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[bookmark: _Toc26356817]ABSTRACT
Glass is widely used in our daily life, and with the continuously increased consumption, a large amount of waste glass is generated annually. The best way to deal with these wastes is to recycle and reuse them as raw materials or modifiers.  This thesis aims to study the performance of asphalt concrete pavement in which a fraction of aggregate is replaced with waste crushed glass. 
In order to meet the objectives a total of 60 samples were prepared by adding crushed glass to the mix with 5%, 10%, and 14% by aggregate weight meeting the standard DoR gradation specifications. The fine aggregates have been replaced as per proportion of the glass particles added. With the increase in glass content the optimum binder content of the mix decreased. 
The stability values increased upto 10% glass content and decreased when the glass content was further increased to 14%. The maximum increase in stability value was found to be 12.9% at 10% glass content. Flow values decreased at higher glass contents. Slight decrease in bulk density of the mix was noted. Air voids increased and voids filled with bitumen decreased at higher glass content due to decrease in binder content and flow values but the values were found to be within range.
As per the cost estimate maximum cost saving was possible at 14% glass content. Despite decrease in Marshall stability value, the decreased value was within the specifications and hence the use of this glass content was found economically viable. A maximum cost saving of NRs. 1020.45 per cu m was estimated at 14% glass content.
Key words: Waste Glass, Asphalt Concrete, Stone Dust, Marshall Stability, Flow
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[bookmark: _Toc26356821]CHAPTER 1: INTRODUCTION
1.1 [bookmark: _Toc22256381][bookmark: _Toc26356822]Background
[bookmark: _GoBack]Topography, hydrography and climate are the primary constraints to the transportation system in Nepal. Due to challenging topography, geological terrain and massive cost involved in construction of other modes of transportation system, road transport remains the most popular mode of transportation in our country. Road networks cover wide geographical area, provide door-to-door service and can be developed with comparatively low capital investment. They have high utility value in hauling commodities and passengers over short and long distances. In the context of Nepal, many construction projects are being undertaken in order to address the transportation demand of people. There are various types of flexible pavement constructed over the country depending upon the traffic volume, durability, design life, maintenance, cost of construction etc. Recently the government has been upgrading the major highways and the feeder roads to the asphalt concrete, so the construction of the asphalt concrete has been widely increased throughout the country. Since the asphalt concrete is more costly than other types of flexible pavement, various factors should be taken into the consideration during the construction work.
Asphalt is a composite material composed of an aggregate framework bound together by bituminous binder with the use of filler materials. It is largely used in paving road surfaces, airport runways, taxiways and parking lots. The AC provides a waterproof surface with good resistance against the deformation, rutting and will provide good smooth surface with good skid resistance. A good AC should have sufficient resistance to plastic deformation and cracking when subjected to the expected traffic loading, should have acceptable grading and strength of aggregate with sufficient air voids to avoid bleeding and should be workable for efficient laying and compaction. The mineral aggregate comprises the huge bulk of the composite mixture and hence play a significant role in the engineering properties of the mixture. 
Asphalt modification can be made at different stages of its usage, from binder production to asphalt pavement production, and can be made by using different modifiers. Glass is considered a potentially promising modifier to asphalt. It is a non-metallic and inorganic material. Glass can be recycled without changing its composition and properties. Glass industry has been part of human history for thousands of years. Glass is widely used in our daily life, and with the continuously increased consumption, a large amount of waste glass is generated annually. The best way to deal with these wastes is to recycle and reuse them as raw materials or modifiers. (Issa, 2016)
1.2 [bookmark: _Toc22256382][bookmark: _Toc26356823]Problem Statement
The trend of the asphalt concrete pavements is increasing in the context of Nepal. It is relatively expensive than other paved roads. The durability of pavement is affected by several factors such as poor quality of aggregates, inferior binder, poor workmanship seepage, freezing and thawing action and others (Parsaila, 2017). This results in large maintenance costs of highway systems. Likewise, a large amount of glass waste from industry has been an urgent subject at both national and global levels. Glass recycling can save energy and decrease environmental waste. (Salem et al. 2017)
In the context of Nepal, nearly 15.3 tonnes of glass waste is deposited per day in three principle landfill sites of Nepal at Sisdole, Pokhara and Karaute Danda (Thapa et al. 2011). The growing quantities of waste materials, lack of natural resources and shortage of landfill spaces represent the importance of finding innovative ways of reusing and recycling waste materials. (Tahmoorian et al. 2018) One of the innovative way of recycling glass materials is by using it in road construction as a substitute of aggregates. In this study, a fraction of aggregate has been replaced with crushed glass. Some important properties of asphalt mix, including stability, flow, specific gravity and air voids have been investigated. The original sample has been prepared without adding glass for different percentages of bitumen. Other samples have been prepared by adding crushed glass to the mix with 5%, 10%, and 14% by aggregate weight meeting the standard DoR gradation specifications.
[bookmark: _Toc22256383][bookmark: _Toc26356824]1.3 Objectives
This thesis aims to study the performance of asphalt concrete pavement in which a fraction of aggregate is replaced with crushed glass. The main objective of this study is to study the change in asphalt mixture properties after adding crushed glass. The tests were conducted using the standard Marshall Apparatus. Stability, flow, specific gravity and air voids of the prepared samples were recorded.
The specific objectives include:
· To compare the Marshall characteristics of a normal AC mix with the mix where certain portion of fine aggregate is replaced by crushed glass.
· To determine the optimum glass content for the mix.
· To compare the optimum binder content of a normal AC mix with the mix where certain portion of fine aggregate is replaced by crushed glass.
1.4 [bookmark: _Toc22256384][bookmark: _Toc26356825]Significance of the Study
The main significance of this study is to study the use of the glass to modify the properties of asphalt concrete. Glass is widely used in our daily life, and with the continuously increased consumption, a large amount of waste glass is generated annually. Solid waste management (SWM) is one of the major environmental issues in cities of many developing countries, including Nepal. Urban population growth and economic development lead to increasing generation of municipal solid waste (MSW) (ADB, 2013). The best way to deal with these wastes is to recycle and reuse them as raw materials or modifiers. Similarly, the demand for bitumen is increasing tremendously and this trend is expected to continue in our country (Humagain, 2016). This study is also helpful to study effect of adding glass particles in the binder content of the mix. So, the study of this topic is extremely significant and relevant to the modern trends.














[bookmark: _Toc22256385][bookmark: _Toc26356826]CHAPTER 2: LITERATURE REVIEW
[bookmark: _Toc22256386][bookmark: _Toc26356827]2.1 Introduction
The major objective of this thesis is to compare the Marshall characteristics of a normal AC mix with the mix where certain portion of fine aggregate is replaced by crushed glass. It is important to understand the properties of aggregates, bitumen and the effect of glass particles in their behavior in the mix. 
[bookmark: _Toc22256387][bookmark: _Toc26356828]2.2 Aggregates
Stone aggregates are the principle material that are used in all forms of pavement whether it is flexible pavement, rigid pavement or of any type. It is responsible for bearing stresses occurring on roads and also resisting wear due to abrasive actions of traffic. Some desirable properties of aggregates are as follows:
a. Strength:
The aggregates used for the construction of roads must be strong enough to handle the compressive stresses generated by moving traffic. It should have high resistance to crushing.
b. Hardness:
Aggregates must be hard enough to withstand the abrasive action due to moving traffic.
c. Toughness:
The irregularities of the road surface cause impact action on road surface due to the movement of traffic. The aggregate used in road construction must be tough enough to resist fracture under such impact loads.
d. Durability:
Durability refers to the characteristics by which an aggregate resists disintegration due to the action of weather. The adverse action of weather is termed as soundness. Aggregates must be sound enough to withstand the weathering action.

e. Shape of Aggregate:
The shape of aggregates may be classified as: rounded, cubical, angular, flaky or elongated. Flaky and elongated are less strong and durable than other aggregates. Rounded aggregates possess good workability but have poor interlocking capability and hence not suitable for WBM and bituminous road construction.
f. Adhesion with Bitumen:
Aggregates may be classified as hydrophilic and hydrophobic depending upon the affinity for water as compared to that of bitumen. Hydrophobic aggregates are more suitable for road construction as they resist the stripping off the bitumen in the presence of water.
g. Cementation:
Aggregates the powder of which possess the binding property in the presence of moisture are considered suitable for road construction.
Aggregates obtained from different sources possess different properties which may or may not be suitable for road construction. It is imperative to conduct certain tests in order to prevent the use of any undesirable material for pavements and to ensure the use of best available aggregates.
The tests can be divided into four main groups:
a. Descriptive tests
b. Nondestructive quality tests
c. Destructive tests
d. Durability tests and specific gravity tests
a. Descriptive Tests:
These tests are extremely useful in classifying aggregates. They are usually described in terms of shape and texture of particles. The shape can be defined in terms of rounded, irregular, flaky, angular, elongated and both flaky and elongated. Likewise, surface texture may be defined in terms of glossy, smooth, granular, rough, crystalline, honeycombed and porous.
b. Non Destructive Quality Test
The results obtained by these tests are compared to standard specifications to confirm their suitability in pavement construction. The tests include: gradation, water absorption and shape tests.
· Gradation Test: It refers to the quantity expressed in percentages by weight of the various sizes of which a sample of aggregate is composed. They are determined by dividing aggregate into certain portions which are retained in a set of sieves or screens with opening size specified. Eventually, a graph is plotted with total percentage passing and sieve size in a logarithmic scale. The gradation of aggregates is extremely important because it directly influences construction quality and cost of the pavement. The aggregates must confer to the standard specifications which depends upon the type of pavement and use intended. 
[image: D:\2. 073MSC\4th Semester\1. Effect of crushed glass on ac mix- Thesis\3. Thesis Photos and Videos\1. Photos\20190813_124443.jpg]
[bookmark: _Toc24528825]Figure 2.1: Gradation Analysis During the Study

· Shape Test: The shape of an aggregate can be defined in terms of flakiness index, elongation index and angularity number. 
Flakiness Index of an aggregate can be defined as percentage by weight of particles whose lease thickness is less than the three fifth of their mean dimension. They are determined after passing at least 200 particles from elongated slots.
Total original weight of the aggregate sample of various fractions = W1+W2+W3+……
Total weight of the aggregate passing the various thickness gauges = w1+w2+w3+…….
Flakiness Index (FI) =  
Elongation Index can be defined as the percentage by weight of particles whose greatest length is greater than 1.8 times their mean dimension. It can be determined by metal length – gauge.
Total original weight of the aggregate sample of various fractions = W1+W2+W3+….
Total weight of the aggregate retained on the various length gauge = x1+x2+x3+……
Elongation Index (EI) =  
Shape tests are important because it helps to determine the interlocking of particles and the surface friction between adjacent surfaces.
[image: D:\2. 073MSC\4th Semester\1. Effect of crushed glass on ac mix- Thesis\3. Thesis Photos and Videos\1. Photos\20190813_131527.jpg]     [image: D:\2. 073MSC\4th Semester\1. Effect of crushed glass on ac mix- Thesis\3. Thesis Photos and Videos\1. Photos\20190813_140418.jpg]
[bookmark: _Toc24528826]Figure 2.2: Shape Tests Conducted During the Study

· Water Absorption Test: This test can be conducted along with specific gravity test. The entire process consists of soaking the aggregate sample in distilled water for 24 hours, surface drying and weighing in air again. Water absorption can be determined by using:

