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Recently, the demand for rapid and cost-effective infrastructure development has
led to the has led to the development of various soil improvement techniques,
including stabilization. Studies on the incorporation of mineral materials such as
lime and coal ash into soil stabilization have been carried out in several countries,
and these studies have shown promising results. Given the beneficial properties
or properties of coal ash, together with its availability and cost-effectiveness, the
combination of coal ash with lime for clay soil stabilization is a viable option.
This study evaluates lime and coal ash on the behavior and geotechnical
properties of clay soils. The evaluation includes plasticity index (PI), compaction,
uniaxial compressive strength, California bearing ratio (CBR) and direct shear
tests, and direct shear tests. To achieve this, the process began with the mixing of
clay with varying percentages of hydrated lime (4%, 6% and 7%), followed by a
28-day curing period for the samples. Coal ash was then added at different (5%,
15%, 25% and 50%) was incorporated into the clay and also cured for 28 days.
In the final stage, the optimum amount of hydrated lime was determined, an
amount of hydrated lime, equivalent to the amount of coal ash used, was added
to the clay and the mixture was cured for a further 28 days. The results indicate
that A mixture of 7% hydrated lime and 50% coal ash, after 28 days of curing, is
an optimum combination for stabilizing the clay in the study area. This
combination increased the uniaxial compressive strength by 1.87 times, the shear
strength by 1.34 times and the CBR value by 6.4 times, making it suitable for use
in the for use in the construction of pavement layers.

Introduction

Among other methods, soil stabilization by

Clay soils have long been important due to the
challenges they pose in soil engineering, such as
swelling and sensitivity to moisture, prompting
engineers to continuously explore ways to
enhance this type of soil. Soil stabilization
involves techniques that maintain the soil mass’s
stability and introduce chemical changes to
improve its engineering characteristics. In
regions where the pavement subgrade is
composed of weak or problematic soils, various
methods are applied to enhance its quality. One
such method is combining the soil with coarse-
grained materials to form a reinforcement layer.

adding chemicals can be mentioned. Soil
stabilization is categorized into two groups—
physical and chemical—based on the type of
additives used. Additives such as lime, cement,
pozzolans, hydrated lime, and cement slurry are
used in chemical stabilization. Clay is one of the
most complex and unstable materials, but due to
its low cost, it is often used in many
constructions. However, in some cases, clay may
not be suitable for the intended purpose. In some
cases, it is possible to alter the properties of clay
by adding materials such as lime to the soil. In
addition, the behavior of clay depends not only
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on the amount and type of cementitious materials
added, but also on the chemical composition and
mineralogy of the soil. Extensive research into
the application of lime to clay has shown that
when lime is added it initiates chemical reactions
such as ion exchange, rapid aggregation
condensation (leading to the formation of a
coarse grain structure) and pozzolanic reactions
(the formation of a strong skeleton between the
newly formed grains). Ash, on the other hand, is
the soft, fine residue that remains after a material
is burned. The production and spread of ash from
coal combustion for electricity generation has
become a major environmental problem in many
countries. Statistics from the last decade show
that 500 million tonnes of coal ash are produced
annually, and due to a 50% increase in coal
consumption, this figure has now reached
approximately 750 million tonnes. Currently,
39% of ash is used in America and 47% in
Europe, with a global average of 25%. When
coal ash is added to soil, it causes rapid
hydration, which causes clay particles to clump
together into larger aggregates. The addition of
coal ash significantly increases the pH of the
soil. As the pH rises, silicon is released from its
tetrahedral structure, while alumina is released
from its octahedral sheet structure in the soil.
The clots that form are the result of cementitious
products formed by pozzolanic reactions
between the soil and the coal ash, called silicate
hydrates. The formation of calcium silicate
hydrate (CSH) and calcium aluminate hydrate
(CAH) increases soil strength and reduces
swelling over time. The purpose of this study is
to investigate the feasibility of stabilizing and
improving the geotechnical properties of clay
through the use of hydrated lime, coal ash and
the simultaneous combination of the two.

Materials and Methods

In the present research, the clay samples studied
were collected from the slopes of Aun Ibn Ali
Mountain in the northwest region of Tabriz city.
The reason for the selection ofclay from this
region is that its characteristics are such that in
unstable weather conditions (rain, snow, and

frost), it causes serious damage to the pavement
layers implemented in the road body, resulting in
significant expenditure to improve the clay in
this area. The hydrated lime used in this research
is of industrial and expanded types, produced by
the Pars Shimi Lime Factory, and is packaged in
50 kg bags. Coal powder is sourced from the
Zarand mine in Kerman and is then burned in the
furnace of the charcoal workshop under vacuum
conditions at a temperature of 700 degrees
Celsius. The particle size distribution of
materials was determined in accordance
WithASTM D421 and ASTM D422. Based on
the Unified Soil Classification System, the
sodium saline fine soil is CL. The plasticity
index (PI) and the specific gravity (Gs) the
materials  determined according toASTM
D4318-95a and ASTM D854, respectively.

