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Abstract

Bitumen is a complex hydrocarbon, sourced from petroleum refineries as by product in frictional
distillation. It is widely used as a binder in flexible pavement in road construction and
rehabilitation. Petroleum is a natural resource, and its reserve are depleting rapidly with the passage
of time. Production of bitumen directly depends on petroleum. Bitumen consumption has been
increased by road construction industry for the past few years due to rapid expansion in road
networks in developing countries, causing excessive environmental pollution due to hazardous
fume produce during burning of bitumen in pavement paving process. The depleting reserve of
petroleum and environmental concern led researcher to look for an alternative binder that could
replace partially certain percentage of bitumen and environment friendly. Bio oil which include
vegetable oil have proven as good alternative binder so far. Although they decrease viscosity of
bitumen but increases resistance against fatigue and low temperature cracking of bitumen. Tire
rubber powder and bagasse ash are waste materials obtained from tire and sugar industry
respectively. Tire rubber powder and bagasse ash both contain silica in substantial percentage
which impart them with good physical interaction properties, resulting in improving physical
properties of bitumen, including penetration softening point and viscosity. This research work
explicitly aims at replacing certain optimum percentage of bitumen with Waste cooking oil (WCO)
Tire rubber powder (TR) in the presence of Bagasse ash (BA) used as additive. About 5 % of WCO
and 15% TR were used as a replacement percentage in bitumen in the presence of 8 % bagasse ash
used as additive. Alternative binder obtained were tested to carry out performance evaluations, the
results obtained were promising. Results shows that modified bitumen shows more resistance to
rutting, fatigue and low temperature cracking than virgin bitumen. Cost analysis were evaluated in
cost of bitumen used per kilometer. Cost analysis shows that cost of modified bitumen incorporated
with waste material is lower as compared to cost of Virgin bitumen. The research work directly
contributes to the global initiative of making sustainable use of Bitumen (natural resourced
material) and environmental protection by developing alternative binder for flexible pavement by
incorporating waste material in to bitumen. The use of waste material in bitumen will solve the
waste disposal problem and will minimize unhealthy environmental hazardous fume produced

during bitumen burning, thus minimizing environmental degradation.
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CHAPTER1

INTRODUCTION
1.1 Background
Bitumen is a complex hydrocarbon obtained as by product in frictional distillation. The
origin of Asphalt binder is dated back to ancient Sumerian in 6000 B.C. world is familiar with
different uses of bitumen many times ago. French and Americans used bitumen in solid rock form
for footpath and water proofing. In early 1800 first bitumen road was paved in Washington D.C.
This was the beginning of bitumen use in road construction. Since then, bitumen is using

extensively in road construction and rehabilitation.

Bitumen is sourced from petroleum refineries as by-product which is widely used as binder
for flexible pavement. Petroleum is a natural resource and its reservoir are depleting with the
passage of time. Such depleting reservoir of petroleum will directly affect the production of
bitumen. In addition, bitumen during road construction burns at high temperature, producing
hazardous fume which are injurious to health and causes environmental degradation. These issues
led researcher to look for alternative binder that could minimize the use of bitumen. Different
researcher had conducted research in that effort and conclude that material mainly obtained from
bio oil such as waste cooking oil, coconut oil, polymer can be use affectively as alternative binder.
This research work explicitly aims at replacing certain percentage of bitumen with waste cooking
oil, tire rubber powder and bagasse ash. Pakistan import about 95% of its edible oil to meet its
consumer demand. Waste cooking are produced in local restaurants in high quantity in Pakistan.
Tire rubber powder and bagasse ash are waste material produce in tire and sugarcane industry
respectively. Disposal of these waste poses serious threat to clean environment as well as leading
to reduction in land fill area. Waste cooking oil when use alone without modifier, as a replacement
in bitumen, may lead to excessive softening of bitumen which is not desirable. Tire rubber powder
and bagasse ash, both improve bitumen hardness and other properties of bitumen. Waste cooking
oil and tire rubber powder were used as a replacement of certain bitumen percentage while bagasse
ash is used as additive in it. The purpose of adding tire rubber powder and bagasse ash is to increase
the percentage replacement of bitumen without affecting properties of bitumen as well as

incorporating waste materials into useful product.



1.2 Research Objectives.

The main objectives of this research work were set to obtain the following:

e Modification of bitumen with waste cooking oil and other supplementary materials in
Bitumen.

e Determination of optimum percentage of bitumen that can be replaced with Waste
Cooking oil, Tire rubber powder and bagasse ash.

e Investigation of physical, and rheological property of the modified bitumen and its

Comparison with the neat bitumen binder.

1.3 Research Methodology
In order to achieve the above-mentioned objectives, a research plan was prepared as shown

in Figure The main research assignments are break down, and listed below

e Literature review and collection of information about 60-70 bitumen, WCO and Tire
rubber powder the effect of WEO and Tire rubber powder on rheology at high,
intermediate and low temperature.

e Collection of Grade 60-70 virgin asphalt binder from Parco oil refinery regional office
Rawalpindi, tire rubber powder from local market Rawalpindi, and bagasse ash from
sugar-cane waste obtained from Mardan sugar mill.

e Characterization of available virgin asphalt binders (Grade 60-70) and their blends
involving WCO Tire rubber powder and Bagasse ash (In different proportion), using the
state-of-the-art equipment i.e. Rolling Thin Film Oven (RTFO), DSR and BBR.

1.4 Scope of the Research

The research work is directly related with the sustainable use of natural resources. The
research work incorporates waste materials to minimize the use of bitumen (Natural Resourced)
and environmental degradation. This research work focuses mainly on replacing optimum
percentage of bitumen with waste material and comparison of modified bitumen with virgin
bitumen. Detail test Metrix comprising of different percentage of waste materials in bitumen were

prepared as shown in the following table



Table 1-1 Test Metrix

Type Virgin
of Bitumen | WCO | TRP | BA | Penetration | Softening | PAV | RTFO | DSR | Viscosity | Total
sample | replaced | (%) | (%) | (%) | Test(mm) TEST Test | TEST | TEST | TEST | Sample
(%)
Virgin _ _ _ _ 3 3 3 3 3 3 18
Bitumen
5 5 _ _ 3 3 _ _ _ _ 6
Virgin
bitumen 10 10 _ _ 3 3 _ _ _ _ 6
+
WCO 15 15 _ _ 3 3 _ _ _ _ 6
10 5 5 _ 3 3 _ _ _ _ 6
Virgin
bitumen 15 10 5 _ 3 3 _ _ _ _ 6
+
WCO 20 125 | 75 | _ 3 3 _ _ _ _ 6
+
Rubber 25 15 | 10 | _ 3 3 _ _ _ _ 6
powder
10 5 25 | 25 3 3 3 3 3 3 18
Virgin
N 15 5 6.5 | 35 3 3 3 3 3 3 18
WCO
* 20 5 10 5 3 3 3 3 3 3 18
Rubber
Powder
+ 25 5 125|175 3 3 3 3 3 3 18
bagasse
ash
Total Samples 36 36 15 15 15 15 132




CHAPTER 2

LITERATURE REVIEW
2.1 General

Transportation by roads play a vital role in the country economy. Road network provide
access across different part of the country which ultimately increase the potential of providing
access to different market across the country. Bitumen is a hydrocarbon which is widely use in
road construction as a binder across the world. Bitumen is petroleum by-product. About 83
thousand. Metric ton of bitumen is consumed every year. Out of this amount about 70 % of
bitumen is use for road construction. Analysis shows that through 2019, global demand for asphalt
is projected to expand 2.8 percent per year to 122.5 million metric tons (742.5 million barrels).
Such an increasing demand of bitumen let researcher to explore alternative ways to reduce the

usage of bitumen in road industry.

