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ABSTRACT
Pavement construction tends to be relatively expensive in areas where expansive clay forms
the bulk of the alignment of soil. This is due to the extra costs incurred to improve such a
subgrade. Unsuitable soils for road construction can be improved by a process called
stabilization. This is the addition of additives to the soil in order to improve its engineering
properties. The most common means of stabilization is by use of lime and cement. Due to the
various negative effects of the use of cement, studies have been carried out to identify more
environmentally friendly and cost-effective additives that can be used to partially replace it,
one of which is molasses. However, these studies have been heavily focused on index and
compaction properties.
This study evaluated the durability of expansive subgrade soil stabilized with 8% cement + 4%
molasses, 4% cement + 4% molasses and 13% cement. Separate soil samples were stabilized
with the different cement-molasses ratios, which were then compacted at their optimum
moisture contents to their maximum dry densities and were subjected to the wetting and drying
of compacted soil-cement mixtures ASTM D559. This tested their resistance to abrasion which
is one of the factors that affects durability. The rate of mass loss of the sample stabilized with
13% cement only was 4.1% per cycle. The sample stabilized with 4% cement + 4% molasses
failed during the third cycle with an estimated rate of mass loss at 18.2% per cycle whereas the
sample stabilized with 8% cement + 4% molasses failed during the fifth cycle with an estimated
rate of mass loss at 10.8% per cycle, which reduced the former by 40%.

x

CHAPTER ONE: INTRODUCTION
1.1 BACKGROUND
Adequate infrastructure is key for economic growth and competitiveness in Uganda. If Uganda
could improve its infrastructure to the level of Africa’s best performing country, Mauritius,
growth performance could be enhanced by as much as 3.8 percentage points per capita, with
significant contributions from other major sectors (Ranganathan & Foster, 2015). However,
this can be difficult with hinderances such as the persistent occurrence of various road failures
through their planned project life which results into exorbitant costs of repair and maintenance.
In 2019, Allan and Makomiku attributed road failure, in most parts of Northern and Eastern
Uganda, to the presence of expansive soils which are affected by seasonal moisture variations
in the subgrade pavement layer. These failures are in the form of depressions, heaving, cracking
and delamination. The subgrade acts as the foundation of the road pavement and therefore has
to be durable enough to withstand the various environmental conditions. Expansive soils
possess low strength, high swelling capacity, low bearing capacity and high levels of instability
when unsupported (Jirathanathaworn, Nontananandh, & Chantawarang, 2002). However, since
this soil is available at low cost, it is frequently used for construction purposes (Bell, 1988).
Therefore, these soils need to be stabilized in order to make them durable against cyclic
moisture changes and other weathering factors before construction of subsequent pavement
layers.
Soil stabilization can be defined as the alteration of one or more soil properties, like strength,
to improve the performance of the soil through addition of a special soil, cementing or other
chemical materials to the natural soil (Njideka & Ben, 2018). Engineers are therefore often
concerned with the long-term durability and future performance of stabilized materials,
especially when they incorporate recycled waste products (Sobhan & Braja, 2007)
Expansive soils have conventionally been stabilized using cement and other chemicals at very
high cost (Sivapullaiah, Prashanth, & Sridharan, 1996). Cement production releases 5–6% of
all carbon dioxide generated by human activities, accounting for about 4% of global warming
(Rodrigues, 2011). Today, cement is extensively used in majority of Uganda’s construction
industry which has also grown considerably over the recent years (Alinaitwe, 2018).
Molasses is a recently introduced alternative to improve the strength properties of soil. They
are a by-product of sugar cane being processed into refined white sugar. It is regarded as a
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waste product and is readily available in the sugar processing factories. It is very cheap and
easily accessible. If the cement molasses combination proves efficient, it will reduce the cost
of stabilization as well as negative impact on the environment due to the cement production
process. Allan (2019) concluded that molasses and cement can stabilize the expansive clay
soils, as the load bearing capacity was increased to acceptable standards. But as molasses are
organic, their effect on the durability of the road structure needs to be assessed. Durability is
the long-term guarantee of same strength and serviceability of the structure.
1.2 PROBLEM STATEMENT
Molasses and cement have been found effective in stabilizing expansive clay soils by
increasing their load bearing capacity. However, molasses being organic, their effect on the
durability of the road structure is suspect and limited research has been done to assess this and
establish confidence in their use in road construction. As a result, this poses a high financial
risk arising from premature road failures that may override the benefits of stabilizing expansive
clay soils with molasses and cement.
1.3 MAIN OBJECTIVE
To evaluate the durability of expansive subgrade soils stabilized with molasses and cement.
1.4 SPECIFIC OBJECTIVES
i.

To establish the factors that affect the durability of stabilized expansive soils.

ii.

To examine the response of expansive soil treated with different grades of cement and
molasses to selected factors that affect durability.

iii.

To determine the molasses and cement grade that can yield the most durable stabilized
expansive soils.

iv.

To establish the suitability of molasses and cement in stabilizing expansive soils.

1.5 JUSTIFICATION
As roads in Uganda are intended to have design life of between 5 to 10 years, designers and
planners have to make roads that can with stand a variety of conditions, such as long-term
physical weathering. Premature road failure is unwanted, costly and can be attributed to poor
planning and design. Expansive subgrade soils, found in various parts of Uganda are prone to
cyclic contraction and expansion which results into general road failure. Therefore, it is key to
keep in mind that while trying to incorporate molasses into the cement-soil stabilization
process, the most durable cement-molasses ratio should not be overlooked.
2

1.6 SCOPE OF STUDY
The study focuses on obtaining the cement-molasses ratio, used to stabilize the expansive soil,
that shall best withstand the wetting and drying cycles.