Wa = Water absorption
W1 = Weight of surface dried aggregate in air
W2 = Weight of oven dried aggregate in air
c. Durability Tests:
Different types of tests are conducted in road construction. Following tests have been conducted in the study:
Abrasion Test: Aggregates are placed in standard Los Angeles abrasion test cylinder (70 cm diameter and 50 cm long and 8.8 cm steel plate projection shelf inside) along with 4.8 cm diameter steel spheres. The number of spheres used depends upon the gradation of aggregates. The cylinder is roated for 500-1000 revolutions depending upon the gradation of group. The test sample is sieved through 1.7 mm sieve and materials passing through the sieve is weighed and percentage loss in weight is calculated.
Original weight of the oven dry aggregate sample = W1
Weight of the aggregate retained on 1.70 mm IS sieve after test = W2

[image: D:\2. 073MSC\4th Semester\1. Effect of crushed glass on ac mix- Thesis\3. Thesis Photos and Videos\1. Photos\20190819_151738.jpg]
[bookmark: _Toc24528827]Figure 2.3: LAA Apparatus Used During the Study

Aggregate Impact Value: Aggregate impact value is a measure of resistance to sudden load or impact. A rammer weighing 13.6 kg to 14.1 kg is allowed to fall through a height of 381 mm. After impact the test aggregate is sieved through 2.36 mm sieve and is expressed as a percentage of the total weight of the original sample.
Total weight of the oven dry aggregate sample = W1
Weight of the crushed material passing 2.36 mm IS sieve after test = W2
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[bookmark: _Toc24528828]Figure 2.4: AIV Conducted During the Study

Specific Gravity Test: The sample is soaked in distilled water for 24 hrs. The oven dry aggregate sample is weighed in air and water. It is then surface dried and weighed and specific gravity is measured by using formula:

Where,
W = Weight of oven dry sample in air
W2 = Weight of saturated sample in air
W3 = Weight of saturated sample in water
The specific gravity of fine aggregates can be determined by using Pycnometer.
[bookmark: _Toc22256388][bookmark: _Toc26356829]2.3 Bitumen
The selection of binder directly affects the properties of the mix. Bitumen is a viscous liquid which if of solid black or brown in colour. Different tests are done to confirm their quality before use:
Penetration Test: This determines the hardness or softness of bitumen. Bitumen is first poured into a test container at pouring consistency. The depth must be 15 mm more than the expected penetration. The sample is placed in a temperature control bath at 25 degree Celsius for one hour. The dial gauge is set to zero and the needle is released for 5 seconds. The final reading is noted. This test is extremely important for grade classification of bitumen.
[image: D:\2. 073MSC\4th Semester\1. Effect of crushed glass on ac mix- Thesis\3. Thesis Photos and Videos\1. Photos\20190913_133621.jpg]
[bookmark: _Toc24528829]Figure 2.5: Penetration Test Conducted During the Study

Ductility Test: A binder is said to be ductile if it elongates in tension. The ductility value gives the measure of adhesiveness and elasticity of bitumen. Ductility test can be carried out in standard ductility apparatus which has 8 sided mould with standard dimension, a water bath and a pulling device. The bitumen is heated at pouring consistency, stirred and poured in the apparatus. Two clips are then pulled at a certain specified speed. The temperature during the test must be 25°C and the pull rate of the pulling device should be 50 mm/min.
Viscosity Test: Viscosity of the binder affects quality of mixing, lubrication, compaction effort and workability. This test measures the time under which a 50 ml of binder liquid flows from a cup through a standard under the above specified test conditions. Figure 2.6 presents the viscosity test arrangement used in the study. 
[image: D:\2. 073MSC\4th Semester\1. Effect of crushed glass on ac mix- Thesis\3. Thesis Photos and Videos\1. Photos\20190913_114523.jpg]
[bookmark: _Toc24528830]Figure 2.6: Viscosity Test Conducted During the Study
Softening Point Test: This test indicates the susceptibility of the binder to variation of temperature. It can be done by Ring and Ball apparatus. The apparatus consists of a brass ring and steel ball. The ring is plugged with bitumen and it is heated at 5°C per minute. The temperature at which the bitumen touches the plate at standard distance below the ring is called the softening point of the bitumen.
[image: D:\2. 073MSC\4th Semester\1. Effect of crushed glass on ac mix- Thesis\3. Thesis Photos and Videos\1. Photos\20190913_115153.jpg]
[bookmark: _Toc24528831]Figure 2.7: Softening Point Test Conducted During the Study
Loss on Heating Test: This test measures the loss in weight and penetration value during heating. The loss in penetration value should not be more than 40%. 50gm of sample is heated for 5 hours in a revolving aluminium shelf oven at 165°C. Then, it is cooled to the room temperature and weighed. The loss in weight is expressed in terms of percentage of weight loss to the weight of original sample and then penetration test is conducted to determine the loss in penetration value.
Solubility Test: This test is used to determine the amount of impurities in bitumen. The solubility requirement is 99.5% in CS2. Different kinds of solvent may be used for this test but normally carbon disulphide is accepted. A specified quantity of bitumen is dissolved in the solvent through filter paper. The residue retained is oven dried and weighed. The percentage of solubility is then determined by difference in weight of residue and original sample.
Specific Gravity Test: It is defined as the ratio of weight of bitumen at certain specified volume to that of equal volume of water at standard temperature. 
Pycnometer Method:


Where,
W1 = weight of specific gravity bottle
W2 = weight of specific gravity bottle filled with bottle
W3 = weight of the specific gravity bottle about half filled with bitumen
W4 = weight of the specific gravity bottle, half filled with bitumen and the remaining part filled with water
Safety Test: The volatile materials in the binder catch fire in the form of flash when it is heated to certain temperature. The maximum temperature up to which the binder can be heated with safety is determined by flash and fire point test. The binder is gradually heated and different higher temperature. The temperature at which the binder first burns as brief flash of blue flame is called flash point. The temperature is further increased and the temperature at which the binder burns for at least 5 seconds is called the fire point.
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[bookmark: _Toc24528832]Figure 2.8: Safety Tests Conducted During the Study

[bookmark: _Toc22256389][bookmark: _Toc26356830]2.3 Glass
Common glass contains about 70% silica which also acts as fluxing agent during the manufacturing process. Melting point and viscosity of the formed glass is lowered in the process. It also released carbon dioxide and helps in stirring the melted product. Different additives can be added to increase different characteristics like: strength, color etc. (Salem et al. 2017) The asphalt concrete mix with added glass have many beneficial characteristics like: low absorption, low specific gravity and low thermal conductivity. Following table presents the constituents of glass. The constituents react with the asphalt mix to produce a more stable and durable mix.

[bookmark: _Toc24528862]Table 2.1: Typical Chemical Composition of Glass
	Constituent
	Borosilicate
	Lead
	Soda-Lime

	SiO2
	60 - 80
	60 - 70
	70 - 73

	Al2O3
	1 - 4
	-
	1.7 - 2.0

	Fe2O3
	-
	-
	0.06 - 0.24

	Cr2O3
	-
	-
	0.1

	CaO
	-
	1
	9.1 - 9.8

	MgO
	-
	-
	1.1 - 1.7

	BaO
	-
	-
	0.14 - 0.18

	Na2O
	45
	7 - 10
	13.8 - 14.4

	K2O
	-
	7
	0.55 - 0.68

	PbO
	-
	15 – 25
	-

	B2O3
	10 – 25
	-
	-


[bookmark: _Toc22256390]Source: Salem et al. 2017
[bookmark: _Toc26356831]2.4 Past Researches
Salem et. Al (2017) studied the effect of waste glass on properties of asphalt concrete mixture. He determined that with the increase in glass percentage by weight of fine aggregate a more economical mix was prepared which was significantly more durable. The optimum glass content was determined to be 10% by weight of fine aggregates. He determined that optimum binder content for the mix with 10% glass decreased by 0.4% compared to a normal AC mix. Similarly, an increase of approximately 10% in Marshall Stability values was determined.
Y. Issa (2015) performed a similar test on 70/100 penetration grade bitumen and laminated glass obtained from car windshields. In his study he monitored the change in stability and flow values of the mix after the introduction of the glass. It was found that the average stability increased (increase of 10%) with glass addition until the maximum level (approximately 10% of glass) then it started to decrease. Average stability of asphalt without glass is higher in comparison with the asphalt with 5%, and 20% glass, but lower than 10%. The average flow of asphalt without glass was found to be higher in comparison with the glass-asphalt.


Farag Khodary (2018) conducted an experimental study of using waste glass as additives in asphalt concrete. He concluded that there was significant improvement in the compressive strength and rutting resistance of the mix upon the addition of glass particles. Similarly, Dr. Hassan H. Jony et. Al (2010) performed a research by using glass powder as filler material in the asphalt concrete mix. An average increase of 13% was observed in stability whereas an average decrease of 39% was observed in Marshall flow values. 
Different researches have been conducted to determine the change in other asphalt characteristics due to introduction of glass. Shafabaksh and Sajed (2014) conducted several tests on dynamic properties of asphalt concrete containing glass. The research showed there was significant improvement in fatigue life, stiffness modulus and creep compliance as compared to normal asphalt concrete mix. Likewise, Khateeb et. Al (2019) conducted a study on shear properties of waste glass asphalt mastics and concluded that the addition of waste glass improved the shear properties of mix and also had positive impact on rutting and fatigue resistance of the mix.
Talking about economics of the use of glass particles, the economic feasibility of using waste glass as an aggregate in asphaltic concrete is dependent primarily upon the development of resource recovery systems which can seperate glass along with other recyclable components and generate enough revenues from their sale plus disposal and processing fees to produce an acceptable return on equity (Malisch et al., 1975). Shaopeng et al. (2004) performed experiments on Glass-Asphalt Concrete and determined that the use of waste glass in asphalt concrete was feasible. A method of economizing the entire operation is also presented in this study. Similarly, increasing energy cost and environmental concerns have encouraged the development of using pollution-free, recyclable engineering materials that consume less energy to manufacture (Chiu, 2008). So, the use of glass particles is an efficient way of recycling glass waste particles and solid waste disposal.




[bookmark: _Toc22256391][bookmark: _Toc26356832]CHAPTER 3: METHODOLOGY
[bookmark: _Toc22256392][bookmark: _Toc26356833]3.1 Introduction
Methodology of any study starts with statement of problem, definition of objectives, literature studies and then the experimental procedure. The methodology used in the thesis follows the flowchart Figure 3.1. 
The work was carried out with a two month work plan for collection of aggregates, glass and binder sample, performing initial tests on them, performing the Marshall mix design and then the detailed calculations. Appropriate literature was reviewed at each stage of the study, during the calculations and report preparation. 
In order to meet the objectives of the thesis work the following steps were followed.
1. Selection of materials such as aggregates, dust, glass and VG-30 bitumen.
2. Mechanical tests on bitumen like: Penetration test, softening point test, viscosity test etc.
3. Preliminary tests on aggregates as per asphalt concrete mix requirements.
4. Determination of optimum binder content (OBC) of the mix without glass.
5. Sample preparation by replacing fine aggregate with 5%, 10% and 14% by weight of glass.
6. Perform marshall stability test on samples containing different proportion of glass.
7. Computation of all marshall stability parameters like: Marshall stability, flow, VFB, VMA, air voids and bulk density.
8. Preparation of cost estimate of asphalt mix at different proportions of glass.