Bitumen is a very complex, viscoelastic, rheological and non-crystalline material (black or
dark brown in color), which is substantially soluble in carbon disulfide (CS2) and exhibits adhesive
and water-proofing characteristics. Beside its physical and chemical properties, it possesses a
unique and fundamental microwave property (permittivity). It is a low loss material as loss tangent,
tan o (¢"/e") <0.5 and its microwave permittivity (dielectric constant, ¢') value ranges from 2 to 7
depending on the grade of bitumen, asphaltenes content, temperature and microwave frequency. It
is composed of aromatic hydrocarbons and particularly includes 80% of carbons (C)
approximately, 15% of hydrogen (H) and remnants such as oxygen, sulfur, nitrogen, metals etc.

Bitumen causes severe impact to health as it is burn at high temperature which produces toxic
fumes, extremely dangerous to health and have detrimental effect on environment. Due to the
above reasons there is a need to look for bitumen alternatives or replace certain percentage of

bitumen with another material.

2.2 Level of Research Already Carried Out

Finding alternative binder which can replace bitumen up to certain extent is the leading
research trend in today’s transportation industry. Due to rapid depletion in petroleum reserve a
world will comes once to a point where petroleum reserve will diminish or consumed. The demand

of bitumen had already exceeded than its production. Many researchers have contributed somehow
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in finding bitumen alternative. So far now researchers can find bio oil and waste lubricating oil as
best bitumen alternative because of the chemical and physical properties these wastes material
possess. Finding alternative binder has become leading recent trend these days. (H Wang et al,
2012) conducted research on the recent advances production and utilization trend of bio oil and
conclude that bio oil is environment friendly, and economical and can also be used as petroleum
substitute. [1]. Sources of bio oil can be divided into three broad categories. (1) agricultural or
forest production wastes (like maize straw), wood wastes (like sawdust and bark), and urban
organic wastes (like microalgae and coffee grounds), (2) animal wastes that include but are not
limited to swine manure, bovine feces, (3) waste oil wastes that include but are not limited to
cooking oil/residues, waste auto engine oil/residues, cottonseed and soybean oil residues. [2] [3]
In these sources of bio oil waste cooking oil obtained from frying activity and waste engine oil are
the two bio oil on which extensive research had been consider as the potential substitute of
bitumen. Previous study evaluated that 5-10% of bio-oil obtained from agricultural or forest
production waste , and less than 10% of bio-oil obtained from an animal waste can be used with
control asphalt to maintain its general characteristics. [4] [5]. Waste cooking oil can be used as
rejuvenating agent as well as partial replacement of bitumen. Ravi Datt Sharma [6] Conducted
research on use of waste cooking oil as rejuvenating agent. Aged bitumen or RAP is waste product
which is recycled and reuse for flexible pavement construction. Waste cooking oil can act as a
rejuvenating agent in the recycling process of aged asphalt. The research study concludes that 3 -
4% of WCO can rejuvenate 30/40 penetration grade of bitumen to meet the property of bitumen
having penetration grade 60/70. Another study shows that waste cooking oil can be used as an
additive in asphalt cement use for the construction of flexible pavement. Aslam A. Al-Omari. [7]
Conducted research on the characterization of asphalt binder modified with waste vegetable
oil/waste cooking oil. In this research waste vegetable oil was mixes in different percentages such
as 1%,2%, 4%,6%, 8% by volume of asphalt was mixed with asphalt and extensive laboratory test
were performed. The result shows an improvement in the ductility, fire point, flash point and
fluidity of asphalt cement modified with waste vegetable oil, also it shows that Asphalt cement
modified with waste vegetable oil shows less viscosity, which is important to have good
workability and decreased creep stiffness. In another study bitumen was modified with bio oil
such as waste vegetable oil and properties of modified bitumen were assess. The results were

further extended to conclude that bitumen modified with waste cooking oil when use in flexible


https://www.sciencedirect.com/science/article/pii/S1996681417301529#!

road construction it minimizes several types of distresses such as bleeding binder drain down,
which ultimately causes sticking of surface dressing with tire. In this study surface micro
mechanical properties using AFM were conducted to investigate the adhesion of bitumen with
aggregate which shows that bitumen modified with waste cooking oil show improved adhesion

and ultimately minimizing binder drain down A. Guarin et al. [8]

2.3 Asphalt Binder

Asphalt binder also known as bitumen is a highly viscous hydrocarbon obtained from
frictional distillation of petroleum as residue. It has a boiling point of 160C. it releases toxic fume
into the air when it burns at high temperature. Asphalt is a viscoelastic material. It imparts
flexibility to pavement causes pavement to deform when subjected to load. the basic principal of
load transfer mechanism of flexible pavement is that load is transfer from the asphaltic course also

known as HMA course to aggregate base which is further transfer to earth sub-grade.

Flexible pavement is subjected to two main type of deformation i.e. rutting and fatigue. When
the stiffness of bitumen is decreases at high temperature a channel in path of wheel can be observed
this type of deformation in pavement is called rutting. Cracking can be attributed to fatigue and
thermal cracking. fatigue cracking occurs due to repeated loaded and unloaded of pavement occur
and thermal cracking is related to surrounding temperature. Extremely variation in surrounding
temperature will causes pavement contraction and expansion at different intervals which will
ultimately develop stresses in pavement. Bitumen replacement with Waste cooking oil tire rubber
powder and in the presence of Bagasse ash as modifier should yield bitumen which will stiff
enough to resist damage from rutting, but soft enough to dissipate stresses build up to absorb
stresses without fracture. This way we will be able to obtain our objective which include replacing
bitumen with alternative material so that modified bitumen gives properties nearly equal or good

than the virgin bitumen.

2.4 Superpave Grading System

The Super pave is a complete package which includes tests methodology, specifications and
best engineering practice that enable engineers to select suitable material and guideline for mixing

the material properly to meet the heavy traffic and extreme climatic condition for highway project.



In 1984 transportation research board (TRB) published a report title as
“Transportation special report 202” with emphasize on six research areas with long term pavement
performance program as one of key research area. Accelerating the search for innovation, the need
for publishing such report was to find a solution premature failure of flexible pavement which was
matter of concern for the US government as large amount of tax payer money was spent on it. This
report paved the way for US congress to sanction 50 million dollar for the Federal Highway
Administration (FHWA) (transportation, 2017-2018).1t started an agenda which is known as
(SHRP).This report provided certain recommendation to (AASHTO) which made a start for
inclusion of new testing methodology, new and improved tools and improved method of mix
design of asphalt in a new edition of AASHTO. The strategic highway program which was started
in 1987 ended in 1993 which primary focus on pavement deteriorations like rutting phenomenon,
cracks due to fatigue and low temperature cracking which were the major causes for the premature
failure of asphalt pavement. In order to curb pavement distresses new testing methods and tools
were developed which simulate field condition in lab better three main area of research of strategic

highway research program is mentioned as below:

« Specifications of Performance Graded (PG) Asphalt Binder
« Mix Design (Volumetric)

» Prediction of Mix Analysis Performance

The important breakthrough of SHRP was to make a technique to classify the binder which was
termed as performance graded asphalt binder specification. This approach helps engineers to
classify the bitumen based on maximum average seven days pavement temperature. For example,
76-16 means that this bitumen can be used in a locality where the maximum seven days
temperature is 76°c while the lowest seven days pavement temperature is -16°c. It is important to
mention that maximum seven days pavement temperature can be calculated my measuring Seven-
day hottest day of the year and taking average of it similarly average lowest temperature can be
measured and taking average of it this temperature data can obtained from metrological department
of Pakistan. There are different approaches to convert maximum air temperature to maximum
seven-day pavement temperature, the most prominent is model developed by strategic highway

research program



T (pav) = (T (air), - 0.00618 Lat2+0.2289 Lat +42.4) 0.9545 - 17.78 (Mampearachchi, Mihirani,
Binduhewa, & Lalithya, 2012)