3

CHAPTER TWO: LITERATURE REVIEW
2.1 INTRODUCTION
This chapter highlights key and relatable studies carried out on the stabilization of expansive
soils. The review will focus on the nature of expansive soils, their stabilization and the
durability. It will enable better understanding of the nature of expansive soils and the factors
that affect the durability of stabilized expansive soils.
2.2 EXPANSIVE SOILS
Expansive soils are the soils, which expand when the moisture content of the soils is increased
(Mehta, Sonecha, Daxini, Ratanpara, & Gaikwad, 2014). Expansive soils incur major
construction costs around the world, with notable example found in USA, Australia, India and
South Africa. In these countries, or significant areas of them, the evaporation rate is higher than
the annual rainfall so there is usually a moisture deficiency in the soil. Subsequently when it
rains the ground swells and so increases the potential for heave to occur. In semi-arid regions
a pattern of short periods of rainfall followed by long dry periods can develop, resulting in
seasonal cycles of swelling and shrinkage. (Lee & Jefferson, 2012)
Swelling and shrinkage are not fully reversible processes (Holtz & Kovacs, 1981). The process
of shrinkage causes cracks, which on re-wetting, do not close-up perfectly since material falls
into the cracks and hence causes the soil to bulk-out slightly as well as allow enhanced access
for water. Shrinkage cracks may become in-filled with sediment, thus imparting heterogeneity
to the soil (Lee & Jefferson, 2012). These cracks also reduce abrasion resistance of the soil.
2.2.1 Identification of Expansive Soils
The mineralogical analysis of expansive soils shows that the soils are predominantly kaolinite,
illite and montmorillonite in nature (Samuel, 1978). Montmorillonite is the main mineral
causing swelling in expansive soil. (Grim, 1968)
These are some simple visual inspections that can be carried out on site to identify expansive
soils although further laboratory tests can be taken to clearly identify and categorize them.
•

They usually have a color of black or grey.

•

Wide or deep shrinkage cracks.

•

High dry strength and low wet strength.

Arid and semiarid areas are particular trouble spots because of large variations in rainfall and
temperature. (Chen, 1988).
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According to Chen (1988), simple soil property tests can be used for the evaluation of swelling
potential of expansive soils. Such tests are easy to perform and should be included as routine
tests in the investigation and identification of expansive soils. Such tests may include
i.

Atterberg limit tests

ii.

Free Swell tests

2.2.2 Black Cotton Soils
The most well-known example of expansive soils is the black cotton soil which is dark grey to
black in colour and the name originated from India where locations of these soils are favourable
for growing cotton (Melese, 2018). The black colour is due to the presence of titanium oxide
in small concentration. The Black cotton soil has high percentage of clay that is predominantly
montmorillonite in structure and blackish grey in colour. The clay mineral montmorillonite, as
earlier stated, is mainly responsible for expansive characteristics of the soil (Metha et al. 2014).
Black cotton soil has long been known to be very problematic for construction and so it is not
considered suitable for the construction of roads (Ikeagwuani, Obeta, & Agunwamba, 2019).
These soils cannot support the required heavy loads and therefore need to be stabilized.
2.3 SOIL STABILIZATION
Soil stabilization is a method of improving soil properties by blending and mixing other
materials into it (Firoozi, Olgun, Firoozi, & Baghini, 2017). Soil stabilization involves the use
of stabilizing agents (binder materials) in weak soils to improve the geotechnical properties
such as compressibility, strength, permeability and durability (Afrin, 2017). Soil stabilization
can also be the process of improving the shear strength parameters of soil and thus increasing
the bearing capacity of soil (Lambe, 1958). It is required when the soil available for
construction is not suitable to carry structural load.
When soils have been stabilized by addition of substances with inherent binder characteristics,
its properties of volume change due to water, shear strength, Atterberg’s limits and stability are
improved (Ellappan, Arumugam, & Muthukumaran, 2020). The desired result is the creation
of a soil material or soil system that will remain in place under the design use conditions for
the design life of the project.
Soil stabilization can be categorized into;
i.

Mechanical stabilization

ii.

Stabilization by using different types of admixtures
5

2.3.1 Mechanical Stabilization
Mechanical Stabilization is the process of improving the properties of the soil by changing its
gradation. This process includes soil compaction and densification by application of
mechanical energy using various machines like rollers and rammers. The stability of the soil in
this method relies on the inherent properties of the soil material. Two or more types of natural
soils may be mixed to obtain a composite material which is superior to any of its components.
(Afrin, 2017).
2.3.2 Stabilization Using Different Types of Admixtures
Some of the admixtures /used in soil stabilization include cement, lime, fly ash, rice husk ash,
other industrial and agricultural waste.
1. Cement Stabilization
Cement stabilization is done during the compaction process. As the cement fills the void
between the soil particles, the void ratio of soil is reduced. After this when water is added to
the soil, cement reacts with water and becomes hard hence increasing the unit weight of soil.
Because of hardening of cement, shear strength and bearing capacity is also increased
(EuroSoilStab, 2002). This cementing action is similar to that of lime with soil.
The action of cement on clay minerals is to reduce the liquid limit, plasticity index, and
potential volume change, and to increase the shrinkage limit and shear strength (Croft, 1967).
Mixing the cement and soil with certain particle size distribution is necessary to provide good
contact between soil particles and cement, and thus efficient soil cement stabilization.
2. Stabilization of Expansive Soils Using Molasses
Research was conducted by Taye (2015) in Ethiopia to explore the effect of molasses addition
on cement in stabilization of an expansive clay soil sample from Modjo-Ejere Road. Sample
soils with only molasses application had a relatively higher strength, lower PI (plasticity index)
and swelling potentials than those of the native soil. The addition of cement only on the sample
soil gave significant improvement in strength, eliminated swelling properties and were
generally more effective in improving properties of the natural soil than molasses. Although,
shrinkage cracks were observed during shrinkage tests and it was determined that the soil
stabilized with cement had brittle nature. Molasses application on soil-cement mixture gave
higher strength, lower PI and negligible swelling potential than those of cement stabilized or
molasses stabilized soils. Application of molasses on soil-cement mixture has been proven to
increase soil strength, to eliminate shrinkage cracks and to reduce brittleness nature of cement
6