Statement of Problem



Setting Measurable Objectives



Collection of Sample



Preliminary Tests on VG-30 Bitumen and Aggregate Sample


LITERATURE REVIEW

Marshall Mix Design of a Normal Asphalt Concrete Mix




Marshall Mix Design of a Mix Containing Various Proportion of Glass Particles




Comparison of the Marshall Parameters and Preparation of Cost Estimate 






[bookmark: _Toc24528833]Figure 3.1: Flowchart of Methodology

	


[bookmark: _Toc22256393][bookmark: _Toc26356834]3.2 Materials
The different type of materials used in the study are aggregates, dust, glass and bitumen. They can be described as follows:
[bookmark: _Toc22256394][bookmark: _Toc26356835]3.2.1 Bitumen
VG-30 bitumen was used during the course of the study. The bitumen was Durapave by Indian Oil. It is currently being used in Panchkhal Road Project, Melamchi. Table 3.1 presents the details of bitumen used in the test.
[bookmark: _Toc24528863]Table 3.1: Details of Bitumen Used in the Test
	S.N
	Name of Tests
	Unit
	Test Values
	Specifications

	1
	Penetration at 25°C
	1/10 mm
	59.33
	Min 45 

	2
	Specific gravity
	 
	1.032
	 

	3
	Softening Point
	°C
	48.6
	Min 47 

	4
	Ductility at 25°C
	cm
	>100
	 >100

	5
	Solubility in Trichloroethylene
	%
	99.5
	99 

	6
	Loss on heating for 5 hours at 163°C
	%
	0.263% 
	<0.5% 

	7
	Flash Point
	°C
	280
	220 

	
	Fire Point
	°C
	318
	 

	8
	Kinematic Viscosity at 135°C
	Cst
	 359
	Min 350 

	9
	Absolute Viscosity at 60°C
	Poise
	2522 
	2400-3600 



[bookmark: _Toc22256395][bookmark: _Toc26356836]3.2.2 Aggregates
The source of the aggregate was Abiral Stone Crusher Pvt. Ltd, Tikabhairab, Lalitpur district. Aggregates can be grouped as coarse aggregates and fine aggregates. Coarse aggregates are the aggregates retained on 4.75 mm sieve, entirely crushed, free from clay and other deleterious materials. Likewise, fine aggregates pass through 4.75 mm sieve. It must be free from clay, silt, organic materials, any deleterious materials and non-plastic. Table 3.2 presents the details of aggregates used in the test.


[bookmark: _Toc24528864]Table 3.2: Details of Aggregates Used in the Test
	S.No.
	Aggregate Test
	Test Values
	Specification

	1
	Specific gravity of coarse aggregates
	2.61
	2.5 to 3

	2
	Specific gravity of fine aggregates
	2.62
	2.5 to 3

	3
	Los Angeles Abrasion Value
	15.36%
	Max 30%

	4
	Aggregate Impact Value
	10.84%
	Max 24%

	5
	Flakiness Index
	23.39%
	Max 25%

	6
	Elongation Index
	24.16%
	Max 25%

	7
	Stripping Test
	>95%
	>95%

	8
	Water Absorption Test
	0.54%
	Max 2%


[bookmark: _Toc22256396]
[bookmark: _Toc26356837]3.2.3 Glass
The size of the glass particles used in the study was selected such that it satisfied standard DoR combined gradation specifications. Table 3.3 presents the details of the glass used in the mix shown by Figure 3.2. The specific gravity of glass particles was measured by Pycnometer method. Likewise, Table 3.4 presents the sieve analysis results of the glass particles used in the mix. The size of the glass particles ranges from 0.15mm to 0.6mm and plays a crucial role in improvement of strength parameters of the mix.
[bookmark: _Toc24528865]Table 3.3: Details of Glass Used in the Mix
	S.No.
	Aggregate Test
	Test Values
	Specification

	1
	Specific gravity of glass
	2.49
	NA



[image: D:\2. 073MSC\4th Semester\1. Effect of crushed glass on ac mix- Thesis\3. Thesis Photos and Videos\1. Photos\20191027_105251.jpg]
[bookmark: _Toc24528834]Figure 3.2: Glass Samples Used for Study

[bookmark: _Toc24528866]Table 3.4: Sieve Analysis Results of Glass Used in the Mix
	Sieve Size (mm)
	Wt.Retained (gm)
	% Retained 
	Cumulative % Retained
	Cumulative % Passing
	Remarks

	1.18
	0
	0.00%
	0.00%
	100.00%
	 

	0.6
	40.12
	8.32%
	8.32%
	91.68%
	 

	0.3
	311.58
	64.60%
	72.92%
	27.08%
	 

	0.15
	128.1
	26.56%
	99.48%
	0.52%
	 

	0.075
	1.7
	0.35%
	99.83%
	0.17%
	 

	Pan
	0.8
	0.17%
	100.00%
	0.00%
	 

	Total weight
	482.3
	 
	 
	 
	 



[bookmark: _Toc22256397]3.2.4 Gradation of Aggregates
The gradation of the aggregate was done by trial and error method. Aggregates were classified into four groups. The classification of aggregates into groups were done on the basis of aggregate size. The mixing of aggregate was done by mixing appropriate percentage of aggregate of each group. The gradation of the combined mix must confer to the standard specifications. DoR standard specifications was used for the combined mix of aggregates.
[bookmark: _Toc24528867]Table 3.5: Gradation of Coarse and Fine Aggregates of Normal AC Mix
	Percentage used
	40%
	14%
	46%
	% passing
	Specification

	Sieve size
	20mm
	10mm
	Dust
	
	

	20
	40.00%
	14.00%
	46.00%
	100.00%
	90-100

	16
	26.24%
	13.87%
	46.00%
	86.12%
	 

	13.2
	16.76%
	13.58%
	46.00%
	76.34%
	59-79

	10
	8.69%
	11.94%
	46.00%
	66.63%
	52-72

	4.75
	3.04%
	2.42%
	39.04%
	44.49%
	35-55

	2.36
	2.24%
	1.64%
	28.33%
	32.21%
	28-44

	1.18
	0.00%
	0.00%
	22.14%
	22.14%
	20-34

	0.6
	1.09%
	0.58%
	14.33%
	16.00%
	15-27

	0.3
	0.00%
	0.00%
	11.99%
	11.99%
	10-20

	0.15
	0.00%
	0.00%
	9.21%
	9.21%
	5-13

	0.075
	0.33%
	0.07%
	6.10%
	6.50%
	2-8



[bookmark: _Toc24528835]Figure 3.3: Gradation Envelope of Normal AC Mix
Different portion of fine aggregate was replaced by glass of already mentioned specifications. The combined gradation of aggregate is under specifications.
[bookmark: _Toc24528868]Table 3.6: Combined Gradation of AC Mix with 5% Glass
	Percentage used
	40%
	14%
	41%
	5%
	% passing
	Specification

	Sieve size
	20mm
	10mm
	Dust
	Glass
	
	

	20
	40.0%
	14.00%
	41.00%
	5.00%
	100.00%
	90-100

	16
	26.2%
	13.87%
	41.00%
	5.00%
	86.12%
	 

	13.2
	16.8%
	13.58%
	41.00%
	5.00%
	76.34%
	59-79

	10
	8.7%
	11.94%
	41.00%
	5.00%
	66.63%
	52-72

	4.75
	3.0%
	2.42%
	34.79%
	5.00%
	45.25%
	35-55

	2.36
	2.2%
	1.64%
	25.25%
	5.00%
	34.13%
	28-44

	1.18
	0.0%
	0.00%
	19.73%
	5.00%
	24.73%
	20-34

	0.6
	1.1%
	0.58%
	12.77%
	4.58%
	19.03%
	15-27

	0.3
	0.0%
	0.00%
	10.69%
	1.35%
	12.04%
	10-20

	0.15
	0.0%
	0.00%
	8.21%
	0.03%
	8.24%
	5-13

	0.075
	0.3%
	0.07%
	5.43%
	0.01%
	5.84%
	2-8




[bookmark: _Toc24528836]Figure 3.4: Gradation Envelope of AC Mix with 5% Glass

[bookmark: _Toc24528869]Table 3.7: Combined Gradation of AC Mix with 10% Glass
	Percentage used
	40%
	14%
	36%
	10%
	% passing
	Specification

	Sieve size
	20mm
	10mm
	Dust
	Glass
	
	

	20
	40.0%
	14.0%
	36.0%
	10.0%
	100.00%
	90-100

	16
	26.2%
	13.9%
	36.0%
	10.0%
	86.12%
	 

	13.2
	16.8%
	13.6%
	36.0%
	10.0%
	76.34%
	59-79

	10
	8.7%
	11.9%
	36.0%
	10.0%
	66.63%
	52-72

	4.75
	3.0%
	2.4%
	30.6%
	10.0%
	46.01%
	35-55

	2.36
	2.2%
	1.6%
	22.2%
	10.0%
	36.05%
	28-44

	1.18
	0.0%
	0.0%
	17.3%
	10.0%
	27.32%
	20-34

	0.6
	1.1%
	0.6%
	11.2%
	9.2%
	22.06%
	15-27

	0.3
	0.0%
	0.0%
	9.4%
	2.7%
	12.09%
	10-20

	0.15
	0.0%
	0.0%
	7.2%
	0.1%
	7.26%
	5-13

	0.075
	0.3%
	0.1%
	4.8%
	0.0%
	5.19%
	2-8





[bookmark: _Toc24528837]Figure 3.5: Gradation Envelope of AC Mix with 10% Glass

[bookmark: _Toc24528870]Table 3.8: Combined Gradation of AC Mix with 14% Glass
	Percentage used
	40%
	14%
	32%
	14%
	% passing
	Specification

	Sieve size
	20mm
	10mm
	Dust
	Glass
	
	