Where: Tpav= High pavement temperature at 20 mm which is lower than atmospheric temperature
(Celsius)

Tair= air temperature (high)
Lat=Latitude of the section, degrees

AASHTO Specification for minimum values of complex modulus (Fini, 2016; Institute, 2003)

Material Value Specification | HMA Distress Concern
Un aged binder G *Isin & > 1.0 KPa Prone to Rutting
RTFO aged G *Isind >2.2 KPa Prone to Rutting
PAV aged G *.sin & <5000 KPa Prone to Fatigue

2.5 Waste Cooking Oil.

Waste cooking oil is produced in huge quantity every day in a country. It possesses
properties slightly similar to bitumen. Due to depletion of petroleum reserve bitumen production
goes consistently on decreasing. In order to address this issue, various research studies have been
carried out in an effort of finding alternative binder. Researcher have proved that, bio oil obtained
from WCO can be used as a potential alternative binder. Waste cooking oil use in bitumen can
improve bitumen properties like rutting resistance. Wen et al. evaluated the performance of waste
cooking use in bitumen and conclude that, WCO modified bitumen shows good resistance against
thermal cracking as the percentage of WCO increases. Now a days Reclaimed asphalt pavement
(RAP) is extensively uses in road construction in which RAP is rejuvenated by adding rejuvenating
agent. Waste cooking oil can be used as a potential rejuvenating agent in RAP. Hallizza Asli [9]
conducted research on the physical properties of binder, rejuvenated with bitumen. Physical
properties of original bitumen, aged bitumen and bitumen rejuvenated with waste cooking were
compared. Results shows that bitumen rejuvenated with waste cooking oil shows the same physical
properties as the original bitumen. Previous studies show that waste cooking oil can improve

rheological properties also. A research studies were conducted in which the rheological properties


https://www.sciencedirect.com/science/article/pii/S0950061812005120#!

of bitumen modified with Waste cooking oil, penetration grade 70 bitumen and SBS modified
bitumen were evaluated. The result shows that bitumen modified with waste cooking oil shows
better resistance against rutting. This can be attribute to the fact that bitumen interacts chemically
with the waste cooking oil through van der wall forces. Another research shows that, performance
of WCO is dependent on quality of Waste cooking oil. WCO having low acidity or low PH tends

to show better performance than WCQO which is more acidic.

2.6 Bagasse Ash

Bagasse ash is by product of sugar industry produced when sugar is extracted from cane and
the left off pulpy is allowed to dry in sun and burn after that to form ash. Pakistan produced about
70 million tons of every year. Bagasse obtained from sugarcane is used partially in sugar industry
as fuel, but a huge amount of waste sugar cane is disposed of every year causing environmental
problems. Recently different research work had been conducted on agricultural wastes such as rice
husk ash, fly ash and bagasse ash. Research work has shown that these agricultural wastes possess
good pozzolanic properties and can be used as supplementary material in soil, cement and bitumen.
So far research had been conducted on Bagasse ash usage in cement only and it had never been
used in bitumen before. Rice husk ash has been previously used in bitumen for improving its
physical and Rheological properties. (Raissa Romastarika, 2016) conducted research in which he
mixes different percentages of rice husk ash with bitumen. Result shows that, the addition of rice
husk in greatly improve both physical and Rheological properties of bitumen [10] It improve
resistance against rutting by decreasing viscosity. Bagasse ash possess similar chemical
characteristics as that of rice hush ash. It had been used previously for soil stabilization purpose.
Bagasse ash will help to improve bitumen rheological and physical properties. In this research
work Bagasse ash will be used as modifier in Bitumen, which is partially replaced with WCO and

Tire rubber powder.

2.7 Tire Rubber Powder

Bitumen is a complex hydrocarbon obtained from petroleum industry as a residue. Bitumen
consist of maltenes and asphaltenes. Bitumen is widely use in road construction. The main problem
concerning bitumen is its visco-elastic behavior. Bitumen become brittle at low temperature and

become very flowable at high temperature. To improve visco-elastic behavior of bitumen different



modifier were used. Tire rubber powder has been determined as a potential and cheap available
modifier to improve visoc-elastic behavior of bitumen Tire rubber powder can improve both
physical and Rheological properties of bitumen. Marek Pszczota [11] conducted research in which
physical and Rheological properties of bitumen modified with crumb rubber were evaluated. The
result shows that with the addition of rubber bitumen obtained will have properties similar to
polymer modified bitumen. His research work concluded that use of crumb rubber in bitumen
enhance the bitumen resistance against rutting and low temperature cracking. Another research
work shows that bitumen modified with rubber shows better performance at both Low and high
temperature. Nuha Salim Mashaa [12] conducted research and conclude that properties of bitumen
modified with crumb rubber is greatly influenced with the blending temperature and does not
affected significantly with the blending time. Tire rubber powder interact physically with bitumen.
Different studies were carried out on the interaction of tire rubber with bitumen and it was
concluded that the only reason of interaction of tire rubber powder with bitumen is that tire rubber
when comes in contact with bitumen absorb some of the oil from bitumen and swell up and impart

stiffness to bitumen.

2.8 Summary of the Chapter

Road Transportation is an important tool of connecting different cities with in any country.
It comprises of facilities such as bridges, highways, tunnels to ensure safe and efficient movement
of people and goods within inside or between countries. A good and efficient Highways network
directly contribute in country’s economy by increasing GDP Growth. Paved Roads are of either
flexible or rigid type. During construction of flexible pavement bitumen is use as the binder.
Bitumen is a complex hydrocarbon obtained as residue during the process of fractional distillation
of petroleum. Bitumen is non-renewable resource and its production depend on petroleum reserve
which are depleting with the passage of time. In addition to it bitumen when burn at high
temperature emit hazardous fume that are unhealthy to the environment. These issues had forced
numeral government highway agencies to look for alternative binder that can substitute certain
percentage of bitumen and is environment friendly. Researcher have concluded bio oil such as
waste cooking oil as the best alternative binder and can be used in bitumen as bitumen replacement.
Thousands of tons waste cooking oil are produced in almost every country. So, it can be

incorporate in bitumen industry along with other material such as tire rubber powder and bagasse
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ash which are also produce in world in large amount. These are waste material and poses many
environmental degradations. Until now about 5 percent of waste cooking has been used in bitumen
as replacement in the presence of different modifier. The reluctance for higher WCO Percentage
is due to too much softening of mix which can be attributed to chemistry of bitumen. Bitumen is
chemically composed of three compounds: aromatics, resins and asphaltenes, the first two
compounds are collectively known as maltenes. Increased in asphaltenes can cause stiffening of
bitumen. Waste cooking oil consist of aromatics, resin and saturates. Waste cooking oil has lower
asphaltene and higher resin components. Waste cooking oil help in improving resistance against
fatigue and low temperature cracking. Tire rubber powder improve the stiffness as well as elastic
recovery potential of bitumen. (F. J. Navarro) conducted research on rubber addition in bitumen
and conclude that, rubber modified bitumen possesses high resistance against rutting, fatigue and
low temperature cracking. Bagasse ash is an Agro waste and obtained from sugar cane industry.
It is used as modifier to improve stiffness of bitumen. Bagasse ash has never used before in
bitumen. Pakistan import about 75% of total edible to meet its consumer demand. A high amount
has been paid for it each year. Incorporating waste cooking oil into bitumen will have impact on
reducing cost of bitumen usage in road construction and rehabilitation: thus, will equalize

economy.
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CHAPTER 3

METHODOLOGY
3.1 General

The main objectives of this research studies to partially replace bitumen with waste cooking
oil and tire rubber powder and bagasse ash and carry out performance evaluation to compare
modified bitumen with neat bitumen. While conducting this research work following methodology

has been followed

e Virgin bitumen 60/70 was blinded with different percentages of waste cooking oil tire rubber
powder and bagasse ash

e Penetration Softening point and viscosity test were performed to determine the optimum
percentage of bitumen that can be replaced with WCO, TRP and BA.

e After determining the optimum percentage of WCO, TRP, and BA that can be replaced
successfully in bitumen Rheological properties of modified bitumen were determined and
compare with the neat bitumen either 60/70 or 80/100.

e Chemical Analysis of Bitumen Partially replaced and modified with WCO TRP and BA were
conducted using different chemical analysis test such as FTIR, XRD and SEM.