stabilized soils. Addition of 4% molasses to 4% cement increased CBR value of 1% of the
native soil to 64%, reduced 53% PI value of the native soil to 19%, and reduced 10.4% swell
value of the native soil to negligible values.
Melese (2018) carried out a comparative review on soil stabilization using a combination of
bagasse ash with lime and another combination of molasses with cement. It was concluded that
soil treated with cement and molasses combination gave a significant improvement in strength
and meaningfully reduced swelling property of the expansive soil more than separate treatment
of cement only or molasses only. Cement and molasses combination were effective in arresting
linear shrinkage & eliminated shrinkage cracks that were observed in soil treated with cement
alone. Soil treated with 4% bagasse ash & 12% cement yielded a CBR value of 27.3% and
123% respectively. Soil treated with 4% cement + 4% molasses and 12% cement + 4%
molasses give a CBR value of 63.5% and 127.5% respectively. Cement experiment 4%
molasses + 4% cement satisfied all specification requirements for stabilizing sub grade soil.
The stabilization with molasses and cement outperformed the stabilization with bagasse ash
and lime, in most tests that were carried out.
Allan (2019) also studied the performance of expansive subgrade soils modified with cement
and molasses. Research was done on expansive clay soil sample from Lomori mor road,
Nakapiripiriti district, with addition of cement alone and combination of cement and molasses
in concentrations of 13% cement, 8% Cement + 4% Molasses, 6% Cement + 8% Molasses and
4% Cement + 4% Molasses each by dry weight of the soil. They concluded that addition of
cement on the sample soil gave significant improvement in strength and eliminated swelling
properties of the native soil. Application of molasses on soil-cement mixture improved the soilcement reaction with water causing larger size grains and increased soil strength. Addition of
4% molasses to 4% cement increased CBR value by 12.03% of the native soil by 21.80% and
reduced 51.5% PI value of the native soil to 19.2%. Therefore; soil stabilized with 4% molasses
and 4% cement combination satisfied all specification requirements as it also gave the least
cost estimation compared to other molasses-cement combinations.
2.4 MOLASSES
During the sugar making process, the juice extracted from sugar cane is boiled down until the
sugars crystallize and precipitate out. The syrup left over after crystallization is referred to as
molasses (Olbrich, 1963).
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Molasses is a very thick dark brown syrupy liquid obtained as a by-product from processing
cane sugar. Molasses improves the adherence between soil particles thus enabling the
formation of a strong interparticle bond that enhances the stability of the soil (M'Ndegwa,
2011). This liquid is mildly discomforting and adhesive when it gets into contact with a
person’s skin. It is slippery when spilt and could be a cause of road accident if a major spill
takes place on the road. Molasses could cause environmental pollution through aesthetic
degradation if spills are not properly cleaned. It can also cause water pollution if major spills
or factory effluents enter river streams. (Prudhvi & Kameswarao, 2017)
There are three grades of molasses: light molasses, also known as first molasses; dark molasses;
and blackstrap (Peter, 2007).
i.

Light Molasses are the result of first boiling and of the sugar crystals, which has the
highest sugar content and the least viscous texture because comparatively little sugar
has been extracted from the source.

ii.

Dark Molasses are created from a second boiling and sugar extraction. This molasses
is darker and more viscous than light molasses.

iii.

Blackstrap molasses is the final by-product of the third boiling cycle in the sugar
making process makes blackstrap molasses with highest concentration of minerals.

The composition of molasses is influenced by the soil where the cane is grown, climatic
conditions, variety and maturity of the cane and the processing conditions at the factory
(Olbrich, 1963).
Table 1showing average composition of sugarcane molasses (Kiran, Harsha, Raju & Kumar,
2018)
Constituent

(%)

Water

20

Inorganic constituents(ash)
Silicon-Di-Oxide

0.5

Potassium oxide

2.5

16

Calcium Oxide

1.5

b) Saccharose

32

Magnesium oxide

0.1

c)Glucose

14

Phosphorus Pent oxide

0.2

Organic constituents
Sugars: a) Fructose

Sodium oxide
Iron oxide
Non-Sugar:
Nitrogenous materials,
soluble gummy, free
and bound acids