	20
	40.0%
	14.0%
	32.0%
	14.0%
	100.00%
	90-100

	16
	26.2%
	13.9%
	32.0%
	14.0%
	86.12%
	 

	13.2
	16.8%
	13.6%
	32.0%
	14.0%
	76.34%
	59-79

	10
	8.7%
	11.9%
	32.0%
	14.0%
	66.63%
	52-72

	4.75
	3.0%
	2.4%
	27.2%
	14.0%
	46.61%
	35-55

	2.36
	2.2%
	1.6%
	19.7%
	14.0%
	37.59%
	28-44

	1.18
	0.0%
	0.0%
	15.4%
	14.0%
	29.40%
	20-34

	0.6
	1.1%
	0.6%
	10.0%
	12.8%
	24.48%
	15-27

	0.3
	0.0%
	0.0%
	8.3%
	3.8%
	12.13%
	10-20

	0.15
	0.0%
	0.0%
	6.4%
	0.1%
	6.48%
	5-13

	0.075
	0.3%
	0.1%
	4.2%
	0.0%
	4.66%
	2-8



[bookmark: _Toc24528838]Figure 3.6: Gradation Envelope of AC Mix with 14% Glass

[bookmark: _Toc22256398][bookmark: _Toc26356838]3.3 Mix Design
The normal asphalt mix along with the mix with different proportion of glass were designed by Marshall Method. A total of 4 sets of mix design containing 60 samples were prepared during the thesis work. All the samples were prepared at Quality Research and Development Center, Department of Roads (DoR), Pulchowk. Each set of mix design had 15 samples.
[bookmark: _Toc22256399][bookmark: _Toc26356839]3.3.1 Laboratory Apparatus
Following laboratory apparatus are required for Marshall test:
· Weighing machine
· Hot Air Oven
· Water Bath
· Automatic Compactor
· Sample Extractor
· Marshall apparatus
[bookmark: _Toc22256400][bookmark: _Toc26356840]3.3.2 Preparation of Asphalt Concrete Mix Specimen
[bookmark: _Toc22256401]Standard Marshall moulds of 101.6 mm diameter and 63.5 mm thickness were used in order to prepare the specimens. Appropriate correction factors were used in case of thickness variation of the specimens. The designed weight of aggregates as per proportion in the combined gradation was weighed and blended with VG 30 bitumen at increments of 0.5%. In case of the mix containing glass particles, different proportions of glass particles were added and the equal proportion of fine aggregates were removed. The aggregate pre heated at 150°C to 155°C was blended with the pre heated bitumen. The total weight of the mix was kept 1200 gm. The mix was heated thoroughly at 165°C and uniformly mixed before placing in the compaction mould. The mix was then compacted by automatic compactor with height of drop 457 mm by applying 75 blows on either side. The samples were allowed to cool down and carefully extracted using a sample extruder.
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[bookmark: _Toc24528839]Figure 3.7: Sample Preparation
[image: D:\2. 073MSC\4th Semester\1. Effect of crushed glass on ac mix- Thesis\3. Thesis Photos and Videos\1. Photos\20190822_083700.jpg]
[bookmark: _Toc24528840]Figure 3.8: Automatic Compactor Used for Compaction of Sample
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[bookmark: _Toc24528841]Figure 3.9: Thickness and Weight Observations
[bookmark: _Toc26356841]3.3.3 Test Procedure
The samples were allowed to cool down for 24 hours. The thickness of the sample were taken at three equal distances to measure the mean thickness of the sample. The thickness measurements are required for thickness corrections in case of any thickness variations in the sample. Then, the weight of the samples in air was taken and the samples were soaked in water for more than 15 minutes. The samples were weighed in water and surface dry condition. Such measurements are done to calculate the bulk unit weight and voids in the sample. Then, the samples were submerged in the water bath at 60°C for 30 minutes. Finally, the sample was placed in Marshall Stability testing machine. The load was applied at the constant deformation of 50 mm/min. The maximum load and flow were recorded. The broken samples were removed and the procedure was repeated again. Three samples were prepared for each proportion of bitumen for a set of mix design.
The results of the test were expressed in following terms:
a. Marshall stability – kN
b. Flow value – in mm
c. Percentage of air voids – % 
d. Voids in Mineral Aggregate (VMA) – %
e. Voids Filled with Bitumen (VFB) – %
f. Unit weight of specimen (G) – gm/cm3 
[bookmark: _Toc22256402]
[bookmark: _Toc26356842]CHAPTER 4: RESULTS AND ANALYSIS
[bookmark: _Toc22256403][bookmark: _Toc26356843]4.1 Mix Design Results of Normal AC Mix
The marshall parameters used to calculate OBC for the normal mix (mix not containing glass particles) is given in Table 4.1. The calculation of OBC is based on marshall stability, bulk density and 4% air voids as shown in Table 4.2. Different properties like Marshall Stability, Flow, VFB, air voids and bulk density at OBC is shown in Table 4.3.
[bookmark: _Toc24528871]Table 4.1: Marshall Parameters for Normal AC Mix
	S.NO
	% Bitumen
	Stability (KN)
	Flow (mm)
	Bulk Unit Weight (gm/cc)
	VTM%
	VFB%

	1
	4.0%
	11.57
	2.11
	2.339
	7.18%
	55.81%

	2
	4.5%
	13.46
	2.39
	2.384
	4.71%
	68.84%

	3
	5.0%
	15.54
	2.59
	2.397
	3.48%
	76.92%

	4
	5.5%
	14.70
	2.74
	2.408
	2.30%
	84.80%

	5
	6.0%
	13.49
	2.86
	2.412
	1.44%
	90.71%

	6
	6.5%
	9.36
	3.00
	2.400
	1.18%
	92.78%




[bookmark: _Toc24528842]Figure 4.1: Bitumen Content vs Stability for Normal AC Mix


[bookmark: _Toc24528843]Figure 4.2: Bitumen Content vs Flow for Normal AC Mix



[bookmark: _Toc24528844]Figure 4.3: Bitumen Content vs Bulk Density for Normal AC Mix


[bookmark: _Toc24528845]Figure 4.4: Bitumen Content vs VTM for Normal AC Mix



[bookmark: _Toc24528846]Figure 4.5: Bitumen Content vs VFB for Normal AC Mix


[bookmark: _Toc24528872]Table 4.2: Calculation of OBC of Normal Mix
	Item
	Value

	Bitumen content at maximum density
	5.90%

	Bitumen content at maximum stability
	5.10%

	Bitumen content at 4% air voids
	4.67%

	Proposed optimum binder content
	5.22%



[bookmark: _Toc24528873]Table 4.3 Marshall Parameters at OBC for Normal Mix
	Parameter
	Value
	Unit

	Stability
	15.5
	kn

	Air voids
	3
	%

	Flow value
	2.7
	mm

	Bulk density
	2.4
	gm/cc

	VFB%
	80
	%



[bookmark: _Toc22256404][bookmark: _Toc26356844]4.2 Mix Design Results of AC Mix with 5% Glass
The marshall parameters used to calculate OBC for mix containing glass particles 5% by weight of aggregates is given in Table 4.4. The calculation of OBC is based on marshall stability, bulk density and 4% air voids as shown in Table 4.5. Different properties like Marshall Stability, Flow, VFB, air voids and bulk density at OBC is shown in Table 4.6.
[bookmark: _Toc24528874]Table 4.4: Marshall Parameters for AC Mix with 5% Glass
	S.NO
	% Bitumen
	Stability (KN)
	Flow (mm)
	Bulk Unit Weight (gm/cc)
	VTM%
	VFB%

	1
	4.0%
	12.8
	2.17
	2.34
	6.76%
	57.33%

	2
	4.5%
	14.0
	2.29
	2.36
	5.41%
	65.53%

	3
	5.0%
	16.1
	2.42
	2.39
	3.61%
	76.23%

	4
	5.5%
	11.6
	2.68
	2.41
	2.08%
	86.05%

	5
	6.0%
	10.9
	2.74
	2.39
	2.00%
	87.43%




[bookmark: _Toc24528847]Figure 4.6: Bitumen Content vs Stability for Mix with 5% Glass


[bookmark: _Toc24528848]Figure 4.7: Bitumen Content vs Flow for Mix with 5% Glass

[bookmark: _Toc24528849]Figure 4.8: Bitumen Content vs Bulk Density for Mix with 5% Glass


[bookmark: _Toc24528850]Figure 4.9: Bitumen Content vs VTM for Mix with 5% Glass

[bookmark: _Toc24528851]Figure 4.10: Bitumen Content vs VFB for Mix with 5% Glass

[bookmark: _Toc24528875]Table 4.5: Marshall Parameters for AC Mix with 5% Glass
	Item
	Value

	Bitumen content at maximum density
	5.50%

	Bitumen content at maximum stability
	4.90%

	Bitumen content at 4% air voids
	4.80%

	Proposed optimum binder content
	5.07%



[bookmark: _Toc24528876]Table 4.6: Marshall Parameters at OBC for 5% Glass
	Parameter
	Value
	Unit

	Stability
	16.1
	kn

	Air voids
	3.5
	%

	Flow value
	2.4
	mm

	Bulk density
	2.39
	gm/cc

	VFB%
	77.5
	%





[bookmark: _Toc22256405][bookmark: _Toc26356845]4.3 Mix Design Results of AC Mix with 10% Glass
The marshall parameters used to calculate OBC for mix containing glass particles 10% by weight of aggregates is given in Table 4.7. The calculation of OBC is based on marshall stability, bulk density and 4% air voids as shown in Table 4.8. Different properties like Marshall Stability, Flow, VFB, air voids and bulk density at OBC is shown in Table 4.9.
[bookmark: _Toc24528877]Table 4.7: Marshall Parameters for AC Mix with 10% Glass
	S.NO
	% Bitumen
	Stability (KN)
	Flow (mm)
	Bulk Unit Weight (gm/cc)
	VTM%
	VFB%

	1
	4.0%
	15.0
	2.01
	2.36
	5.95%
	60.59%

	2
	4.5%
	17.6
	2.21
	2.38
	4.40%
	70.21%

	3
	5.0%
	15.8
	2.35
	2.41
	2.35%
	83.29%

	4
	5.5%
	12.7
	2.64
	2.41
	1.86%
	87.37%

	5
	6.0%
	11.4
	2.73
	2.41
	1.16%
	92.34%




[bookmark: _Toc24528852]Figure 4.11: Bitumen Content vs Marshall Stability for Mix with 10% Glass

[bookmark: _Toc24528853]Figure 4.12: Bitumen Content vs Flow for Mix with 10% Glass



[bookmark: _Toc24528854]Figure 4.13: Bitumen Content vs Bulk Density for Mix with 10% Glass

[bookmark: _Toc24528855]Figure 4.14: Bitumen Content vs VTM for Mix with 10% Glass


[bookmark: _Toc24528856]Figure 4.15: Bitumen Content vs VFB for Mix with 10% Glass



[bookmark: _Toc24528878]Table 4.8: Marshall Parameters for AC mix with 10% Glass
	Item
	Value

	Bitumen content at maximum density
	5.00%

	Bitumen content at maximum stability
	4.60%

	Bitumen content at 4% air voids
	4.60%

	Proposed optimum binder content
	4.73%



[bookmark: _Toc24528879]Table 4.9: Marshall Parameters at OBC for 10% Glass
	Parameter
	Value
	Unit

	Stability
	17.52
	kn

	Air voids
	3.7
	%

	Flow value
	2.25
	mm

	Bulk density
	2.39
	gm/cc

	VFB%
	76
	%



[bookmark: _Toc22256406][bookmark: _Toc26356846]4.4 Mix Design Results of AC Mix with 14% Glass
The marshall parameters used to calculate OBC for mix containing glass particles 14% by weight of aggregates is given in Table 4.10. The calculation of OBC is based on marshall stability, bulk density and 4% air voids as shown in Table 4.11. Different properties like Marshall Stability, Flow, VFB, air voids and bulk density at OBC is shown in Table 4.12.
[bookmark: _Toc24528880]Table 4.10: Marshall parameters for AC Mix with 14% Glass
	S.NO
	% Bitumen
	Stability (KN)
	Flow (mm)
	Bulk Unit Weight (gm/cc)
	VTM%
	VFB%

	1
	4.0%
	12.8
	2.06
	2.33
	6.84%
	56.93%

	2
	4.5%
	15.5
	2.16
	2.39
	3.94%
	72.54%

	3
	5.0%
	12.4
	2.36
	2.40
	2.81%
	80.54%

	4
	5.5%
	10.5
	2.47
	2.39
	2.42%
	84.06%

	5
	6.0%
	9.4
	2.64
	2.38
	1.98%
	87.49%




[bookmark: _Toc24528857]Figure 4.16: Bitumen Content vs Marshall Stability for Mix with 14% Glass



[bookmark: _Toc24528858]Figure 4.17: Bitumen Content vs Flow for Mix with 14% Glass



[bookmark: _Toc24528859]Figure 4.18: Bitumen Content vs Bulk Density for Mix with 14% Glass



[bookmark: _Toc24528860]Figure 4.19: Bitumen Content vs VTM for Mix with 14% Glass

[bookmark: _Toc24528861]Figure 4.20: Bitumen Content vs VFB for Mix with 14% Glass

[bookmark: _Toc24528881]Table 4.11: Marshall Parameters for AC Mix with 14% Glass
	Item
	Value

	Bitumen content at maximum density
	4.70%

	Bitumen content at maximum stability
	4.49%

	Bitumen content at 4% air voids
	4.30%

	Proposed optimum binder content
	4.50%



[bookmark: _Toc24528882]Table 4.12: Marshall Parameters at OBC for 14% Glass
	Parameter
	Value
	Unit

	Stability
	15.5
	kn

	Air voids
	3
	%

	Flow value
	2.15
	mm

	Bulk density
	2.4
	gm/cc

	VFB%
	78
	%



[bookmark: _Toc22256407][bookmark: _Toc26356847]4.5 Cost Estimate
The cost estimate for AC mix with different portion of glass particles are presented in Table 4.13 to Table 4.16.
[bookmark: _Toc24528883]Table 4.13: Cost Estimate of AC Mix without Glass
	Bulk Density without glass
	2.4
	ton/cu m
	Proportion
	With Dust

	S.N
	Material
	Unit
	
	Quantity
	Rate (NRs.)
	Amount (NRs.)