3.2 Material Selection:

The objective of this research is to partially replace bitumen with other material so for this
purpose selection of modified alternative binder material is very crucial step. Material are selected
as per the availability and cost efficiency of the material. Following mixture of material were used

for preparation of samples for different experimentation.

e Bitumen 60/70 PN-Grade
e Tire rubber powder
e Bagasse Ash

e Waste cooking oil.

3.2.1 Bitumen:
Bitumen use were 60/70 Penetration Grade which were obtained from Parco sale office

Rawalpindi. Bitumen without any modification in this research is termed as neat or virgin bitumen.
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3.2.2 Waste Cooking oil & PH-Test

Waste cooking oil were obtained from three different reputable restaurants in Islamabad.
Literature review shows that the quality of waste cooking oil greatly affects the properties of
bitumen modified with waste cooking oil. Literature review also shows that as the acidic content
of waste cooking oil increases its quality increases and it has bad effect on bitumen physical as

well as rheological properties.

PH test were performed on all three samples of waste cooking oil where were obtained from three

different restaurants. WCO having lowest value were selected for further experimentation.

3.2.2.1 WCO Filtration

Waste cooking oil obtained from different restaurants contain suspended particles of
different sizes. Literature review shows that waste cooking oil free from any impurities shows
better performance than WCO having suspended particle and impurities. For this purpose, WCO
were filtered by using centrifugation and filter paper to remove all impurities and suspended

particles.

3.2.2.1.1 Centrifugation method

Universal centrifuge was used for centrifugation of waste cooking oil. The basic
principal of this centrifuge is that a material from which impurities has to be removed is placed in
glass container which are four in number. Capacity of each glass bottle is 500ml. after placing
samples in glass tubes machine is started which is rotated at different speed(rpm), based on size of
impurities to be removed. Due to high speed, impurities are separated based on difference in

densities. Material having high density settles at the bottom.

e Waste cooking oil were poured into 4 glass tube and placed in centrifuge
e The speed of centrifuge was set to 4000 rpm
e Temperature inside centrifuge were set to 27°C

e The time for which centrifugation has to be carried out were set as 30 minutes

Waste cooking oil filtered in centrifuge were passed through filter paper to further remove any

suspended impurities.
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Figure 3-2 Universal Centrifuge (Bottles)

Filtrations Through Filter paper

3.2.3 Tire rubber powder
In this research work tire rubber powder use were obtained from local shop in Rawalpindi,

Pakistan, where tire rubber powder is produced in recycling process at ambient temperature. Local
shop uses different grinding tools for scraping tires of different size. During this process rubber
powder is produced. Such type of tire rubber powder has a large surface area and spongy like

surface. Tire rubber powder obtained were passes through different sieves, tire powder passes #200
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sieve were used for further experimentation. The average size of the particle of tire rubber powder

were about 0.0002mm.

3.2.4 Bagasse Ash

Bagasse ash is by product of sugar industry produced when sugar is extracted from cane
and the left off pulpy is allowed to dry in sun and burn after that to form ash. The disposed BA
from Mardan Sugar Mills located in the city of Mardan and province of Khyber Pukhtun kwah
was procured for further processing. After removing the initial moisture by keeping the raw BA in
oven at 120° C for 72 hours, processing of BA was done in two steps. First step was to sieve the
raw bagasse ash through 300 pum (No.50) sieve to separate out the unburnt fibrous carbonic
material and then to carry out the controlled burning of the sieved ash at 650° C for 120 minutes
in an electric furnace to reduce partially burnt fine carbon particles. The second step was to
enhance the pozzolanic activity by increasing the surface area of BA particles through grinding.
Processing methodology used in first step was motivated from the study of (Bahurudeen et al.
2015). Target fineness for grinding operation was the time until the particles retained on 45um
were less than 5% by weight of the sample and this target fineness was adopted from the studies
(Chusilp et al. 2009; Rerkpiboon et al. 2015). Same ball mill and grinding procedure was employed
for grinding of BA which was adopted for grinding of RHA. Grinding time of 120 minutes was
found to be sufficient for achieving the target fineness. Silica content of BA was found to be over
76%. To study the phases of silica, XRD analysis was carried out. XRD pattern of BA is given in
figure 3.8. There is a clear gradually dispersed peak around Bragg’s angle of 22° affirming the
presence of considerable proportion of silica in amorphous form. There are also sharp peaks at
some angles indicating the presence of two crystalline phases of silica i.e. Quartz and Cristobalite.
It can be observed that quartz phase is relatively higher in proportion than cristobalite phase.
Resembling XRD patterns were found by (Bahurudeen and Santhanam 2015; Cordeiro et al. 2008).
The presence of Quartz in higher proportions in BA is due to the sand which remains adhered to
sugarcane even after washing the harvested sugarcane (Cordeiro et al. 2008). LOI of the raw BA
was over 19% but after processing, the LOI of final BA sample was 4.13%. So, an appreciable
amount of undesirable carbon particles was removed. Color of raw BA was black, after processing
steps involving initial sieving, control burning and grinding, and color of final BA was dark grey.
Same can also be observed visually in figure 3.9. Raw ash in fig 3.4 (a) is black and contains coarse

unburnt fibrous materials and after initial sieving through No.50 sieve, fibrous unburnt material
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was removed as shown in fig 3.4 (b). BA was still black after initial sieving due to the presence of
fine partially-burnt carbon particles. But keeping the BA at 650° C for two hours burned
considerable amount of fine partially burnt carbon particles as the color of BA turned grayish.
Finally, BA was ground to target fineness and fig 3.4 (d) shows the final BA used in this study.

100‘0 Q “““““““
| Q: Quart

80'0-“" C: Cl:;l:of)alite

%‘ Q

g 60'0 “““““““““““

@ C

‘2 40.0 e 0 .
0.0 H | h‘ S Q (J)
" \W ’“WM |
o Wi o
00705 20°  30°  40°  50°  60°

Bragg's Angle (26)

Figure 3-4 XRD pattern of BA
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Fig. 3.4. (a) Sample of raw BA (unprocessed) (b) BA sample after initial sieving through No. 50
sieve (c) Controlled burning of sieved sample of BA in an electric furnace (d) Final processed

sample of BA

3.3 Mixing of WCO TRP and BA with Bitumen

Manual mixing method were adopted in which bitumen were heated to a temperature of
135C and were stirred continuously for over 30 minutes. The stirring was done with glass rod

gently so that TRP WCO and BA can be completely dissolved in bitumen.

3.4 Material Testing

Physical and Performance testing were performed on virgin bitumen PG 60-70 and modified bitumen.
Modified bitumen was obtained through extensive physical testing by determining an optimum percentage
of WCO, tire rubber powder and Bagasse ash that can replace bitumen. Results of the Physical and
performance testing, which includes Low temperature cracking, rutting and Fatigue resistance of virgin and

modified bitumen were compared.