10

Total

92

0.2

Aluminium oxide
Sulphate residue

1.6

Chlorides

1.4
8

8

100

2.5 DURABILITY
Durability is the ability of a material to retain same strength and usefulness over many years
of exposure to destructive weathering forces. Durability is affected by various factors such as
thermal resistance, water permeability, surface condition, resistance to abrasion and chemical
resistance. The tests for wetting and drying of compacted soil-cement mixtures (ASTM D559)
have proven to be some of the most reliable standard procedures for testing durability (Packard
& Chapman, 1963). A study by Zaman (1999) involving freeze/thaw and wetting/drying cycles
conducted on cement–kiln–dust or fly ash stabilized virgin aggregate mostly revealed
detrimental effects of these environmental distresses on the mechanical performance.
Sobhan (2007) emphasized the strong need for developing accelerated durability testing
methods so that long-term behaviour of stabilized geomaterials especially containing recycled
materials and cementitious by-products could be predicted with some degree of confidence.
They suggested a few possible techniques such as; Arrhenius aging which is time-temperature
superposition and coupled environmental and mechanical loading which involved a
combination of wetting/drying cycles (ASTM D559) with fatigue loading.
Three methods for measuring the resistance of cement-soil mixtures to wetting and drying
cycles (ASTM D559) are specified in the standard procedures: weight loss, volume change and
moisture gain. Before selecting a method to use, it is proper to consider that long term
performance under exposure to the conditions is the primary criterion. Therefore, the changes
in values are of more concern than the absolute values.
The weight loss method has been the most extensively used procedure. It has been amply
demonstrated that reliable results are obtained for all soil types. The absolute value of the final
weight loss is strongly related to the degree of deterioration, but it is also dependent on the
extraneous factors such as absolute hardness. The rate of weight loss is considered to be more
dependent on deterioration and less dependent on the extraneous conditions (Packard &
Chapman, 1963). Megat (1994) infers that the technique of measuring durability, using the
weight loss method, which requires brushing off the specimen's side with a wire brush, as in
ASTM D559 is also a measure of abrasion resistance by the brushing effect.
The moisture gain technique specified in the standard procedures was not found to be a
sensitive measure of deterioration for all soil types. The criterion of a moisture gain more than
void accommodation at the time of moulding reflects deterioration only in very advanced
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stages. In the wet-dry test, there is a progressive drying of most fine-textured mixtures that is
independent of deterioration except in advanced stages (Packard & Chapman, 1963).
The volume change technique specified in the standard procedures was also found not to be a
sensitive measure of deterioration for all soil types. Variations in moisture content during the
tests will affect the degree of shrinkage or expansion. However, the expansions that accompany
deterioration are of sufficient magnitude that they are not masked by effects of soil type, cement
content or moisture content (Packard & Chapman, 1963).
Due to the above reasons, the weight loss method will be chosen for purposes of this research.
The limited information available on the durability of stabilized expansive soils demonstrates
the susceptibility of the road infrastructure to premature failure and hence the need to establish
confidence in the application of organic materials like molasses.
2.6 KEY FINDINGS FROM LITERATURE
Expansive soils can be identified through visual inspection, particle size distribution and
Atterberg limits tests.
Soil stabilization should affect the Atterberg limits by reducing the liquid limit and increasing
its plastic limit hence reducing the plastic index.
Addition of molasses to cement soil stabilization has proven to improve various properties of
expansive soils such as strength and swelling potential hence stability. Although molasses
addition has sufficiently satisfied most of the criterion used by researchers to evaluate it, the
durability property has been significantly overlooked.
Durability is affected by various factors such as thermal resistance, water permeability, surface
condition, abrasion resistance and chemical resistance. This satisfies the first specific objective.
The tests for wetting and drying of compacted soil-cement mixtures (ASTM D559) have
proven to be some of the most reliable standard procedures for testing durability.
The weight loss technique of these standard procedures evaluates the abrasion resistance and
deterioration of the compacted soil sample.
The moisture and volume change techniques evaluate the water absorption and permeability of
the soil sample respectively. But these two techniques are found to be less effective for certain
soil types.
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CHAPTER THREE: METHODOLOGY
3.1 INTRODUCTION
This chapter elaborates on the research design of this study. It describes how data will be
collected, presented and analyzed and how it will meet the specific research objectives. It
presents the materials, sampling methods and laboratory tests that are to be used in this
research.
3.2 RESEARCH DESIGN
The soil was first identified and classified, then examined for its response to treatment with
different grades of cement-molasses and then tested for its abrasion resistance which is one of
the factors that affects durability. The grade that yielded the most durable stabilization, was
determined. Dallas (2009) stated that the AASHTO (M 145) soil classification system classifies
soils, first based on particle size and secondly based on Atterberg limits. If 35% or more of the
mass of soil is smaller than 75 microns in diameter, then the soil is considered either silt or
clay.
AASHTO SOIL CLASSIFICATION SYSTEM

11

Table 2 Cement requirement for AASHTO soil groups ( T144 cement content of soil-cement mixture)

AAHTO Soil
Group
A-1-a
A-1-b
A-2
A-3
A-4
A-5
A-6
A-7

Usual Range of Cement Requirement
in %
Volume
Weight
5-7
3-5
7-9
5-8
7-10
5-9
8-12
7-11
8-12
7-12
8-12
8-13
10-14
9-15
10-14
10-16

Typical Cement
Content by
weight
5
6
7
9
10
10
12
13

Using an experimental design, the soil was stabilized using varying ratios of cement to
molasses. A sample of soil was stabilized by cement only, which is the commonly used
standard, and shall act as the reference. The various samples obtained were tested using the
wetting and drying cycles. Their performance was monitored and the results compared to
themselves and that of the standard in order to obtain the most durable sample in which the
molasses had been incorporated.
Allan (2019) tested the ability of three grades of cement and molasses to stabilize expansive
soils and found that the 4% cement + 4% molasses proved the best option in terms of cost and
ability to provide sufficient plasticity index as well as CBR results, although the durability
property was not tested. This research tested the same ratios used in the above study apart from
the 6% cement + 8 molasses. They were tested for their durability by their resistance to abrasion
using the wetting and drying cycles of compacted soil cement.
Table 3 showing the four grades of cement and molasses applied to the expansive soil by Allan (2019)

Cement (%)

13

8

6

4

Molasses (%)

0

4

8

4

Table 4 showing the three grades of cement and molasses used in this research

Cement (%)

13

8

4

Molasses (%)