	1
	Aggregate
	ton
	94.78%
	2.275
	 716.48 
	 1,629.79 

	2
	Bitumen
	ton
	5.22%
	0.125
	 81,000.00 
	 10,147.68 

	3
	Glass
	ton
	
	
	
	 -   

	
	Total 
	
	11,777.47



[bookmark: _Toc24528884]Table 4.14: Cost Estimate of AC Mix with 5% Glass
	Bulk Density with 5% glass
	2.39
	ton/cu m
	Proportion
	With glass (5%)

	S.N
	Material
	Unit
	
	Quantity
	Rate (NRs.)
	Amount (NRs.)

	1
	Aggregate
	ton
	90.18%
	2.155
	 716.48 
	 1,544.29 

	2
	Bitumen
	ton
	5.07%
	0.121
	 81,000.00 
	 9,815.01 

	3
	Glass
	ton
	4.75%
	0.113
	2,000.00
	 226.88 

	
	Total 
	
	11,586.19



[bookmark: _Toc24528885]Table 4.15: Cost Estimate of AC Mix with 10% Glass
	Bulk Density with 10% glass
	2.39
	ton/cu m
	Proportion
	With glass (10%)

	S.N
	Material
	Unit
	
	Quantity
	Rate (NRs.)
	Amount (NRs.)

	1
	Aggregate
	ton
	85.74%
	2.049
	 716.48 
	 1,468.25 

	2
	Bitumen
	ton
	4.73%
	0.113
	 81,000.00 
	 9,156.81 

	3
	Glass
	ton
	9.53%
	0.228
	            2,000.00 
	 455.39 

	 
	Total
	 
	11,080.45



[bookmark: _Toc24528886]Table 4.16: Cost Estimate of AC Mix with 14% Glass
	Bulk Density with 14% glass
	2.39
	ton/cu m
	Proportion
	With glass (5%)

	S.N
	Material
	Unit
	
	Quantity
	Rate (NRs.)
	Amount (NRs.)

	1
	Aggregate
	ton
	82.13%
	1.963
	 716.48 
	 1,406.38 

	2
	Bitumen
	ton
	4.50%
	0.108
	 81,000.00 
	 8,711.55 

	3
	Glass
	ton
	13.37%
	0.320
	            2,000.00 
	 639.09 

	 
	Total
	 
	10,757.02



60

[bookmark: _Toc22256408][bookmark: _Toc26356848]4.6 Summary and Analysis of Results
Table 4.17 presents the summary of results. Variation in glass proportions in the mix brings changes in different Marshall characteristics. The changes in the characteristics are dependent upon the type and gradation of aggregate, type of binder, type of glass used and size of glass used. 
[bookmark: _Toc24528887]Table 4.17: Summary of Results
	Test Parameters
	Unit
	Percentage of glass
	Limit

	
	
	0%
	5%
	10%
	14%
	

	OBC
	%
	5.22%
	5.07%
	4.73%
	4.5%
	

	Stability
	KN
	15.5
	16.1
	17.5
	15.5
	>9

	Air voids
	%
	3
	3.5
	3.7
	4
	3-5

	Flow value
	mm
	2.7
	2.4
	2.3
	2.15
	2-4

	Bulk density
	gm/cc
	2.4
	2.39
	2.39
	2.39
	

	VFB%
	%
	80
	77.5
	76
	72.5
	65-75

	Cost per cum
	NRs.
	11,777.47
	11,586.19
	11,080.45
	10,757.02
	



[bookmark: _Toc22256409][bookmark: _Toc26356849]4.6.1 Glass Percentage vs Stability
Overall, Marshall stability value of the mix is improved by addition of glass particles. Slight increment is observed at 5% glass whereas significant increment can be observed at 10% glass content. The stability value decreases when the glass content is further increased. A maximum increment by 12.9% in stability was recorded at 10% glass. Hence, 10% can be termed as optimum glass content from the stability point of view.
[bookmark: _Toc26356850]4.6.2 Glass Percentage vs OBC
Upon increasing the glass percentage the optimum binder content up the mix decreases. At maximum stability there is 0.49% decrease in the binder content which refers to the fact that less amount of binder is required to make a more durable mix. This makes the mix economical.
[bookmark: _Toc26356851]4.6.3 Glass Percentage vs Flow and Voids
The flow values and air voids exhibit a complex relationship. The flow value decreases with the increase in glass content. This causes an increase in air voids. Due to decrease in flow value all the voids in the aggregate framework cannot be filled hence VFB decreases upon increment in the glass content in the mix. However, the values are within range and specificiations.
[bookmark: _Toc26356852]4.6.4 Glass Percentage vs Bulk density
Glass is the lighter material as compared to the aggregate displaced as it has lesser specific gravity. This caused slight reduction in bulk density of the mix. 
[bookmark: _Toc26356853]4.6.5 Glass Percentage vs Cost per cu m
The addition of glass particles yields a lighter, durable and more economical mix. As per the results of the study, large amount of cost cutting can be achieve from the materials employed in the mix. 
The increment in glass content causes decrease in optimum binder content and bulk density which causes decrement in the cost of materials. The detailed cost estimate is presented in Table 4.13 to Table 4.16. At optimum glass content, the asphalt mix with glass was found to be NRs. 697.02 per cum cheaper than the mix without glass particles. On increasing the glass content further to 14% there was reduction in Marshall stability but the decreased value is within the specifications so the proportion could still be economically viable. At 14% glass content the asphalt mix with glass was found to be NRs. 1020.45 per cum cheaper than the mix without glass particles. The rate used in the analysis is the district rate of Nuwakot 076/077. 
Glass Production and Manufacturing Cost
Thapa et. Al (2011) determined that about 15 ton/day glass is deposited in the form of waste at three principle landfill sites of Nepal at Sisdole, Karaute and Pokhara. However, according report of Kathmandu Post dated June 25, 2019, 800 ton/day of waste is deposited at Sisdole itself. Thapa et. Al (2011) also determined 3.31% of total waste at Sisdole contains glass as the waste which gives 26.48 ton/day of glass. The glass production and manufacturing cost can be cut down if we reuse and recycle this waste glass by establishment of a glass sorting and glass crushing plant at Sisdole. A cost estimate of a crushing and sorting plant is presented in Table 4.18. The return period of the plant would be 1.81 years which is a feasible time frame for a plant. The obtained mix is therefore durable and more economic than conventional asphalt mix.
[bookmark: _Toc24528888]Table 4.18: Financial Evaluation of Glass Crushing and Sorting Plant
	Description
	Unit
	Quantity
	Remarks

	Asphalt Concrete Plant
	ton/hr
	60
	

	Asphalt Concrete Plant
	cum/hr
	25
	

	Working hr per day of plant
	hr
	10
	

	Asphalt concrete capacity per day
	cum
	250
	

	Asphalt concrete demand per day (assumed)
	cum
	40
	

	Glass required (10%)
	ton
	9.12
	

	Initial investment in crushing plant and sorting plant
	NRs.
	 5,000,000.00 
	

	Land Acquistion Cost
	NRs.
	2,500,000.00
	

	Manpower cost
	NRs.
	 500,000.00 
	10% of plant

	Operation and maintenance cost
	NRs.
	 500,000.00 
	10% of plant

	Total cost
	NRs.
	8,500,000.00
	

	Transportation cost per day
	NRs.
	 15,000.00 
	As per DoR norms

	Normal Asphalt concreting per day
	NRs.
	 471,098.86 
	

	Asphalt concreting with glass
	NRs.
	 443,217.99 
	

	Saving per day
	NRs.
	 27,880.87 
	

	Net profit
	NRs.
	 12,880.87 
	

	Pay back period
	year(s)
	1.81
	




[bookmark: _Toc26356854]4.7 Limitations of Study
The results obtained during the study depends upon the gradation of aggregate and glass used. It is also dependent upon the type of glass and type of binder used. Likewise, several researchers has raised the questions over accuracy of Marshall Stability test and more advanced method has been postulated. However, it is still used in Nepal and different countries as a principle method for mix design.
The comprehensive study of asphalt mix with glass particles require sample sections of the road to be constructed and their performance to be monitored. But due to limited time frame and budget of the thesis work only Marshall characteristic have been analysed. In case of real field, different parameters like tensile strength, rutting resistence, creep etc. should be also taken into account before selection of glass as a substitute material for aggregate.














[bookmark: _Toc26356855]CHAPTER 5: FINDINGS AND CONCLUSIONS
The aim of this study is to evaluate the change in Marshall characteristics by introduction of glass in the normal asphalt mix. According to various testing results, following conclusions can be derived:
· Crushed glass can be used in asphalt pavement with optimum replacement ratio of 10 % weight of total aggregates. 
· The value of OBC at optimum glass content is 4.73% which is 0.49% lesser than the original AC mix. 
· The stability values increases upto 10% glass content and decreases when the glass content is increased further to 14%. The maximum increase in stability value was found to be 12.9% at 10% glass content. Flow values decrease at higher glass contents.
· Slight decrease in bulk density of the mix was noted. Air voids increase and voids filled with bitumen decrease at higher glass content due to decrease in binder content and flow values but the values are within range.
· As per the cost estimate maximum cost saving was possible at 14% glass content. Despite decrease in Marshall stability value, the decreased value is within the specifications and hence the use of this glass content is economically viable. A maximum cost saving of NRs. 1020.45 per cu m was estimated at 14% glass content.
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[bookmark: _Toc26356857]APPENDIX-I: SIEVE ANALYSIS
a) Coarse Aggregate ( Size 20mm – 10mm)
	Sieve Size (mm)
	Wt.Retained (gm)
	% Retained 
	Cumulative % Retained
	Cumulative % Passing
	Remarks

	20
	0
	0.00%
	0.00%
	100.00%
	 

	16
	2899
	34.39%
	34.39%
	65.61%
	 

	13.2
	1998
	23.70%
	58.09%
	41.91%
	 

	9.5
	1702
	20.19%
	78.28%
	21.72%
	 

	4.75
	1191
	14.13%
	92.41%
	7.59%
	 

	2.36
	167
	1.98%
	94.39%
	5.61%
	 

	0.6
	243
	2.88%
	97.27%
	2.73%
	 

	0.075
	160
	1.90%
	99.17%
	0.83%
	 

	Pan
	70
	0.83%
	100.00%
	0.00%
	 

	Total weight
	8430
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b) Coarse Aggregate ( Size 10mm – 4.75 mm)
	Sieve Size (mm)
	Wt.Retained (gm)
	% Retained 
	Cumulative % Retained
	Cumulative % Passing
	Remarks

	16
	100
	0.90%
	0.90%
	99.10%
	 

	13.2
	234
	2.12%
	3.02%
	96.98%
	 

	9.5
	1294
	11.71%
	14.73%
	85.27%
	 

	4.75
	7514
	67.99%
	82.72%
	17.28%
	 

	2.36
	618
	5.59%
	88.31%
	11.69%
	 

	0.6
	832
	7.53%
	95.84%
	4.16%
	 

	0.075
	406
	3.67%
	99.51%
	0.49%
	 

	pan
	54
	0.49%
	100.00%
	0.00%
	 

	Total weight
	11052
	 
	 
	 
	 







c) Stone Dust
	Sieve Size (mm)
	Wt.Retained (gm)
	% Retained 
	Cumulative % Retained
	Cumulative % Passing
	Remarks

	9.5
	0
	0.00%
	0.00%
	100.00%
	 

	4.75
	92.32
	15.14%
	15.14%
	84.86%
	 

	2.36
	141.98
	23.28%
	38.42%
	61.58%
	 

	1.18
	82.1
	13.46%
	51.88%
	48.12%
	 

	0.6
	103.5
	16.97%
	68.85%
	31.15%
	 

	0.3
	30.99
	5.08%
	73.93%
	26.07%
	 

	0.15
	36.85
	6.04%
	79.97%
	20.03%
	 

	0.075
	41.37
	6.78%
	86.75%
	13.25%
	 

	pan
	0.36
	0.06%
	86.81%
	13.19%
	 

	Total weight
	529.47
	 
	 
	 