3.4.1 Physical Test:

Physical test includes Penetration Test, Softening point test and viscosity Test. These tests
were conducted to determine optimum percentage of bitumen that can be successfully replaced
with WCO, TRP and BA.
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3.4.1.1 Penetration (AASHTO T-49 ASTM D-94)

This test is important for determining Grade of bitumen, which is further used for
determining suitability of bitumen use under different climatic conditions. It measures the hardness

or consistency of bituminous material.
Following are the apparatus that is use in penetration test.

e Penetrometer
e Digital timer
e \Water bath

e Penetration cup

3.4.1.1.1 Procedure

e Turn on the oven, set it at temperature 100°C to 110°C. Place the bitumen sample in
it and allow it to change from solid to liquid state

e When bitumen attains liquid state pour it to a cup shaped container and allow it to
cool at room temperature 25°C for about 60 min.

e Place the cup shaped container in water bath and for about 90 minutes. Maintain the
temperature of w-water bath at 25°C

e Properly Set the penetrometer on level surface and set the water bubble. The water
bubble will indicate whether the surface on which penetrometer is leveled is level or
not.

e Place the sample in penetrometer and allow the needle to fall on surface of sample
and touch the sample surface very slowly

e Set the timer at 5 sec.

e Press the start button and start the timer. Record the readings after 5 second.

e Take average value of the readings by repeating the test three time so that any error
occurred may be omitted or minimized.

e Maximum difference between reading should not exceed 4
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3.4.1.2 Softening point (T 53-06. ASTM designation: D 36-95

Softening point of bitumen is a mean temperature at which bitumen is soft enough to allow
ball to cover a distance of 25 mm

Following are the apparatus used in softening point test.
e Heating and magnetic stirrer unit
e Glass beaker
e Ring and ball
e Holding assembly

e Thermometer

Figure 3-5 Softening Point Test Figure 3-6 Softening Point Test Samples

3.4.1.3 Rotational viscosity (AASHTO T-316: ASTM D 4402)
The basic principle upon which rotational viscometer function is that it senses the torque

which is required to move spindle immersed in fluid with constant speed the torque measured is
proportional to dynamic viscosity. This test measures the viscosity at high temperature which
provide basis for the selection of mixing and compaction temperature.

Following Apparatus are used in Finding Rotational Viscosities of samples.
e Rotational Viscometer
e Temperature Controller

e Spindles
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e Griping Pliers

e Sample Chambers

e Sample Chamber Rack
e Thermosdal

3.4.1.3.1 Procedure

e Pre heat the thermosdal and sample temperature to a temperature at which test has to be
done. Usually the temperature is 135°C and 165°C.

e Heat the sample in oven at temperature 110° C such that it is sufficiently fluid.

e Pour the sample in sample chamber

e Place the sample chamber in thermosel and lower spindle in it

e Run the test for 30 minutes and read last three reading at interval of minute and take an

average value.

Figure 3-7 Rotational VViscometer
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3.4.2 Performance Testing
3.4.2.1 Dynamic shear rheometer (AASHTO T 315: ASTM D 4402)

DSR is used to determine the viscoelastic behavior of asphalt. It measures the complex
shear modulus and the phase angle of bitumen. DSR is also use calculate performance grade of
bitumen. Apparatus for DSR test is as below

e Apparatus include main unit which consist of DSR which oscillate continuously and apply
shear force which produce shearing action. The oscillation frequency range is between OHZ
to 100HZ

Figure 3-8 Dynamic Shear Rheometer
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Figure 3-9 DSR Test under Progress Figure 3-10 DSR TEST Sample

3.4.2.2 Rolling thin film oven (AASHTO T 240: ASTM D 2872)

Evaluation of rheological properties after short term aging of bitumen is very important
to assess quality of bitumen. This test is used to stimulate short term aging in lab. Asphalt in RTFO
are aged by heating and blowing of hot air at 163°C for 80 minutes. Short term aging is loss of
volatile in an asphalt binder when it is heated at asphalt plant and subsequently laid at site.

Apparatus include the following

e Glass bottles
e Balance
e Back for bottles.

e Oven equipped with carousal which exhibit circular motion and a nozzle for hot air.
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3.4.2.3 Pressure ageing vessel (AASHTO R 28: ASTM D6521)
This test is used to simulate long term ageing of asphalt i.e. 7 to 10 years by applying heat
and pressure for 20 hours.

Apparatus includes the following.

e Sample Pan/trays
e PAV

e Vacuum oven

Figure 3-13 Pressure Aging vessel (PAV) Figure 3-14 PAV Test Samples
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3.4.2.4 Bending beam rheometer (AASHTO T 313: ASTM D 6648)

Bending beam Rheometer is a device used to measure cracking in asphalt that occur in
low temperature. This device is also used to determine Low temperature grade of bitumen.

Apparatus includes the following
e BBR molds
o Deflection calibration beams
e LVDT calibration disc
e Ethanol, methanol or glycol-methanol mixture

e M-value and s-value is than selected at 60 sec.

Figure 3-15 Bending Beam Rheometer (BBR)
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3.5 Summary

In this chapter methodology adopted to obtain the desire objectives is discussed. Virgin
bitumen 60/70 was selected based on the climatic condition of Pakistan. in Pakistan in most of the
region bitumen penetration Grade 60/70 is used. Waste cooking oil were selected based on the
acidic which were determined by Ph test. Waste cooking oil having Less Ph value were obtained
from well-known restaurant in Islamabad. Baggas ash was obtained from sugar cane industry as it
is the waste product produce size were kept approximately equal to the size of soil particle. Tire
rubber powder were selected based on the size. Tire shop in Rawalpindi which carry out the
grinding of tire provided us tire rubber powder. Bitumen is blended with different percentages of
waste cooking oil tire rubber powder and bagasse ash. The percentage of waste cooking oil and
tire rubber powder blended with bitumen in different trial were 5, 10, 15 18(WCO) and 5 7.5 10
12 15 (TRP) respectively. The size of the tire rubber powder was of the size 2 micron. Bitumen is
mixed first with tire rubber powder and mix it at temperature 160. After that waste cooking oil and
bagasse ash were added to the heated mixture of bitumen and rubber powder. The overall mixture
was again heated at temperature 110 for 15 minutes. Baggas ash was added as modifier. Optimum
percentage of WCO TRP and BA replacing bitumen were selected on the basis of physical test
which include penetration softening test and viscosity test. The selected optimum blend with
WCO, TRP and BA s tested for rutting, fatigue and low temperature cracking. The aim is to
determine that with replacement of bitumen with WCO TRP and BA whether it will act like a

normal bitumen or not.
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CHAPTER 4
RESULT AND DISCUSSION

4.1 Introduction

Pakistan is a developing country. It had a vast network of road span all across the country.
The network of road is extending every year and month. A heavy quantity of bitumen is use in
construction and rehabilitation of these roads. Bitumen is petroleum by product and price of
petroleum goes high with time. Pakistan meet its bitumen demand by exporting it from neighboring
countries such as Iran Saudi Arab. Pakistan pay a heavy price for the bitumen exports. World bank
carry out a study in 2005 and conclude that asphalt production in Pakistan is 299,000 metric ton
while demand is estimated to be 395,000 and the demand is expected to increase to 438,000 metric
ton by the end of 2010. To meet the future demand of bitumen based on environment, economic
and natural resources depletion concern there is a hug need of research to look for alternate binder.
WCO is used as alternate binder.

This study focuses on the use of WCO TRP and BA as bitumen replacement. Bitumen is
blended with different percentages of WCO TRP and BA. An optimum blend was selected, and
different performance test were performed on that optimum blend. The aim is to determine the
quantity of Bitumen that can be replaced with WCO, TRP and BA without adversely affecting

virgin bitumen properties.