0

4

4
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3.3 RESEARCH CLASSIFICATION
This was classified as quantitative research because it involved use of statistical analysis to
obtain findings. Analysis of the data yielded quantifiable results and conclusions derived from
the evaluation of results in light of theory and literature. According to the main objective, it
was also applied research because the results shall have practical application in the construction
industry. It was also classified as predictive research since it provides information about what
the situation will be like in the future.
3.4 SAMPLING
As expansive soils are commonly found in the eastern & northern parts of the country e.g.
Mbale, Gulu, Nakapiripiriti, Moyo and Adjumani (Allan & Makomiku, 2019). By convenience
sampling, the soil specimen was obtained from Namagumba-Nalugugu road in Mutufu located
in Mbale district. The sampling was done by hand digging trial pits using hoes and spades up
to a depth of 1m. Mbale was chosen because it was more accessible in terms of transport costs
and it is also predominantly covered by black cotton soils and therefore, sampling was a simple
task.
Blackstrap molasses and ordinary Portland Cement were obtained from Kiwuunya trading
centre and local hardware stores respectively.
3.5 LABORATORY TESTS
Based on the research objectives, the scope as well as information from the literature review,
the following tests were used to conduct this study.
The particle size distribution as well as the Atterberg limits were carried out in order to identify
and classify the soil. The moisture density relationships, Maximum Dry Density (MDD) and
Optimum Moisture Content (OMC), were obtained for each differently stabilized sample in
order to prepare proper compacted samples for the following wetting and drying cycles. During
the wetting and drying of compacted stabilized soil mixtures (ASTM D559) the weight loss of
the different ratios used was continuously measured every after a cycle, from which the rate of
deterioration of each specimen could be assessed and compared to obtain the more durable
cement to molasses ratio for stabilizing the soil.
3.5.1 Particle Size Distribution
The sieve analysis test was conducted in accordance with BS 1377: Part 2, Clause 4:1990
testing procedures. The sample was air dried for about 12hrs on a large metal tray, quartered
and riffled using riffle boxes. After drying, it was then sieved through a series of sieves with
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progressively smaller screen sizes to determine the percentage of different sized particles in the
specimens. The mass retained on each sieve was measured & recorded. The cumulative
percentage by mass of the soil sample passing through each sieve was then calculated and
plotted against the corresponding sieve sizes on a semi - log graph.
3.5.2 Atterberg Limits
Liquid Limit (LL)
The cone penetrometer method was opted for because of its higher accuracy compared to the
Casagrande method. Soil sample is air dried, pulverized and passed through a 0.425mm sieve.
150g of the sieved sample is put in an evaporating dish and mixed with some distilled water to
form a uniform paste. Enough amount of soil is placed in the brass cap and the surface of the
soil is leveled. It is then penetrated by the cone penetrometer and readings taken. The above
process is repeated with gradual increments of water until a penetration of 20mm is achieved.
For the different penetrations, their water contents of the soil are determined and a graph of
water content against penetration. A line of best fit is drawn and the water content
corresponding to 20mm penetration is read off and taken as the liquid limit of the soil.
Plastic Limit (PL)
From each of the four specimen mixtures, small samples were obtained. Each was repeatedly
rolled into a thread of 3mm diameter. The moisture content at which the thread crumbled before
being completely rolled out was taken to be the plastic limit.
Plastic Index (PI)
PI = LL - PL
3.5.3 Proctor Compaction Test
The purpose of this test was to obtain the MDD and OMC which facilitated the creation of
compacted samples for the following wetting and drying cycles (Sobhan & Braja, 2007).
Five representative soil samples, each weighing about 3kg of the material passing through the
20mm test sieve was prepared by quartering and riffling. Each sample was thoroughly mixed
with different amounts of water to give a suitable range of moisture contents so that at least
two values would lie either side of the OMC.
Each sample was compacted in five layers, their weights measured and their moisture contents
taken from which their dry densities were determined. The dry densities obtained for each of
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the 5 soil samples were plotted against their corresponding moisture contents. A curve of best
fit was drawn through the plotted points and the maximum point identified. For each specimen
the corresponding values of dry density and moisture content to the maximum point was
recorded and taken as the Maximum Dry Density (MDD) and the Optimum Moisture Content
(OMC) respectively.
3.5.4 Wetting and Drying Cycles (Weight Loss Method)
Preparation
i.

The three differently stabilized samples were prepared, to which sufficient potable
water was added to raise the mixture to optimum water content at the time of
compaction and mixed thoroughly. The mixtures were covered and allowed to stand for
not less than 5 min to permit more complete absorption by the soil-cement.

ii.

After the absorption period, the mixture was thoroughly broken up, without reducing
the natural size of individual particles, until it passed through a 4.75-mm sieve, as
judged by eye, and then remixed.

iii.

The different mixtures were immediately compacted and their mass and measurements
recorded after a seven-day storage period.

Wetting and drying cycle
1. At the end of storage in the moist room, the specimens were submerged in potable water
at room temperature for a period of 5 hours and then removed. Their masses were
determined and recorded.
2. The specimens were then placed in an oven at 71 °C for 42 hours and after removed.
Their masses were then determined and recorded.
3. The specimens were given two firm strokes corresponding to approximately 13-N force
on all areas with the wire scratch brush. Eighteen to twenty vertical brush strokes were
required to cover the sides of the specimen twice and four strokes are required on each
end. The mass was determined and recorded.
4. The procedures described in 1, 2 and 3 above constituted one cycle (48 h) of wetting
and drying. Again, the specimens were submerged in water and the procedures were
continued until the compacted samples failed.
5. The mass lost for each specimen was calculated and the percentage of their cumulative
mass lost determined. The values were input into the table as shown below.
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Table 5 sowing the data to be collected and determined during the wetting and drying cycles.