	 

	Total weight before washing
	609.9
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[bookmark: _Toc26356858]APPENDIX-II: AGGREGATE TESTS
A. SPECIFIC GRAVITY TESTS
· Specific Gravity of Coarse Aggregate
	 
	Determination Number
	20mm
	10mm
	 

	B1
	Wt. of pan + Saturated surface dry sample
	2308.5
	2038.4
	gm

	B2
	Wt. of pan 
	404.8
	408.7
	gm

	B=B1-B2
	Wt. of saturated surface dry sample 
	1903.7
	1629.7
	gm

	C1
	Wt. of basket + sample in water
	1737.3
	1562.5
	gm

	C2
	Wt. of basket in water
	547.7
	547.7
	gm

	C=C1-C2
	Wt. of sample in water
	1189.6
	1014.8
	gm

	A1
	Wt. of panoven dry sample
	2280.72
	2004.73
	gm

	A2
	Wt. of pan
	404.8
	408.7
	gm

	A=A1-A2
	Wt. of oven dry sample
	1875.92
	1596.03
	gm

	 
	Bulk gravity (Oven dry) = A/(B-C)
	2.63
	2.60
	 

	 
	Bulk gravity (SSD)= B/(B-C)
	2.67
	2.65
	 

	 
	Apparent Gravity= A/(A-C)
	2.73
	2.75
	 



· Specific Gravity of Fine Aggregate and Glass
	 
	Determination Number
	Dust
	Glass
	 

	A
	Wt. of Pycnometer + water (Full)
	680.9
	742.5
	gm

	B
	Wt. of Pycnometer empty and dry
	154.9
	219.9
	gm

	T1
	Temperature of Water
	25
	25
	°C

	C
	Wt. of Pycnometer + Oven dry sample
	465.1
	805.6
	gm

	D=C-B
	Wt. of Oven dry sample
	310.2
	585.7
	gm

	E
	Wt. of Pycnometer + Sample + Water (Full)
	872.9
	1093.69
	gm

	T2
	Temperature of Water
	25
	25
	°C

	Gw
	Relative Density of Water at temperature T2
	0.997
	0.997
	 

	 
	Specific gravity = Gw x D/(D+A-E)
	2.62
	2.49
	 


B.  LOS ANGELES ABRASION TEST
	S.NO
	Description
	Quantity
	Remarks

	1
	Wt. of specimen W1 (gm)
	5000
	 

	2
	Wt. of specimen after abrasion test, coarser than 1.70mm IS sieve, W2 (gm)
	4232
	 

	3
	Percentage Wear = (W1-W2)/W1
	15.36%
	 



C. AGGREGATE IMPACT VALUE TEST
	A1
	Wt. of Measure + Compacted Sample
	2319.9
	gms

	A2
	Wt. of Measure
	1846.2
	gms

	A
	Wt. of Compacted Sample = A1-A2
	473.7
	gms

	
	
	
	

	
TEST PROCEDURE

	 
	Determination No.
	1
	 

	B
	Wt. Passing 2.36mm Sieve
	51.3
	gms

	C
	Wt. Retained on 2.36mm Sieve
	421.6
	gms

	D
	Total = B+C
	472.9
	gms

	 
	AIV
	10.84%
	 

	 
	*If D more than 1g different to A then REPEAT TEST.
	 
	 



D. WATER ABSORPTION TEST 
	S.No.
	Description
	Unit
	Quantity
	Remarks

	1
	Wt. of pan + Saturated surface dry sample
	A1
	gm
	  5987.7
	 

	2
	Wt. of pan 
	A2
	gm
	408.7
	 

	3
	Wt. of saturated surface dry sample 
	A=A1-A2
	gm
	5579
	 

	4
	Wt. of pan oven dry sample
	B1
	gm
	5957.7
	 

	5
	Wt. of pan
	B2
	gm
	408.7
	 

	6
	Wt. of oven dry sample
	B=B1-B2
	gm
	5549
	 

	
	Water Absorption
	(A-B)/B
	%
	0.54
	 



E. FLAKINESS INDEX TEST
	C
	D
	E
	F

	Flakiness Slot Size Identification
	Wt. Retained on flakiness plate (Grams)
	Wt. Passing on flakiness plate (Grams)
	Total Weight Tested

	mm
	 
	 
	D+E

	25 to 19
	0
	0
	0

	19 to 16
	394
	100
	494

	16 to 12.5
	570
	146
	716

	12.5 to 9.5
	530
	206
	736

	9.5 to 6.3
	380
	120
	500

	Total
	1874
	572
	2446

	
	
	
	

	FI=
	E/F
	%
	

	 
	23.39%
	 
	



F. ELONGATION INDEX TESTS
	C
	D
	E
	F

	Elongation Slot Size Identification
	Wt. Retained on elongation plate (Grams)
	Wt. Passing on elongation plate (Grams)
	Total Weight Tested

	mm
	 
	 
	D+E

	25 to 19
	0
	0
	0

	19 to 16
	116
	374
	490

	16 to 12.5
	168
	548
	716

	12.5 to 9.5
	162
	424
	586

	9.5 to 6.3
	70
	180
	250

	Total
	486
	1526
	2012

	
	
	
	

	FI=
	D/F
	%
	

	 
	24.16%
	 
	





[bookmark: _Toc26356859]APPENDIX-III: BITUMEN TESTS
A. SOLUBILITY TEST
	Wt of filter paper
	0.575
	gms

	Wt. of sample on filter paper
	2
	gms

	Wt. of filter paper after washed by chemical and oven dried
	0.585
	gms

	Total solubility
	99.5%
	 



B. SPECIFIC GRAVITY TEST OF BITUMEN
	 
	Determination Number
	1
	 

	 
	Temperature
	25
	°C

	A
	Wt. of Pycnometer
	33.99
	gm

	B
	Wt. of Pycnometer + Sample
	59.518
	gm

	C=B-A
	Wt. of Sample
	25.528
	gm

	D
	Wt. of sample + pycnometer + water
	85.533
	gm

	E
	Wt. of pycnometer + water
	84.737
	gm

	C/(C+E-D)
	Specific gravity
	1.032
	 



C. LOSS ON HEATING
	S.No
	Description
	Unit
	Quantity
	Remarks

	1
	Wt. of sample + Container before heating
	(a)
	gm
	99.538
	 

	2
	Wt. of Container + Sample after heating   (5 hrs at 163º C)
	(b)
	gm
	99.394
	 

	3
	Wt. of loss (a-b) 
	(c)
	gm
	0.144
	 

	4
	Wt of  Container 
	(d)
	gm
	44.705
	 

	5
	Loss on Heating % (c/a-d x 100)
	 
	 
	0.263
	 






[bookmark: _Toc26356860]APPENDIX-IV: MIX DESIGN CALCULATIONS
A. MIX DESIGN RESULTS FOR NORMAL MIX
Marshall Test Data
	S.NO
	% Bitumen
	Thickness (mm)
	Mean Thickness (mm)
	Flow (mm)
	Average Flow (mm)
	Stability (KN)
	Correction Factor
	Corrected Stability
	Average Stability (KN)
	Remarks

	1
	4.0%
	65.2
	65.3
	65.4
	65.3
	1.98
	2.11
	11
	0.96
	10.52
	11.57
	

	2
	4.0%
	62.8
	63.7
	62.8
	63.1
	2.24
	
	12.5
	1.01
	12.63
	
	

	3
	4.5%
	62.6
	62.3
	63.7
	62.9
	2.44
	2.39
	13.7
	1.02
	13.92
	13.46
	

	4
	4.5%
	62.5
	63.1
	62.4
	62.7
	2.39
	
	14.6
	1.02
	14.90
	
	

	5
	4.5%
	64.2
	64.3
	64.5
	64.3
	2.33
	
	11.8
	0.98
	11.55
	
	

	6
	5.0%
	61.9
	61.4
	60.5
	61.3
	2.53
	2.59
	14.1
	1.06
	14.94
	15.54
	

	7
	5.0%
	63.2
	62.7
	62.6
	62.8
	2.67
	
	16.1
	1.02
	16.37
	
	

	8
	5.0%
	62.8
	63.4
	62.6
	62.9
	2.57
	
	15.1
	1.01
	15.31
	
	

	9
	5.5%
	62.8
	62.2
	62.2
	62.4
	2.69
	2.74
	14.1
	1.03
	14.49
	14.70
	

	10
	5.5%
	62.3
	62.7
	62.1
	62.4
	2.84
	
	15.6
	1.03
	16.04
	
	

	11
	5.5%
	61.6
	62.1
	62.4
	62.0
	2.68
	
	13.1
	1.04
	13.58
	
	

	12
	6.0%
	63.1
	63.3
	62.8
	63.1
	2.87
	2.86
	11.1
	1.01
	11.22
	13.49
	

	13
	6.0%
	60.7
	60.6
	60.5
	60.6
	2.83
	
	13.1
	1.08
	14.16
	
	

	14
	6.0%
	62.2
	62.2
	62.1
	62.2
	2.87
	
	14.6
	1.03
	15.09
	
	

	15
	6.5%
	62.2
	62.5
	62.4
	62.4
	3.00
	3.00
	9.1
	1.03
	9.36
	9.36
	


Calculation of Unit Weight 
	S.NO
	% Bitumen
	Wt. of compacted A/C sample (gm)
	Bulk density of compacted A/C mix in gm/cc
	Average bulk density of compacted A/C mix in gm/cc
	Remarks

	
	
	Wt. of A/C comp. in air
	Wt. of A/C comp. in water
	Wt. of A/C comp. SSD in air
	
	
	

	1
	4.0%
	1190.3
	688.3
	1202.2
	2.32
	2.339
	

	2
	4.0%
	1175.1
	689.1
	1186.5
	2.36
	
	

	3
	4.5%
	1190.1
	700.2
	1196.1
	2.40
	2.384
	

	4
	4.5%
	1185.9
	694.5
	1191.2
	2.39
	
	

	5
	4.5%
	1197.1
	701.7
	1208.1
	2.36
	
	

	6
	5.0%
	1170.6
	685.7
	1173
	2.40
	2.397
	

	7
	5.0%
	1191.9
	695.3
	1196
	2.38
	
	

	8
	5.0%
	1205.6
	706.3
	1207.2
	2.41
	
	

	9
	5.5%
	1194.9
	699.5
	1196.7
	2.40
	2.408
	

	10
	5.5%
	1191.7
	699.1
	1193.3
	2.41
	
	

	11
	5.5%
	1187.4
	695.8
	1188.6
	2.41
	
	

	12
	6.0%
	1200.8
	702.8
	1201.7
	2.41
	2.412
	

	13
	6.0%
	1168.7
	686.3
	1169.5
	2.42
	
	

	14
	6.0%
	1189.3
	696.3
	1189.9
	2.41
	
	

	15
	6.5%
	1186.8
	693.3
	1187.7
	2.40
	2.400
	






Volumetric Analysis
	S.NO
	% Bitumen
	Sp. Gravity of agg. Mix
	Sp. Gravity of Bitumen
	% Aggregate Mix
	Density of compacted A/C mix in gm/cc
	Max. sp. Gr
	Air Voids %
	VMA %
	VFB %
	Remarks