4.2 Physical Test Results

Physical test was performed on virgin bitumen and bitumen blend with different percentages
of WCO, TRP and BA. Physical test include penetration softening and viscosity test. Physical test

was conducted to determine the optimum blended bitumen percentage.
4.2.1 Penetration Test Result

Penetration test was used to determine the optimum percentage of bitumen that can be
replaced with different percentages of WCO TRP and BA. The optimum percentages of WCO,
TRP and BA were determined by carry out a series of penetration test on 75 samples. Result
indicate that with the addition of 5 percent of waste cooking oil increases the value of penetration
of 60/70 Grade bitumen to about 160/ 180 penetration value. The addition of tire rubber powder
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makes the sample stiffer as the percentage of tire rubber powder increases the penetration value
decreases. With further addition of Bagasse ash as modifier the value of penetration decreases and
comes in the range of 80/100 Grade bitumen. The final optimum amount at which the bitumen
Grade become 80-100 were selected for performance testing.

Following are the results of all trail performed to obtain penetration Grade in range of 80-100.

Table 4-1 Penetration result of virgin bitumen replaced with WCO

Type of sample Sample | Bitumen Penetration
(Total sample | Code Replaced
) Sample | Sample | Sample | Average
weight=200gm) (%)
1 2 3
60-70 -5%WCO W5 5 210 205 190 201
60-70 -10%WCO W10 10 288 295 300 294
60-70 -15%WCO W15 15 325 348 332 334
60-70 -20%WCO W20 20 356 362 366 361
400
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=
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50 m W20
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Figure 4-1 Variation of bitumen penetration with varying percentage replacement of WCO
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As the percentage of waste cooking oil increases the penetration value of the bitumen increases. It

is due to the fact that, with the addition of waste cooking oil asphalt consistency changes asphalt

become soft because the viscosity of waste cooking oil is lower than that of bitumen.

Table 4-2 Penetration result of bitumen replaced with WCO and TR

Type of sample Sample Bitumen Penetration
(Total Sample Code Replaced Sample | Sample | Sample | Average
- - 0
weight=200gm) (%) 1 5 3
60-70 -5%WCO-5%TR | W5TR5 10 131 137 141 136
60-70 -5%WCO-8%TR | W5TRS 13 117 126 121 122
60-7, -5%WCO-12%TR | W5TR12 17 109 118 114 114
60-7, -5%WCO-15%TR | W5TR15 20 106 113 108 109
60-7, -5%WCO-18%TR | W5TR18 23 103 107 104 105
160
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Figure 4-2 Comparison of Penetration test result of virgin bitumen partially replaced with
WCO and TR

As we know now that the increase in WCQO percentage can causes an increase in bitumen

penetration grade value. This increase is due the fact that waste cooking oil, which is obtained
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from bio oil, mainly contain resin, aromatics and saturates which are responsible for increasing
softness’ of bitumen. With the addition of tire rubber powder the penetration value will be
decreases. Because in Pakistan we mostly use bitumen penetration Grade 60/70 or 80/100. So, in
order to replace 60/70 bitumen with WCO we tend to have modified bitumen of Grade 60/70 or
80/100. Tire rubber powder is a stiff material which can decrease the bitumen softness and can
provide extra stiffness to bitumen High percentage of tire rubber in bitumen is not recommended
as it absorb oily from bitumen which will leads to excessive decrease ductility. For this purpose,
in order to decrease the penetration value to 80/100 Grade bitumen we need to use a modifier that
decreases the penetration value without absorbing oily part from bitumen. So, bagasse ash is
introduced into the mi. Bagasse ash were added in different percentages of sample to the mixture

and penetration test were conducted the result are shown below

Table 4-3 Penetration result of virgin bitumen replaced with WCO and TR and in the

presence of Bagasse ash as modifier

Type of sample Sample Code | Bitumen Penetration

(Total sample Replaced | Sample | Sample | Sample | Average
weight=200gm+%BA) (%) 1 2 3

60-70 -5%WCO- WS5TR5B5 10 138 129 133 133
5%TR+5%BA

60-70 -5%WCO- W5TR8B7 13 121 126 128 125
8%TR+7%BA

60-7, -5%WCO- W5TR12B7.5 17 109 118 113 113

12%TR+7.5%BA

60-7, -5%WCO- W5TR15B8 20 104 113 107 108
15%TR+8%BA

60-7, -5%WCO- W5TR18B10 23 108 102 106 105

18%TR+10%BA
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Figure 4-3 comparison of penetration test result values when bagasse ash is used as

modifier

4.2.2 Softening point Test Result

It is measure of temperature susceptibility of the bitumen. Usually greater the penetration
grade of bitumen less will be the softening point. Similarly, lesser the penetration grade value of
bitumen more will be the softening point. Softening point is a temperature at which two ring ball
of 9.5mm diameter touches the bottom of apparatus. Softening point test were conducted on 84
samples. Same as penetration test softening point test were also conducted on different trial of
blending of waste cooking oil tire rubber powder and bagasse ash in an effort to find the best
suitable mixing ratios of these waste materials used in bitumen. Table 4-4 indicate that with the
addition of Waste cooking oil the softening point decreases. With the addition of tire rubber
powder and bagasse ash in different trials, modified bitumen become stiff and softening point

decreases.
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Figure 4-4 softening point test Figure 4-5 Softening point test samples

Table 4-4 showing Softening point result of virgin bitumen replaced with WCO

Type of sample Sample Bitumen Softening Point (°C)
[0)

(Total sample Code Replaced (%0) Left Right Average
weight=200gm) Sample Sample

Virgin Bitumen 60-70 0 47 45 46
60-70 -5%WCO W5 5 24 22 23
60-70 -10%WCO W10 10 22 19 20.5
60-70, -15%WCO W15 15 17 20 19
60-70-20%WCO W20 20 17 19 18

As it can be clearly seen that with the increase in percentage of waste cooking oil the softening
point value decreases. It indicates that the addition of waste cooking increases the bitumen softness
and decreases the bitumen softening point. Table 5 shows the softening point of final trail which

introduce addition of tire rubber powder and bagasse ash into bitumen containing waste cooking
oil.
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Table 4-5 Softening point Test result of virgin bitumen replaced with WCO and TR and

addition of Bagasse ash

Type of sample Sample Bitumen Softening Point (°C)
(Total sample Code Replaced Left Right Average
weight=200gm+%BA) (%) Sample Sample

60-70 -5%WCO- W5TR5B5 10 36 39 37
5%TR+5%BA

60-70 -5%WCO- W5TR8B7 13 38 40 39
8%TR+7%BA

60-7, -5%WCO- W5TR12B7.5 17 42 46 44

12%TR+7.5%BA

60-7, -5%WCO- W5TR15B8 20 47 49 48
15%TR+8%BA

60-7, -5%WCO- W5TR18B10 23 52 55 53
18%TR+10%BA

4.2.3 Rotational Viscosity

Viscosity of bitumen is measure of its flow at particular temperature. With the addition of
Waste cooking oil, viscosity of bitumen decreases substantially. Because Waste cooking oil
contain acid which are lighter than compound in bitumen. With the increase in percentage of waste
cooking in bitumen, viscosity tend to be decreases. With the increase in temperature the viscosity
of waste cooking oil tends to increase. With the introduction of Tire rubber and Baggers ash into
the bitumen, viscosity value of the mix decreases substantially. It is due the fact that tire rubber
powder and bagasse ash impart stiffness to bitumen which poses resistance towards the flow, in
addition, rubber powder and bagasse ash act as pozzolanic material which increases stiffness and
increases viscosity. The following table show the viscosity values of final trail, containing
different blends of bitumen with WCO, TR and BA.
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Table 4-6 Rotational Viscosity Test result of virgin and modified bitumen