In this study, hydrated lime at 4%, 6% and 7%
by weight was mixed with the soil samples and
its effect on the geotechnical properties of the
stabilized soil was evaluated in two states:
uncured and cured (28 days). Next, the same clay
was combined with coal dust at 5%, 15%, 25%
and 50% by weight and, similarly to the previous
case, the geotechnical parameters of the
stabilized soil were evaluated in both untreated
and treated states (28 days). In the final stage,
after determining the optimum amount of
hydrated lime that effectively improves the
mechanical properties of the clay, the optimum
mixture of hydrated lime with coal dust (5%,
15%, 25% and 50%) was added to the clay. The
possibility of stabilizing the clay was then
evaluated based on the changes in its
geotechnical properties in both the uncured and
cured (28 days) states. The ASTM C305
standard was used to prepare uniform and
homogeneous mix samples for the evaluation of
geotechnical parameters. First, water was added
to the soil samples (according to the optimum
moisture content). They were then mixed in a
mixer to create a good bond between the added
materials and the soil. In accordance with the
standard, the mixing process was paused for 30
seconds to allow the materials to absorb
moisture. Hydrated lime powder was then added
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to the mixed sample. Mixing was carried out for
30 seconds at low speed, followed by 15 seconds
of cleaning and 60 seconds at medium speed.
After mixing, the samples were stored in a closed
plastic container at ambient temperature for 28
days until processing was completed. In the
other cases, the soil samples were stabilized
using a mixture of coal ash powder and hydrated
lime, together with additional coal ash powder.
The compaction test was initially carried out in
accordance with ASTM D698 to meet the
research objectives.A number of tests, such as
the UCS test according to ASTM D2166 and the
direct shear test according to ASTM D3080,
were then carried out to determine the
geotechnical properties of the improved sodium-
saline silty soil. Finally, the CBR test according
to ASTM D1883 was carried out to evaluate the
effect of the added materials on the amount of
bearing capacity.

Results and Discussion

The results obtained show that the optimum
combination of 7% hydrated lime and 50% coal
ash effectively stabilizes the clay after 28 days of
curing. This mixture has resulted in an 8.7%
increase in the value of ydmax compared to the
unstabilized condition and a 24.5% reduction in
optimum moisture content. As a result, there isa
reduction in settlement and deformation during
the construction of engineered embankments
within the pavement layers, as well asa reduction
in damage caused by freeze-thaw cycles in the
road structure. Furthermore, this optimum
combination has enhanced the uniaxial
compressive strength under curing conditions,
indicating a significant synergistic effect
between hydrated lime and coal ash.
Specifically, the combination of 7% lime and
50% coal ash has increased the uniaxial
compressive strength by 1.96 times, and the
modulus of elasticity has also risen by 1.24

times. It can thereforebe concluded that this
formulation is effective in reducingsettlement
and deformation in road pavement layers due to
vehicular traffic. In addition, results from the
direct shear test revealed that mixing 7% lime
with 50% coal ash increased the internal friction
angle of the stabilized sample by 2.28 times and
enhanced the adhesion value by 68%. Finally,
the California Bearing Ratio (CBR) test results
indicated that this combination boosts the load
capacity of stabilized clay by 4.6 times,
confirming the feasibility of using stabilized soil
in accordance with Code 234, and the
availability of funding for the construction of the
embankment layer and sub base layer.

Conclusions

The results of the present study indicate that the
optimum combination of 7% hydrated lime and
50% coal ash can effectively stabilize clay after
28 days of curing. This is because the
simultaneous addition of hydrated lime and ash
to the clay significantly increases the uniaxial
compressive strength and soil hardness. This
improvement is due to the formation of cement
compounds, such as hydrated calcium silicate
and hydrated calcium aluminate, which enhance
the soil structure. In addition, the concurrent
application of hydrated lime and coal ash in clay
creates a favorable synergy that reduces the
optimum moisture contentand increases the
density of the stabilized soil, thereby improving
its mechanical and structural properties. It also
enhances the angle of internal friction and
cohesion, and by creating a rigid behavior in
stabilized clay, it significantly reduces
settlement and deformation. Furthermore, by
decreasing water absorption and permeability, it
helps prevent damage caused by thawing and
freezing during the construction of pavement
layers.
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Fig. 1. Pictures of materials used in present research
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Table 1. Geotechnical properties of clay

Geotechnical parameters Value
LL (%) 33.0

PL (%) 16.3

Pl (%) 16.7

Gs 2.63

pH 8.1
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Table 2. Chemical properties of hydrated lime and coal ash

Material Clay (%) Hydrated lime (%) Coal ash (%)
Na.0 0.71 0.1 0.1
MgO 6.67 4.27 0.7
Al203 9.13 0.69 20
SiO2 35.48 1.19 64

SOs 1.76 0.4 14
K20 2.47 0.1 1.7
CaO 16.4 71 1.7
TiO2 0.43 - 0.7
Fe20s 4.7 0.74 4
L.O.I 22.25 21.51 5.7
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Fig. 2. Particle size distribution curves of used materials
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Table 3. The program of tests performed on the studied samples in present research.

.| Hydrated | Coal Tests
No SNag]rELe Mséglrlix %izne ash | Atterberg Compaction coLr:’lnplﬁeﬁsls{,iiIve Direct CBR
) C6) strength shear

1 co Clay 0 0

2 CLI4 Clay 4 0

3 CLI6 Clay 6 0

4 CLI7 Clay 7 0

5 CCO5 Clay 0 5

6 CCO15 Clay 0 15

7 CCO025 Clay 0 25

8 CCO50 Clay 0 50

9 CLI7CO5 Clay 7 5

10 | CLI7CO15 Clay 7 15

11 | CLI7CO25 | Clay 7 25

12 | CLI7CO50 Clay 7 50
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Fig 3. Variations of Plasticity Index (PI) in improved clay, a- Effect of lime, b- Effect of coal ash, c- The effect of the
simultaneous mixture of lime and coal ash.
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Fig. 4. Variations of maximum dry density (ysmax) in improved clay, a- Effect of lime, b- Effect of coal ash, c-
The effect of the simultaneous mixture of lime and coal ash.
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Fig. 5. Variations of optimum water content in improved clay, a- Effect of lime, b- Effect of coal ash, c- The
effect of the simultaneous mixture of lime and coal ash.
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