WETTING AND DRYING OF COMPACTED SOIL CEMENT MIXTURES
(ASTM D559)
WEIGHT LOSS METHOD
13% Ce
8% Ce + 4% Mo
4% Ce + 4% Mo
No. of M ML CML CML M ML CML CML M ML CML CML
Cycles (g) (g) (g)
%
(g) (g) (g)
%
(g) (g) (g)
%
0
1
2
3
4
5
6
7
8
9
10
11
12
Where Ce represents Cement, Mo represents Molasses, M L represents Mass Lost and
C M L represents Cumulative Mass Lost
6. A graph showing cumulative mass lost for each grade against the number of cycles was
plotted.
3.6 DATA ANALYSIS
All data and observations were continuously collected, clearly recorded and noted. Data
obtained was analyzed using Microsoft Excel. The information derived was summarized where
necessary in order to provide a concise account of the results. It has been presented in inform
of tables and graphs.
During the wetting and drying cycles, the data collected included the mass of soil every after a
cycle, which was analyzed to determine the mass loss and cumulative mass lost after each
cycle. A graph of cumulative mass lost against number of cycles was plotted for each specimen.
Generally, for every specimen tested, the cumulative mass lost was expected to increase with
the increase in number of cycles undergone. But more importantly, the rate of deterioration and
cumulative mass lost for each specimen was expected to vary depending on the cement content
16

incorporated in the soil. The varying trends can easily be observed on the graphs provided in
the next chapter from which conclusions were drawn.
Expected relationship
𝑟𝑎𝑡𝑒 𝑜𝑓 𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑚𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 ∝

1
𝑐𝑒𝑚𝑒𝑛𝑡 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑢𝑠𝑒𝑑

The rate of cumulative mass loss of soil was expected to increase with a decrease in
cement content.
3.7 CHALLENGES
During this research, some of the challenges that were faced included
i.

Difficulty in scheduling activities due to the uncertainty caused by the COVID 19
pandemic which also caused delay in completing the research.

ii.

Lack of relevant and practical experience in carrying out such tests as described above.

iii.

High expenses incurred during the transportation of the soil sample from Mbale to
Kampala as the general cost of transportation increased.

3.8 MITIGATION MEASURES
i.

The student overcame his lack of practical experience in carrying out certain tests by
using the help of trained laboratory technicians and advice from other experienced
individuals in this field.

ii.

Resources were obtained from the contingency fund that was set aside during initial
planning. As this was not enough to cover the costs, more resources were diverted from
other areas like the student’s welfare so as to cover the high transportation.
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CHAPTER FOUR: ANALYSIS AND DISCUSSION OF RESULTS
4.1 INTRODUCTION
In this chapter test results from the experimental work have been presented, analyzed and
discussed.
The minimum amount of cement added to the sample soil was determined according to
AASHTO requirement for soil groups given in Table 3. Since the natural soil was classified as
A-7, the quantity of cement that is required to stabilize the soil is from 10% to 16% by weight
of the soil.
Hence, the optimum quantity of cement added to the sample soil was taken at 13% by dry
weight of the soil and additional mixes were prepared as indicated in Table 4
4.2 Properties of Expansive Soils Used in Study
These are the results for tests conducted to identify and determine the properties of the neat
soil before modification with cement and molasses.
4.2.1 Particle Size Distribution
This section will show the results of the soil gradation. Particle size distributions or gradation
shows the relative proportions of specified particle size ranges in a dry mass of soil. This is an
index property that is used to classify soils for engineering purposes, since particle size also
influences how fast or slow water moves through a soil. The results of particle size distributions
of the neat sample are shown in the figure below.

Figure 1 showing the particle size distribution of the soil.

It was found that 72.7% of the soil portion passed through the smallest sieve of 0.075mm. With
a minimum of 36% of the soil passing through the 0.075mm, according to AASHTO Soil
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Classification system, the soil is classified as either silty or clayey. As more than 70% of the
soil is passing through the 0.075mm size sieve we can see that this is in line with the findings
during previous research using black cotton soils. Ahmad (2017) also had 82.7% passing
through that same sieve size. Therefore, it can be said that these soils were majorly consisting
of very fine particles.
4.2.2 Atterberg Limits
The Atterberg limits test is also a classification test used to determine the moisture content at
which fine-grained soils transition between different states. These limits are used to determine
the plasticity of the soil. The arithmetic difference between the liquid limit and plastic limit
gives the plasticity index which is an indicator of its potential to resist liquefaction. The purpose
of these limits is to, jointly with the particle size distribution, classify the soil for engineering
purposes.
The liquid limit is the water content at which a cohesive soil ceases to behave as a semisolid
material and reacts as a viscous fluid (Karatai et al. 2017). The cone penetrometer method was
chosen to determine the liquid limit, rather than the Casagrande method, because the
penetrometer had been calibrated to a greater accuracy.

Figure 2 showing a graph of cone penetration against water content used to determine liquid limit

The liquid limit was read off from the above graph as 52.7%.
The plastic limit is the water content at which a cohesive soil ceases to act as a semisolid and
behaves like a solid. It was then found to be 35.6%. The plastic index was determined to be
17.1%.
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According to AASHTO Soil Classification System, the soil falls under A-7 soil class with
72.7% of soil sample passing through the no.200 sieve, liquid limit of 52.7 and plastic index
of 17.1. This resulted into the same AASHTO classification as Allan 2019. However, Allan
(2019) had a much higher limit of 80% compared to 52.7% of the sample used in this research.
Most researchers dealing with clayey soils have their liquid limits above 40% as required in
the AASHTO classification such as Benert (2020) in Uganda who obtained 56.8%, Aparna
(2014) in India who obtained 50.4% and Melese (2018) in Ethiopia who obtained 89%.
However, there are few odd ones like Ellappan (2020) who obtained a liquid limit of 36%
which may be attributed to the different geographical location.
These neat soils obtained generally possess poor engineering properties like high water
retention capacity and tiny particle sizes that are detrimental if utilized in road subgrade layers.
4.2.3 Moisture Density Relationship
This relationship was determined using the Proctor Compaction test. The neat soil was
compacted into the mold in 5 layers with 27 blows per layer using a 4.54kg rammer. This was
done 5 times with different moisture contents as previously explained. The standard Proctor
test was carried to determine the optimum moisture at which a given soil type will become
most dense and achieve its maximum dry density. The moisture contents and their respective
dry densities were plotted on a graph as shown and a curve of best fit drawn through the points.