Type of sample Sample Bitumen Viscosity (C.P) Viscosity Ratio
(Total sample Code Replaced (%0) 135°C 160°C | (135°C/160°C)
weight=200gm+%BA)
Virgin Bitumen 60-70 0 450 140 3.214
60-70 -5%WCO- W5TR5B5 10 493 290 1.7
5%TR+5%BA
60-70 -5%WCO- W5TR8B7 13 740 390 1.89
8%TR+7%BA
60-7, -5%WCO- W5TR12B7 17 900 470 191
12%TR+7.5%BA 5
60-7, -5%WCO- W5TR15B8 20 1300 490 2.653
15%TR+8%BA
60-7, -5%WCO- W5TR18B1 23 1730 501 3.45
18%TR+10%BA 0
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Figure 4-6 Comparison of viscosity at (135°C) of virgin modified bitumen

33




o0 Viscosity @ 160°C
m60-70

500

B W5TR15B8
400
WS5TR8B7
300
m W5TR12B7.5
20
B W5Tr15B8
10
B W5Tr18B10
0

60-70 W5TR5B5 WS5TR8B7 W5TR12B7.5 W5TR15B8  W5TR18B10

Viscosity (C.P)
o

o

Figure 4-7 Comparison of Viscosity of virgin bitumen and modified bitumen at 160°C

4.3 Performance Testing

Performance test were performed to assess the performance of bitumen, modified and
replaced with WCO BA and Tire Rubber Powder. An optimum percentage of WCO Tire rubber
powder and Bagasse ash were determined through physical testing. Performance Test include

rutting resistance Test, Fatigue resistance test and low temperature cracking resistance test.

4.3.1 Dynamic Shear Rheometer Test

DSR test were conducted on Un aged, and Aged samples. Asphalt binder Performance
Grade determination is very important for assessing the properties of asphalt under field condition.
In order to evaluate performance grade asphalt binder Performance Grade asphalt binder were
tested on DSR Un aged, RTFO aged and PAV aged.

4.3.2 DSR (High temperature Penetration Grade)

DSR testing is capable of evaluating the viscoelastic behavior of asphalt. It determines the
value of phase angle and complex modulus G*. The rutting potential of asphalt can be assessed
by factor G* / sin 8. Un aged sample of virgin bitumen, bitumen replaced and modified with WCO
TRP and BA having sample code W5TR15B8 and bagasse ash added bitumen B8 were tested in
DSR apparatus. Result indicate that with the increase in temperature complex modulus G*

decreases which shows decreases in rutting susceptibility. It also shows that temperature has
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negative impact on rutting potential of asphalt binder. Result shows that virgin bitumen can resist
rutting up to 64°C, followed by bagasse ash B8 showing the same rutting resistance as that of
virgin bitumen. Sample W5TR15B8 contain high content of rubber powder and bagasse ash, in
Un aged condition fail at 70°C showing same resistance against rutting as that of virgin bitumen
and B8. It may be point to the fact that, with the addition of waste cooking oil in bitumen, complex
modulus decreases, while phase angle increases at medium and high temperature (Zhaojie Sun
2016). Thus, it can be concluded that, adding waste cooking oil decreases deformation resistance
and elastic recovery. However Even after replacement with Waste cooking and tire rubber powder
sample W5TR15B8 behave like the virgin one which is good from the economic point of view.

Table shows the result obtained from DSR apparatus for Un aged sample.

Table 4-7 Showing DSR result of Un aged virgin, W5TR15B8, and B8

Sample type Sample code Temperature Complex PG Grade
modulus
58 3.29 Criteria
Virgin bitumen 60-70 64 1.51 G*/sin(delta)>1
60-70 70 0.723 PG 64
58 3.73
Virgin bitumen B8 64 1.76 PG-64
+ 8%BA 70 0.851
58 4.67 Criteria
60-70-5%WCO- W5TR15B8 64 2.08 G*/sin(delta)>1
15%RP+8%BA 70 0.98 PG 64
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Comparison of Complex Modulus of Un aged Virgin
bitumen & W5TRBS8 and B8
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Figure 4-8 Comparison of Complex Modulus of Un aged Virgin bitumen & W5TRB8 and
B8

4.3.3 DSR High performance Grade (RTFO aged)

Sample of virgin sample, bitumen replaced and modified with Waste cooking oil tire rubber
powder and Bagasse ash (W5TR15B8) and Bagasse ash added bitumen B8 were aged for 82
minutes in rotatory thing film oven in order to determine the performance of bitumen after short
term aging. The ages sample were tested on DSR. Criteria for higher performance Grade is G*/sin
8 1s 2.2 KP. Result shows that virgin bitumen has the same performance Grade as that of Un aged
bitumen which is 64°C. Sample W5TR15B8 and B8 fails at temperature 75°C and hence having
high temperature performance Grade as 70°. Sample W5TR15B8 and B8 shows improvement in
rutting resistance. Improved rutting resistance of sample W5TR15B8 can be attributed to the high
content of rubber powder and bagasse ash which both improve rutting resistance. Sample B8
containing only bagasse ash also shows improvement in rutting resistance due to the presence of

bagasse ash.
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Table 4-8 Complex modulus of RTFO aged virgin W5TR15B8 and B8

Sample type Sample code Temperature Complex PG Grade
modulus
58 3.29 Criteria
Virgin bitumen 60-70 64 151 G*/sin(delta)>2
(60-70) 70 0.723 PG 64
64 4.86
Virgin bitumen B8 70 243 PG-70
+8%BA 75 1.24
58 7.81 Criteria
60-70-5%WCO- W5TR15B8 64 4.3 G*/sin(delta)>2
15%TRP+8%BA 70 2.48 PG 70
75 1.3
9 7.81
P
% Z 6.25
S5 a3 *86
= 2 3.51
S 3 2.48 2.43
£, I 1.732 13 1.24
O
1
0 1
58 64 70 75
m60-70 6.25 3.51 1.732
W5TR15B8 7.81 4.3 2.48 13
B8 4.86 2.43 1.24
Temperature

m60-70 W W5TR15B8 B8

Figure 4-9 Comparison of complex modulus RTFO aged, virgin, W5TR15B8 and B8

4.3.4 DSR Intermediate Temperature Performance Grade PAV Aged/Fatigue Resistance

This test is conducted on bitumen to determine its fatigue resistance. Fatigue resistance

usually occur at intermediate temperature. To resist maximum fatigue cracking asphalt must be
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viscous in intermediate temperature range. According to super pave specification (G*sin 8) can be
used to assess fatigue resistance. Lower the value of (G*sin 8) h) higher will be the resistance
against fatigue. The higher value of (G*sin ) indicate that asphalt binder rapidly dissipates the
shearing strain energy under load. (G*sin 9) factor can be assess using Dynamic shear Rheometer.
RTFO aged sample is placed in PAV equipment for 20 hours. The temperature and pressure inside
the PAV equipment were maintained 100C and 2.2 pascal. After that sample is tested in DSR
equipment to determine temperature till which it will behave positively against fatigue. Both
Virgin bitumen and Bagasse added sample B8 fails the criteria for fatigue cracking resistance at
13°C, showing both have the same fatigue resistance, while sample W5TR15B8 fails the criteria
for fatigue cracking at 10°C. It shows that sample W5TR15B8 poses greater resistance towards
fatigue than virgin sample and B8. Improved fatigue resistance of sample W5TR15B8 may be
attributed to the fact that, tire rubber and waste cooking oil improve the elastic recovery potential

of bitumen.

