fly ash, separately. In addi-
erty of fly ash compared to lime. Despite the vast number  tion, Fig. 13(b) represents the same relation, but this time, it
of empirical correlations available in the literature for the  is generated by using the whole database. The obtained cor-
relation between CBR and compaction parameters, there is  relations are given on the graphs for the whole tested data.
almost no relation obtained for the stabilized alluvial soils While the R* values of OMC — CBR and MDD — CBR
(Boltz et al. 1998; Kasim 2005; Singh 2009). Therefore,  curves are evaluated for each soil sample group, one can con-
the analysis and interpretation of the results for the fly ash  clude that the soil groups with the most compatible results
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are FG and MG, respectively. The obtained relations for the
CG soils became less significant by indicating a poor correla-
tion. In addition to this, from the slope of the curves, it can be
understood that changes in the compaction characteristics of
FG soils tend to show sharper changes in the CBR. From the
curves obtained by using the whole database, the equations
between CBR and OMC — MDD were derived for the alluvial
soil samples (Fig. 13b). The data showed that the decrease
in OMC caused higher CBR for the alluvial soils, while, the
situation for MDD is just the opposite. Similar relationships
were also obtained in the study carried out by Singh (2009)
on fine-grained alluvial soils. In addition, it was observed that
this effect was only evident at low CBRs, and after a certain
CBR, the OMC and MDD parameters remained independent
of the CBR change. Since the highest CBRs could be obtained
for CG soils, the horizontal portion of the curves belongs to
that ones. This situation confirms the irrelevance of CBR of
CG soils from the compaction parameters. Hence, in the case
of the alluvial soil that meets the requirements of FG and MG
soils, MDD & OMC becomes a significant parameter and can
be correlated with CBR by giving good relation.

The correlation between UCS and CBR

Although there are many empirical correlations available in
the literature for the relationship between UCS and geotechni-
cal and mechanical, correlations between UCS and CBR are
quite limited (Narendra et al. 2006; Xia 2014; Khalid et al.
2015). Therefore, the analysis and interpretation of the results
for the relation between UCS and CBR become an important
part of the current study. Through the database obtained, sta-
tistical interpretations were made by plotting the relations. Fig-
ure 14 indicates the regression plot between CBR and UCS for
lime and fly ash stabilized alluvial samples, separately. From
Fig. 14, R? values were obtained very close 1 (0.839 ~0.967).
Equations obtained from UCS — CBR correlations for fly ash
stabilized samples have been shown in Eqs. 3-5.

UCS = 0.475CBR + 32.55(forFG) 3)
UCS = 0.902CBR + 23.18(forMG) 4)
UCS = 0.708CBR + 66.17(forCG) 6))

Equations obtained from UCS — CBR correlations for lime
stabilized samples have been shown in Eqs. 6-8.

UCS = 4.87CBR + 30.62(forFG) 6)
UCS = 5.95CBR + 16.89(forMG) )
UCS = 2.23CBR + 45.58(forCG) 8)
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Fig. 14 The regression plots between CBR and UCS

A limited number of researchers have studied the rela-
tion between UCS and CBR and have obtained different
correlations. Yarbasi et al. (2007) have obtained equation
as UCS=0.2517CBR - 15.17. Saputra and Putra (2020)
have obtained equation as UCS =0.2416CBR — 1.24 and
also Eme et al. (2016) have been derived the equation
as CBR=-0.0113UCS +286.35. When the correlations
obtained in the literature were compared with the correla-
tions obtained in the current study, it was observed that the
UCS values in the current study were higher than the same
CBR values. This is due to the correlations in the literature
with unstabilized samples and the correlations in the current
study with stabilized samples.