Figure 3 showing a graph of dry density against moisture content used to determine MDD and OPM

The maximum point on the curve was obtained and values for Maximum Dry Density and
Optimum Moisture Content read off as 1.689g/cm3 and 20.3% respectively.
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4.3 EFFECT OF DIFFERENT GRADES OF CEMENT AND MOLASSES ON
ATTERBERG LIMITS
Table 6 showing the Atterberg limits for the neat soil and stabilized soils.

Atterberg limits
liquid limit %
plastic limit %
plasticity index %
Linear shrinkage %

Neat
52.7
35.6
17.1
13.2

8% cement + 4% cement +
13% cement
4% molasses 4% molasses
44.8
40.3
45.6
35.4
31.1
33.7
9.4
9.2
11.8
4.3
4.6
8.3

With the application of cement and molasses stabilizers a general decrease in liquid limit was
observed. This change was more significant compared to the change in plastic limit. This could
be due to the hydration of cement where Ca (OH)2 is produced, which then induces pozzolanic
reactions with the presence of water and forms cementitious products. As a result of the
changes in the liquid and plastic limits, the plastic index also dropped significantly as shown
in the above table. This can be attributed to the partial replacement of highly plastic clay
particles with non-plastic cement particles. Benert (2020) suggested that such changes could
also be attributed to the flocculation and agglomeration of soil particles caused by cation
exchange. In line with this, Allan (2019) also concluded the adhesive property of molasses to
be one of the causes of the reduction of water holding capacity of the soil or the liquid limit.
The significant reduction in plastic index of the soil reinforces previous findings that suggests
molasses and cement are suitable for stabilizing expansive subgrade soils.
4.4 EFFECT OF DIFFERENT GRADES OF CEMENT AND MOLASSES ON MDD
AND OMC
Table 7 showing the OMC and MDD for the neat soil and stabilized soils

Properties
maximum dry density
(g/cm3)
optimum moisture content
%

Neat

13% cement

8% cement +
4% molasses

4% cement +
4% molasses

1.689

1.595

1.622

1.625

20.3

22.7

23.5

21.6

From the table above, it’s observed that the maximum dry density of the soil was decreased
with the application of 13% cement. The decrease in density may be related to the flocculated
and agglomerated clay particles occupying larger spaces leading to a corresponding decrease
in dry density (Hayder, 2015). But with the introduction of molasses, MDD slightly increased.
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In the same year, 2015, Bizualem, stated that the increase in density may be associated with
rearrangement of the flocculated and agglomerated clay particles in smaller space due to the
presence of more plastic paste in soil-cement-molasses mixtures than soil-cement mixture.
Melese (2018) also associated the increase in density to attraction of positively charged
molasses to the surface of clay mineral particles as they were negatively charged and this was
enhanced by the adhesive properties of molasses.
However, contrary to previous research, the optimum moisture content was observed to
increase for different grades used for stabilization when compared to the neat soil. This has
been consistent throughout earlier research works as the optimum moisture content of
expansive soils has been found to reduce as they are stabilized with either molasses only,
cement only or both cement and molasses. This unusual increase may be traced back to
underestimating the amount of water present in the molasses. Furthermore, it could also be due
to overestimating water required to ensure effective hydration of cement.
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4.5 WETTING AND DRYING OF COMPACTED SOIL CEMENT MIXTURES (ASTM
D559 – WEIGHT LOSS METHOD)
In this test, the compacted samples of soil-cement-molasses were cured and exposed to cyclic
wetting and drying with the brushing effect. The abrasion was simulated by the brushing effect
as described in the standard ASTM D559. This was done to evaluate their durability by
determining their resistance to abrasion. The durability of stabilizations with 8% cement + 4%
molasses and 4% cement + 4% molasses were compared to that of 13% cement only. First, the
percentage of cumulative mass lost was derived and a graph showing percentage of cumulative
mass against number of cycles was plotted.

% OF CUMULAIVE MASS LOSS
100.0

% OF CUMULATIVE MASS LOSS

90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0

10.0
0.0
0

1

2

3

4

5

6

NO. OF CYCLES
13% Ce

8% Ce + 4% Mo

4% Ce + 4% Mo

Figure 4 showing the percentage of cumulative mass loss for the wetting and drying cycles

The above graph shows the percentage of cumulative mass loss after every cycle for the
different grades of stabilized soil. The sample stabilized with 13% cement performed best as
expected, losing just over 27% of its mass by the end of the 6th cycle. This displayed its greater
resistance to abrasion compared to the other samples. This can be attributed to very strong
cementous bonds formed after the hydration of cement. On the other hand, the sample
stabilized with 4% cement + 4% molasses lost over 75% of its mass by the end of the 3rd cycle.
This soil sample faced high levels of disintegration during the soaking process for the 3rd cycle
and therefore it couldn’t continue undergoing further cycles. This showed insufficient bonding
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compared to the other two samples and therefore much less durability. Eventually, these weak
bonds could easily be broken down by the brushing effect. Furthermore, the loose bonding is
suspected to have allowed further permeation of water that weakened deeper bonds in the
sample causing loss in rigidity, stability and eventually strength. However, the sample
stabilized with 8% cement + 4% molasses lost about 37% of its mass by the end of the 3rd cycle
which was closer to that of 13% cement only and then lost just about 53% of its weight by the
end of the 5th cycle after which it also failed and was discontinued from the tests. The better
performance of the 8% cement + 4% molasses relative to the 4% cement + 4% molasses could
be due to presence of a bit more cement. This extra cement could be providing a better balance
with the molasses where by the surface condition is made harder and less permeable. On top
of that, the bonding within the sample is made just a bit stronger but not too strong, so as to
resist formation shrinkage cracks which could have allowed deeper penetration of water.
By the end of the 3rd cycle, the sample stabilized with 13% cement was observed to develop
significant fractures, taken to be shrinkage cracks, which are suspected to have occurred due
to high stiffness and low flexibility, caused by the very strong cementitious bonds. Whereas
the sample stabilized with 8% cement and 4% molasses was still intact without any significant
fractures which was quite a similar observation to that of Melese (2018). It can therefore be
said that the molasses helps to provide some degree of plasticity or flexibility.
Finally, the rate of mass loss was determined and compared. The rate of mass loss was obtained
by first drawing a line of best fit through the points on the graph of percentage mass lost against
number of cycles. The slopes of these lines were obtained and taken as the rate of mass loss.