	1
	4.0%
	2.681
	1.032
	96.0%
	2.339
	2.520
	7.179%
	16.24%
	55.81%
	

	2
	4.5%
	2.681
	1.032
	95.5%
	2.384
	2.501
	4.705%
	15.10%
	68.84%
	

	3
	5.0%
	2.681
	1.032
	95.0%
	2.397
	2.483
	3.482%
	15.09%
	76.92%
	

	4
	5.5%
	2.681
	1.032
	94.5%
	2.408
	2.465
	2.301%
	15.13%
	84.80%
	

	5
	6.0%
	2.681
	1.032
	94.0%
	2.412
	2.447
	1.435%
	15.45%
	90.71%
	

	6
	6.5%
	2.681
	1.032
	93.5%
	2.400
	2.429
	1.177%
	16.29%
	92.78%
	





	




B. MIX DESIGN RESULTS OF THE MIX CONTAINING 5% GLASS
Marshall Stability Test Data
	S.NO
	% Bitumen
	Thickness (mm)
	Mean Thickness (mm)
	Flow (mm)
	Average Flow (mm)
	Stability (KN)

	Correction Factor
	Corrected Stability
	Average Stability (KN)
	Remarks

	1
	4%
	63.90
	64.40
	63.98
	64.09
	2.19
	2.17
	12.3
	0.985
	12.1
	12.8
	

	2
	4%
	64.22
	64.00
	63.84
	64.02
	2.17
	
	13.6
	0.987
	13.4
	
	

	3
	4%
	64.50
	64.22
	63.64
	64.12
	2.15
	
	13.1
	0.985
	12.9
	
	

	4
	4.5%
	64.00
	63.98
	63.60
	63.86
	2.42
	2.29
	13.1
	0.991
	13.0
	14.0
	

	5
	4.5%
	63.64
	62.46
	63.80
	63.30
	2.24
	
	14.1
	1.005
	14.2
	
	

	6
	4.5%
	62.90
	63.10
	62.80
	62.93
	2.21
	
	14.5
	1.014
	14.7
	
	

	7
	5.0%
	63.00
	62.44
	62.56
	62.67
	2.46
	2.42
	15.8
	1.021
	16.1
	16.1
	

	8
	5.0%
	64.60
	64.52
	65.00
	64.71
	2.44
	
	16.2
	0.970
	15.7
	
	

	9
	5.0%
	62.88
	62.16
	62.36
	62.47
	2.36
	
	16.0
	1.026
	16.4
	
	

	10
	5.5%
	62.66
	62.98
	62.58
	62.74
	2.66
	2.68
	11.6
	1.019
	11.8
	11.6
	

	11
	5.5%
	62.58
	62.60
	62.16
	62.45
	2.70
	
	11.1
	1.026
	11.4
	
	

	12
	5.5%
	64.12
	63.84
	63.80
	63.92
	2.68
	
	11.8
	0.990
	11.7
	
	

	13
	6.0%
	63.12
	62.56
	62.56
	62.75
	2.73
	2.74
	9.0
	1.019
	9.2
	10.9
	

	14
	6.0%
	62.98
	62.36
	62.16
	62.50
	2.71
	
	11.8
	1.025
	12.1
	
	

	15
	6.0%
	62.18
	62.30
	62.96
	62.48
	2.78
	
	11.1
	1.026
	11.4
	
	



Calculation of Unit Weight
	S.NO
	% Bitumen
	Wt. of compacted A/C sample (gm)
	Bulk density of compacted A/C mix in gm/cc
	Average bulk density of compacted A/C mix in gm/cc
	Remarks

	
	
	Wt. of A/C comp. in air
	Wt. of A/C comp. in water
	Wt. of A/C comp. SSD in air
	
	
	

	1
	4.0%
	1185.6
	685.4
	1195.6
	2.324
	2.345
	 

	2
	4.0%
	1190.9
	694.8
	1196.6
	2.373
	
	 

	3
	4.0%
	1186.7
	684.7
	1192.4
	2.337
	
	 

	4
	4.5%
	1187.5
	687.3
	1190.3
	2.361
	2.361
	 

	5
	4.5%
	1191.3
	696.1
	1196.6
	2.380
	
	 

	6
	4.5%
	1188.9
	698.7
	1206.3
	2.342
	
	 

	7
	5.0%
	1182.3
	678.7
	1182.5
	2.347
	2.388
	 

	8
	5.0%
	1197.8
	692.5
	1198.5
	2.367
	
	 

	9
	5.0%
	1180.8
	699.4
	1181.1
	2.451
	
	 

	10
	5.5%
	1200.1
	703.4
	1200.3
	2.415
	2.409
	 

	11
	5.5%
	1182.8
	690.6
	1184.9
	2.393
	
	 

	12
	5.5%
	1184.1
	695.9
	1185.7
	2.418
	
	 

	13
	6.0%
	1176.1
	681.6
	1176.2
	2.378
	2.393
	 

	14
	6.0%
	1187.3
	692.4
	1192.4
	2.375
	
	 

	15
	6.0%
	1197.5
	704.3
	1197.8
	2.427
	
	 






Volumetric Analysis
	S.NO
	% Bitumen
	Sp. Gravity of agg. Mix
	Sp. Gravity of Bitumen
	% Aggregate Mix
	Density of compacted A/C mix in gm/cc 
	Max. sp. Gr
	Air Voids %
	VMA %
	VFB %
	Remarks

	1
	4.0%
	2.675
	1.032
	96.0%
	2.345
	2.515
	6.763%
	15.85%
	57.33%
	 

	2
	4.5%
	2.675
	1.032
	95.5%
	2.361
	2.496
	5.414%
	15.71%
	65.53%
	 

	3
	5.0%
	2.675
	1.032
	95.0%
	2.388
	2.478
	3.608%
	15.18%
	76.23%
	 

	4
	5.5%
	2.675
	1.032
	94.5%
	2.409
	2.460
	2.081%
	14.91%
	86.05%
	 

	5
	6.0%
	2.675
	1.032
	94.0%
	2.393
	2.442
	1.999%
	15.91%
	87.43%
	 












C. MIX DESIGN RESULTS OF THE MIX CONTAINING 10% GLASS
Marshall Stability Test Data
	S.NO
	% Bitumen
	Thickness (mm)
	Mean Thickness (mm)
	Flow (mm)
	Average Flow (mm)
	Stability (KN)
	Correction Factor
	Corrected Stability
	Average Stability (KN)
	Remarks

	1
	4%
	62.20
	63.54
	62.18
	62.64
	2.03
	2.01
	14.5
	1.02
	14.8
	15.0
	 

	2
	4%
	61.78
	62.40
	61.28
	61.82
	2.01
	
	14.2
	1.04
	14.8
	
	 

	3
	4%
	62.76
	63.98
	61.68
	62.81
	2.00
	
	15.1
	1.02
	15.4
	
	 

	4
	4.5%
	62.76
	62.08
	62.08
	62.31
	2.27
	2.21
	16.9
	1.03
	17.4
	17.6
	 

	5
	4.5%
	60.40
	62.98
	61.38
	61.59
	2.29
	
	16.7
	1.05
	17.5
	
	 

	6
	4.5%
	63.14
	62.00
	63.40
	62.85
	2.06
	
	17.5
	1.02
	17.8
	
	 

	7
	5.0%
	60.70
	61.90
	60.00
	60.87
	2.31
	2.35
	14.1
	1.07
	15.1
	15.8
	 

	8
	5.0%
	61.78
	62.90
	61.18
	61.95
	2.32
	
	16.6
	1.04
	17.2
	
	 

	9
	5.0%
	61.38
	61.38
	61.38
	61.38
	2.41
	
	14.3
	1.06
	15.1
	
	 

	10
	5.5%
	61.00
	61.48
	61.38
	61.29
	2.65
	2.64
	11.3
	1.06
	12.0
	12.7
	 

	11
	5.5%
	61.00
	61.28
	60.40
	60.89
	2.64
	
	13.0
	1.07
	13.9
	
	 

	12
	5.5%
	62.00
	62.00
	61.78
	61.93
	2.63
	
	11.8
	1.04
	12.3
	
	 

	13
	6.0%
	60.80
	60.10
	61.58
	60.83
	2.72
	2.73
	10.8
	1.07
	11.6
	11.4
	 

	14
	6.0%
	61.38
	62.56
	61.58
	61.84
	2.72
	
	10.3
	1.04
	10.7
	
	 

	15
	6.0%
	61.00
	62.36
	62.16
	61.84
	2.75
	
	11.5
	1.04
	12.0
	
	 



Calculation of Unit Weight
	S.NO
	% Bitumen
	Wt. of compacted A/C sample (gm)
	Bulk density of compacted A/C mix in gm/cc
	Average bulk density of compacted A/C mix in gm/cc
	Remarks

	
	
	Wt. of A/C comp. in air
	Wt. of A/C comp. in water
	Wt. of A/C comp. SSD in air
	
	
	

	1
	4.0%
	1179.9
	685.9
	1185.4
	2.362
	2.360
	 

	2
	4.0%
	1171.2
	679.7
	1176.6
	2.357
	
	 

	3
	4.0%
	1188.3
	689.2
	1192.4
	2.361
	
	 

	4
	4.5%
	1184.8
	689.4
	1190.2
	2.366
	2.381
	 

	5
	4.5%
	1181.9
	695.1
	1187.2
	2.402
	
	 

	6
	4.5%
	1204.5
	703.4
	1210.3
	2.376
	
	 

	7
	5.0%
	1171.0
	690.3
	1174.6
	2.418
	2.415
	 

	8
	5.0%
	1192.7
	700.4
	1195.9
	2.407
	
	 

	9
	5.0%
	1191.6
	702.4
	1195.0
	2.419
	
	 

	10
	5.5%
	1195.1
	703.7
	1198.6
	2.415
	2.409
	 

	11
	5.5%
	1184.5
	699.2
	1187.9
	2.424
	
	 

	12
	5.5%
	1175.0
	686.8
	1178.7
	2.389
	
	 

	13
	6.0%
	1172.6
	690.2
	1176.2
	2.413
	2.409
	 

	14
	6.0%
	1200.2
	705.4
	1203.4
	2.410
	
	 

	15
	6.0%
	1195.2
	701.4
	1198.8
	2.403
	
	 






Volumetric Analysis
	S.NO
	% Bitumen
	Sp. Gravity of agg. Mix
	Sp. Gravity of Bitumen
	% Aggregate Mix
	Density of compacted A/C mix in gm/cc 
	Max. sp. Gr
	Air Voids %
	VMA %
	VFB %
	Remarks

	1
	4.0%
	2.669
	1.032
	96.0%
	2.360
	2.510
	5.950%
	15.10%
	60.59%
	 

	2
	4.5%
	2.669
	1.032
	95.5%
	2.381
	2.491
	4.405%
	14.79%
	70.21%
	 

	3
	5.0%
	2.669
	1.032
	95.0%
	2.415
	2.473
	2.346%
	14.04%
	83.29%
	 

	4
	5.5%
	2.669
	1.032
	94.5%
	2.409
	2.455
	1.856%
	14.69%
	87.37%
	 

	5
	6.0%
	2.669
	1.032
	94.0%
	2.409
	2.437
	1.162%
	15.16%
	92.34%
	 












D. MIX DESIGN RESULTS OF THE MIX CONTAINING 14% GLASS
Marshall Stability Test Data
	S.NO
	% Bitumen
	Thickness (mm)
	Mean Thickness (mm)
	Flow (mm)
	Average Flow (mm)
	Stability (KN)
	Correction Factor
	Corrected Stability
	Average Stability (KN)
	Remarks

	1
	4%
	63.24
	63.00
	63.64
	63.29
	2.03
	2.06
	12.8
	1.01
	12.9
	12.8
	 

	2
	4%
	62.76
	61.00
	61.00
	61.59
	2.16
	
	12.3
	1.05
	12.9
	
	 

	3
	4%
	63.74
	63.70
	63.70
	63.71
	2.00
	
	12.6
	0.99
	12.5
	
	 