Conclusion

The stable and desired conditions for the construction of
subgrades are high bearing capacity, low settlement, low
void ratio, and low plasticity. Alluvial deposits are prob-
lematic soils because of their low bearing capacity, high
organic matter content, high void ratio, so they do not meet
the desired condition for the construction of as a subgrade,
embankment material, or load-bearing soil underlying under
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a structure. Also, the modification of the engineering proper-
ties of alluvial soils is very important for geotechnical engi-
neers in road construction, particularly in urban areas, as
borrowing materials are becoming less and less available and
very expensive for the foundation soils. The fact that alluvial
soils are commonly encountered in nature and their engi-
neering properties are insufficient under load has revealed
the necessity of examining these soils and investigating their
stabilization mechanisms. Therefore, in this study, the reac-
tions of alluvial soils with different grain size distribution to
lime and fly ash stabilization were investigated by compar-
ing a significant parameter of pavements named CBR. Also
to correlate the CBR results with the mechanical strength
parameters, the UCS tests were conducted.

To accurately study the engineering properties, compac-
tion properties, and CBR of composite alluvial soil samples,
this research was carried out in two different stages. The first
stage was to investigate the engineering index properties and
compaction properties of three different grain size alluvial
deposits. The second stage was to examine the effect of lime
and fly ash on the CBR of FG, MG, and CG grain alluvial
deposits.

The following can be inferred in conclusion:

1. As was noted in several laboratory experiments, FG
alluvial soil has got the minimum CBR; however, treat-
ing fine-grain alluvial soil with 6% lime improves the
CBR of this soil significantly. While the increase in CBR
at 6% of lime for FG samples was 27.8%, it remained
about 10.2% in the case of MG samples. Interestingly,
CG samples were not affected by the lime stabilization
as the others owing to their insensitivity to the reactions
with calcium-based stabilizers. Stabilization contours
have proved that the addition of lime in high degrees
can bring the situation even worse than the unstabilized
case.

2. CG and MG alluvial deposits have acceptable CBRs
which make these grain size soils suitable for highway
fillings. Treating CG and MG alluvial deposits with 6
and 4% lime improves the CBR of these soils.

3. FA is more effective than lime for improving the CBR
of MG and CG alluvial deposits. MG and CG samples
stabilized with 15% FA were improved significantly,
whereas 20% FA maximized the CBR of FG alluvial
soil. CG samples were stabilized up to 41.7% of its ini-
tial CBR, and this value was found as 38.3% for the MG
sample is obtained as 38.3%. The minimum degree of
stabilization for FA was encountered in the case of FG
soils being tested. It was determined that the CG sam-
ples that could not be cured with lime were significantly
compatible with fly ash, and as a result, it was suggested
to use fly ash instead of lime for stabilization as the grain
size increased in alluvial soils.

4. The fact that fly ash provides better results and is eco-
nomical has allowed its use in alluvial soils to be exam-
ined in more detail. In the study, correlations between
compaction parameters and CBRs of fly ash stabilized
alluvial soils showed that OMC and MDD values were
proportional to CBR to some degree. In addition, from
the exponential equations obtained for alluvial soils,
it has been shown that there is a negative relationship
between OMC and CBR while a positive relationship is
obtained between MDD and CBR. As a general state,
it can be said that particle size has a significant effect
on the CBR and lime stabilization method of alluvial
soils. CG and MG samples have much higher CBRs than
FG soils. However, when it comes to stabilization, one
should pay attention to the type of additive used.

5. UCS test results showed that the UCS value increased as
the grain size increased for all samples. Optimum fly ash
content and lime content were obtained as 15% and 4%,
respectively. The UCS values of the fly ash stabilized
samples were higher than the lime stabilized samples.
Different correlation equations have been obtained from
the relationship between UCS — CBR and these obtained
correlations were almost linear.

The use of chemical stabilization as an economical and
environmentally sustainable technique in geotechnical pro-
jects will continue. The financial aspects and possible envi-
ronmental side effects of building projects could be mini-
mized by understanding the key chemical components of
stabilizers used to boost the geotechnical efficiency of the
soil.
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