% OF CUMULATIVE MASS LOSS

RATE OF MASS LOSS
100.0
90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0
0.0

y = 10.838x + 2.2361
y = 18.23x - 4.497
y = 4.1868x + 7.4606

0

1

2

3
NO. OF CYCLES

4

5

13% Ce

8% Ce + 4% Mo

4% Ce + 4% Mo

Linear (13% Ce)

Linear (8% Ce + 4% Mo)

Linear (4% Ce + 4% Mo)
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The above graph shows the determined slopes for each grade of soil. The 4% cement + 4%
molasses was found to have a rate of mass loss at 18.2% per cycle, whereas the 8% cement +
4% molasses had a rate of mass loss at 10.8% per cycle which was much closer to the rate of
mass loss for 13% cement only, 4.2% per cycle. This clearly indicates that the rate of mass loss
of the 4% cement + 4% molasses is 1.7 times more than that of 8% cement + 4% molasses.
According to Packard and Chapman (1963), the rate of weight loss is dependent on soil type,
surface condition, absolute hardness but mostly on deterioration or loss in hardness. This soil
type generally has poor engineering properties and this can explain the overall high rates of
mass loss. With the increase of the more amount of cement, more voids in the soil will be
occupied in the soil making the entire sample stronger as well as its surface harder and less
impermeable which can explain why the rate of mass loss kept decreasing with increase in
cement content. The bonding between particles will also be made much stronger hence resisting
deterioration and eventually a lower rate of mass loss. This could be seen from the reduction
in rate of mass loss from that of 4% cement + 4% molasses by 40% to that of 8% cement + 4%
molasses.
The rates of mass loss that were determined satisfy expected relationship,
𝑟𝑎𝑡𝑒 𝑜𝑓 𝑚𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 ∝

1
𝑐𝑒𝑚𝑒𝑛𝑡 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑢𝑠𝑒𝑑

With increase in cement content used, the rate of mass loss reduces.
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CHAPTER FIVE: CONCLUSIONS AND RECOMMENDATIONS
5.1 INTRODUCTION
In this chapter, the researcher shall summarize the key findings, the extent to which the project
objectives have been achieved and make recommendations.
5.2 SUMMARY OF FINDINGS
The soil treated with 13% cement lasted 6 cycles and had the least mass loss by the end of its
6th cycle. The soil treated with 8% cement + 4% molasses lasted 5 cycles and had the second
lowest mass loss. The soil that was treated with 4% cement + 4% molasses, lasted only 3 cycles
and undertook the greatest mass loss.
As the durability of the two soil-cement-molasses samples was evaluated by testing their
resistance against abrasion, the soil stabilized with 8% cement + 4% molasses reduced the rate
of mass loss of soil treated with 4% cement + 4% molasses by about 40%. The sample stabilized
with 8% cement + 4% molasses displayed the better durability as it lasted 1.7 times that of soil
stabilized with 8% cement + 4% molasses.
5.4 CONCLUSIONS
According to the specific objectives of the study, the following conclusions were made with
respect to the results obtained.
i.

As the cement and molasses already proved to improve the engineering properties of
similar expansive soils in previous studies, this trend proved consistent during this
research with the lowering of the plastic index. Therefore, molasses is suitable for
stabilizing expansive soils.

ii.

As expected, the best performing soil with respect to total mass loss was that treated
with 13% cement followed by the soil treated with 8% cement + 4% molasses and the
worst performing soil was the one treated with 4% cement + 4% molasses. It can be
seen from the findings how ephemeral the 4% cement + 4% molasses combination is
when compared to the other combinations. Overall, durability of these cement-molasses
stabilizers, with respect to abrasion resistance, is heavily dependent on cement content.
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5.5 RECOMMENDATIONS
1. With the relative durability of the different combinations established, these should be
correlated with their estimated unit costs and compared to derive the most cost-efficient
option.
2. More in-depth research needs to be carried out by modelling the climatic conditions of
the area and subjecting the modified soils to these conditions.
3. Research should also be carried out on the durability of these modifications checking
against other factors that affect durability such as chemical resistance and water
permeability.
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APPENDIX
Appendix 1- Pictorial section

Compacting of soil samples

LL test using cone penetrometer

Compacted samples kept in moist environment
Compacted sample at the end of 7 days
in moist environment
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Compacted samples at the end of 7-day storage in moist environment

Compacted soil sample after scratching
Compacted sample after scratching with wire
scratch brush (1st cycle)
with wire scratch brush (1st cycle)

32

Compacted sample after scratching with wire
Compacted soil sample ( 3rd cycle)

scratch brush (2nd cycle)

Failure of compacted soil sample.

Compacted soil samples (3rd cycle)
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