	4
	4.5%
	61.78
	61.88
	61.78
	61.81
	2.17
	2.16
	13.5
	1.04
	14.1
	15.5
	 

	5
	4.5%
	61.38
	62.26
	61.08
	61.57
	2.26
	
	16.7
	1.05
	17.5
	
	 

	6
	4.5%
	61.40
	62.56
	61.38
	61.78
	2.06
	
	14.3
	1.04
	14.9
	
	 

	7
	5.0%
	61.38
	62.40
	61.28
	61.69
	2.73
	2.36
	11.5
	1.05
	12.0
	12.4
	 

	8
	5.0%
	60.70
	61.00
	60.70
	60.80
	2.12
	
	11.8
	1.07
	12.7
	
	 

	9
	5.0%
	61.00
	58.70
	59.22
	59.64
	2.24
	
	11.1
	1.11
	12.3
	
	 

	10
	5.5%
	63.96
	62.16
	63.14
	63.09
	2.36
	2.47
	9.8
	1.01
	9.9
	10.5
	 

	11
	5.5%
	62.10
	62.66
	62.36
	62.37
	2.70
	
	10.3
	1.03
	10.6
	
	 

	12
	5.5%
	61.90
	62.90
	62.36
	62.39
	2.34
	
	10.6
	1.03
	10.9
	
	 

	13
	6.0%
	62.56
	61.48
	62.56
	62.20
	2.54
	2.64
	7.9
	1.03
	8.2
	9.4
	 

	14
	6.0%
	61.18
	62.16
	61.00
	61.45
	2.91
	
	10.3
	1.05
	10.9
	
	 

	15
	6.0%
	61.78
	61.58
	61.50
	61.62
	2.47
	
	8.8
	1.05
	9.2
	
	 



Calculation of Unit Weight
	S.NO
	% Bitumen
	Wt. of compacted A/C sample (gm)
	Bulk density of compacted A/C mix in gm/cc
	Average bulk density of compacted A/C mix in gm/cc
	Remarks

	
	
	Wt. of A/C comp. in air
	Wt. of A/C comp. in water
	Wt. of A/C comp. SSD in air
	
	
	

	1
	4.0%
	1182.5
	675.1
	1185.4
	2.317
	2.334
	 

	2
	4.0%
	1166.8
	675.5
	1172.0
	2.350
	
	 

	3
	4.0%
	1195.3
	690.2
	1202.3
	2.334
	
	 

	4
	4.5%
	1188.2
	691.4
	1190.0
	2.383
	2.389
	 

	5
	4.5%
	1187.5
	693.2
	1188.2
	2.399
	
	 

	6
	4.5%
	1186.6
	690.3
	1188.0
	2.384
	
	 

	7
	5.0%
	1189.2
	693.4
	1190.1
	2.394
	2.398
	 

	8
	5.0%
	1188.3
	694.3
	1189.1
	2.402
	
	 

	9
	5.0%
	1151.0
	673.2
	1152.4
	 
	
	 

	10
	5.5%
	1224.5
	712.2
	1225.4
	2.386
	2.391
	 

	11
	5.5%
	1196.0
	696.6
	1196.7
	2.392
	
	 

	12
	5.5%
	1194.7
	696.8
	1195.3
	2.397
	
	 

	13
	6.0%
	1185.0
	688.4
	1185.7
	2.383
	2.385
	 

	14
	6.0%
	1181.7
	686.2
	1182.3
	2.382
	
	 

	15
	6.0%
	1186.0
	690.2
	1186.6
	2.389
	
	 






Volumetric Analysis
	S.NO
	% Bitumen
	Sp. Gravity of agg. Mix
	Sp. Gravity of Bitumen
	% Aggregate Mix
	Density of compacted A/C mix in gm/cc 
	Max. sp. Gr
	Air Voids %
	VMA %
	VFB %
	Remarks

	1
	4.0%
	2.664
	1.032
	96.0%
	2.334
	2.505
	6.843%
	15.89%
	56.93%
	 

	2
	4.5%
	2.664
	1.032
	95.5%
	2.389
	2.487
	3.942%
	14.36%
	72.54%
	 

	3
	5.0%
	2.664
	1.032
	95.0%
	2.398
	2.469
	2.863%
	14.48%
	80.23%
	 

	4
	5.5%
	2.664
	1.032
	94.5%
	2.391
	2.451
	2.417%
	15.16%
	84.06%
	 

	5
	6.0%
	2.664
	1.032
	94.0%
	2.385
	2.433
	1.982%
	15.84%
	87.49%
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Blend	20	13.2	10	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1	0.76341138315539747	0.66625818979833928	0.44492995890931308	0.32207765361803087	0.22135200000000002	0.16003400000000001	0.119922	9.2135759960649308E-2	6.4956E-2	Lower limit	20	13.2	10	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	0.9	0.59	0.52	0.35	0.28000000000000003	0.2	0.15	0.1	0.05	0.02	Upper limit	20	13.2	10	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1	0.79	0.72	0.55000000000000004	0.44	0.34	0.27	0.2	0.13	0.08	Sieve size in mm


Percentage passing




Blend	20	13.2	10	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1	0.76341138315539747	0.66625818979833928	0.45249841275420566	0.34128765361803082	0.24729200000000001	0.190299	0.12042629089778145	8.2380178230664083E-2	5.8413935931992532E-2	Lower limit	20	13.2	10	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	0.9	0.59	0.52	0.35	0.28000000000000003	0.2	0.15	0.1	0.05	0.02	Upper limit	20	13.2	10	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1	0.79	0.72	0.55000000000000004	0.44	0.34	0.27	0.2	0.13	0.08	Sieve size in mm


Percentage passing




Blend	20	13.2	10	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1	0.76341138315539736	0.66625818979833917	0.46006686659909823	0.36049765361803088	0.27323200000000003	0.22056399999999998	0.12093058179556292	7.2624596500678887E-2	5.1871871863985071E-2	Lower limit	20	13.2	10	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	0.9	0.59	0.52	0.35	0.28000000000000003	0.2	0.15	0.1	0.05	0.02	Upper limit	20	13.2	10	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1	0.79	0.72	0.55000000000000004	0.44	0.34	0.27	0.2	0.13	0.08	Sieve size in mm


Percentage passing




Blend	20	13.2	10	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1	0.76341138315539736	0.66625818979833928	0.46612162967501236	0.37586565361803087	0.29398400000000002	0.24477599999999999	0.1213340145137881	6.482013111669073E-2	4.6638220609579097E-2	Lower limit	20	13.2	10	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	0.9	0.59	0.52	0.35	0.28000000000000003	0.2	0.15	0.1	0.05	0.02	Upper limit	20	13.2	10	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1	0.79	0.72	0.55000000000000004	0.44	0.34	0.27	0.2	0.13	0.08	Sieve size in mm


Percentage passing




0.04	4.4999999999999998E-2	0.05	5.5E-2	0.06	6.5000000000000002E-2	11.571874999999999	13.458416666666666	15.541770833333331	14.703361111111112	13.487701388888889	9.3578333333333337	Bitumen Content %


Stability kn



0.04	4.4999999999999998E-2	0.05	5.5E-2	0.06	6.5000000000000002E-2	2.1100000000000003	2.3866666666666667	2.59	2.7366666666666664	2.8566666666666669	3	Bitumen Content %


Flow value mm



0.04	4.4999999999999998E-2	0.05	5.5E-2	0.06	6.5000000000000002E-2	2.3393471504244721	2.3837928126896952	2.3965170926104316	2.4080423045433768	2.4116677435677825	2.4004854368932032	Bitumen Content %


Bulk Density gm/cc



0.04	4.4999999999999998E-2	0.05	5.5E-2	0.06	6.5000000000000002E-2	7.1787798307465844E-2	4.705037100807119E-2	3.4823615419548593E-2	2.3007526197950878E-2	1.4351398772979418E-2	1.1769711564948993E-2	Bitumen Content %


VTM%



0.04	4.4999999999999998E-2	0.05	5.5E-2	0.06	6.5000000000000002E-2	0.55807640888200871	0.68835900412068252	0.76924727327221709	0.84795460245136522	0.90713443341261168	0.92776480731831845	Bitumen Content %


VFB%



0.04	4.4999999999999998E-2	0.05	5.5E-2	0.06	12.812566666666664	13.952672222222224	16.084600000000002	11.629600000000002	10.882516666666666	Bitumen Content %


Stability kn



0.04	4.4999999999999998E-2	0.05	5.5E-2	0.06	2.1680000000000001	2.2909999999999999	2.4209999999999998	2.6790000000000003	2.7396666666666665	Bitumen Content %


Flow value mm



0.04	4.4999999999999998E-2	0.05	5.5E-2	0.06	2.3448182821618913	2.3610844506132356	2.3884255042947053	2.4085234172816374	2.3930087340576431	Bitumen Content %


Bulk Density gm/cc



0.04	4.4999999999999998E-2	0.05	5.5E-2	0.06	6.7632930667124613E-2	5.4140933761498089E-2	3.6082568149170435E-2	2.0806250734163423E-2	1.9994725922247714E-2	Bitumen Content %


VTM%



0.04	4.4999999999999998E-2	0.05	5.5E-2	0.06	0.57329669017068541	0.65532176909550777	0.76227078148589256	0.86049599611512773	0.87432462621849727	Bitumen Content %


VFB%



0.04	4.4999999999999998E-2	0.05	5.5E-2	0.06	15.009535	17.573845833333333	15.821851388888886	12.720558333333335	11.435708333333332	Bitumen Content %


Stability kn



0.04	4.4999999999999998E-2	0.05	5.5E-2	0.06	2.0133333333333332	2.206666666666667	2.3466666666666667	2.64	2.7300000000000004	Bitumen Content %


Flow value mm



0.04	4.4999999999999998E-2	0.05	5.5E-2	0.06	2.3602207107489863	2.3812568779576622	2.4146625217718389	2.4091018457289102	2.4085641388569763	Bitumen Content %


Bulk Density gm/cc



0.04	4.4999999999999998E-2	0.05	5.5E-2	0.06	5.950197097071841E-2	4.4045933801458714E-2	2.3462457629368161E-2	1.8555022087187178E-2	1.1619392461544975E-2	Bitumen Content %


VTM%



0.04	4.4999999999999998E-2	0.05	5.5E-2	0.06	0.60586106389615768	0.70211296268243417	0.83292530869007919	0.87371012135734527	0.9233686244387932	Bitumen Content %


VFB%



0.04	4.4999999999999998E-2	0.05	5.5E-2	0.06	12.770456944444446	15.513555555555556	12.352497222222221	10.462138888888889	9.4145555555555571	Bitumen Content %


Stability kn



0.04	4.4999999999999998E-2	0.05	5.5E-2	0.06	2.063333333333333	2.1633333333333336	2.3633333333333333	2.4666666666666668	2.64	Bitumen Content %


Flow value mm



0.04	4.4999999999999998E-2	0.05	5.5E-2	0.06	2.333809712514634	2.3887432237521344	2.3992326641247748	2.3913736060158377	2.3846830600966391	Bitumen Content %


Bulk Density gm/cc



0.04	4.4999999999999998E-2	0.05	5.5E-2	0.06	6.8432167115313303E-2	3.9417494237668715E-2	2.8080955948252218E-2	2.4169512845813701E-2	1.9824411568325595E-2	Bitumen Content %


VTM%



0.04	4.4999999999999998E-2	0.05	5.5E-2	0.06	0.56926684443687758	0.72542678389603665	0.80540149365841529	0.8405640848115018	0.87488058109591094	Bitumen Content %


VFB%



Grain size distribution curve

16	13.2	9.5	4.75	2.36	0.6	7.4999999999999997E-2	0.99095186391603329	0.9697792254795512	0.85269634455302201	0.1728193992037641	0.11690191820484985	4.1621425986246852E-2	4.8859934853420217E-3	diameter in mm


Percentage finer by weight
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