Table 4-9 Complex modulus of PAV aged virgin and W5TR15B8

Type of sample Sample Code | Temperature Complex Result
modulus

22 2760
19 3500

Virgin 60-70 16 4530 G*.sin(delta)<5000
13 5123
22 2384
19 3008
16 3952

Virgin-5%WCO- W5TR15B8 13 4961 G*.sin(delta)<5000
15%TRP+8%BA 10 6161
22 3251
19 4400

Virgin +8BA B8 16 4996 G*.sin(delta)<5000
13 5833
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Figure 4-10 Comparison of G*.sin (delta) value of PAV aged 60-70, W5Tr15B8 and B8

sample

4.3.5 BBR low temperature results (D6648 — 08)

Low temperature cracking is an important pavement distress that is found in colder region.
Tensile stresses in generated in pavement due to low temperature causes cracking. Performance
Evaluation of bitumen at low temperature must be assessed to determine the suitability of bitumen
use in colder region. Bending Beam Rheometer is use for determining low temperature
performance Grade of bitumen. It measures two parameters represented by m and S, where m is
the creep rate and S is the Creep stiffness. These parameters determine bitumen ability to resist
low temperature cracking. BBR test were conducted on PAV Aged Virgin bitumen and
W5TR15B8 and the result were compared. The objective of the test is to determine low
temperature resistance capability of the bitumen (Partially replaced with WCO, TRP and modified
with BA) and compare it with the virgin bitumen. BBR can take measurement in temperature range

36C to OC. The minimum value of creep stiffness S is 300 and creep rate 0.300.

Virgin sample, W5TR15B8 and B8 sample were tested in BBR apparatus to at different
temperature to determine low temperature cracking resistance of these sample. Result shows that

virgin sample and bagasse ash added sample B8 can resist cracking up to -12 and -10 respectively,
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while sample W5TR15B8 containing waste cooking oil tire rubber powder and bagasse ash can
resist cracking up to -18°C which shows that this sample has highest potential resistance toward
low temperature cracking. the highest low temperature resistance of sample W5TR15B8 can be
attributed to the presence of waste cooking oil and tire rubber powder in the sample which both
are responsible for improving low temperature cracking resistance. The presence of rubber can
enhance low temperature resistance of bitumen. Waste cooking oil improve the stress relaxing
capability (indicated by m) of the bitumen. Bagasse ash show less resistance to cracking at low
temperature and can resist low temperature cracking up to -10. It may be attributed to the fact that
bagasse ash makes the sample stiffer and decreases its elastic recovery potential. The use of tire
rubber powder in bitumen can enhance its resistance against skidding, durability and low
temperature resistance as already determined in BBR experiment Marek Pszczota, 2016. [1].
Hainian Wang [3]. Conducted research on the performance evaluation of bitumen modified with
tire scrap rubber and conclude that rubber uses in bitumen can significantly improve both the

viscosity of bitumen at higher temperature and creep stiffness at lower temperature.

Table 4-10 Creep Stiffness and Slope value of 60-70, W5TR15B8 and B8 sample at varying

temperature
Sample type Sample Temperature Creep M (Slope) Remarks
Code Stiffness
-6 59.68 0.50
Virgin 60-70 -12 133.5414 0.32
-18 205.688 0.2257
6 170 0.322 Stiffness<300
Virgin +8BA B8 -12 208.2372 0.2344 m>=0.3
-18 304.3278 0.1349
-6 56.3390 0.554
Virgin-5%WCO- | W5TR15B8 -12 74.043 0.38
15%TRP+8%BA -18 111.339 0.301
-22 208.46 0.24
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Figure 4-11 Comparison of Creep Stiffness of Virgin, W5TR15B8 and B8 sample
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4.4 Chemical Analysis.

Chemical analysis is important to understand interaction of various compound in bitumen
modified with WCO, TRP and Bagasse Ash. The main objective of chemical testing conducted
were to determine the interaction of Waste cooking oil tire rubber powder and Bagasse ash with
bitumen and to see the effect of these material on chemical stability of bitumen. For this very
purpose functional group analysis were conducted with the help of Fourier Transform infrared

spectroscopy

FTIR test is performed to determine functional Group of organic material in order to
quantify the functional group of structural indices of S=O and C=0. (Lamontagne et al. 2001)
computed structural index by numerical integrating peak of target functional group and then
dividing it by entire area between 600 cm-1 to 2000 cm-1. The principal of its working is that a
beam of variable light frequency is shine on a sample. Light is absorbed by sample at different
wavelength. Computer takes all this data and calculate what the absorption is at each wavelength.

Table 4-13 shows structural indices of Virgin bitumen, W5, B8, TR15 and W5TR15B8. The
comparison of structural indices of control, W5TR15B8 and B8 are shown graphically in a figure
4.17. Results indicate that S=O and C=0 are two functional group responsible for hardening of
bitumen of asphalt binder. Sample TR15 shows higher number of structural indices of S=O and
C=0 as compare to virgin sample which shows that with the addition of tire rubber powder S=0O
and C=0 increase cause the binder’s hardening. Addition of WCO to binder in sample W5, shows
decrease in a structural index of S=O and C=0 which point to the fact that waste cooking oil had
reacted chemically that lead to decrease in functional group of S=0 and C=0. Sample B8 shows
increase in structure indices which point to the fact that with the addition of bagasse ash bitumen
become hard. Increase in structure indices of S=0 and C=0 in case of Sample TR5 and B8 shows
that reaction of tire rubber powder with bitumen and bagasse ash is physical.
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Table 4-11 Structure indices of Virgin, Tr15 WCO5, BA and W5TR15B8

Type of Sample Sample Functional Wave Structural
Code Group Number Indices
60-70 Virgin S=0 1050 0.01191
C=0 1750 0.00287
60-70-15%TR TR15 S=0 1050 0.01491
C=0 1750 0.01300
60-70-5%WCO WCO5 S=0 1050 0.00012
C=0 1750 0.00016
60-70+ 8%BA 8BA S=0 1050 0.00191
C=0 1750 0.00175
60-70-W5- W5TR15B8 S=0 1050 0.01092
TRI5+B8 C=0 1750 0.00291

Structural indices

0.02
& 0.015
Q
©
£
T 001
=}
3]
2
&£ 0.005
0
S=0 Cc=0 S=0 c=0 S=0 Cc=0 S=0 Cc=0 S=0 c=0
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Figure 4-13 comparison of structure indices of virgin, TR15, WCO5, W5TR15B8
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4.5 Cost Analysis

Cost analysis were carried out in term of price of bitumen use in one kilometer of road. Price
of waste material such as tire rubber powder, waste cooking oil and bagasse ash have been

incorporated while carrying out cost analysis.

Pakistan import about 75% of its edible oil to meet its consumer demand. According to survey
around 1300 thousand metric tons cooking oil is being used every year in Pakistan. Scrap tire has

been used in metric tons in Pakistan.

Comparison of cost of bitumen use in one kilometer of road were carried out between virgin
Bitumen (60-70) and modified bitumen (W5TR15B8). Result indicate that cost of bitumen/km of

road decreases by 25.7 percent with the use of modified of bitumen.

Table 4-12 Cost per/km of virgin and modified bitumen

Type of Sample Sample Cost (PKR)/Km Percentage
Code Decrease in cost
60-70 60-70 4072152 0
60-70-15%TR- | W5TR15B8 3425752 15.9
5%WCO+8%BA
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Figure 4-14 comparison of Cost of bitumen/km of Virgin and modified bitumen

4.6 Summary of the Chapter
4.6.1 Penetration

e Penetration of virgin bitumen decreases with addition of waste cooking oil, decreasing
hardness of sample

e up to 15% tire rubber replacement in bitumen and addition of 8% bagasse ash
(W5TR15B8) can increases penetration of sample. Further increase in percentage
replacement of tire rubber powder will decrease penetration value because of loss of

binding property of bitumen.

4.6.2 Softening point
e Softening point of virgin bitumen decreases with addition (as percentage replacement of

bitumen) of waste cooking oil, can be seen in sample W5, W10.
e Softening point of bitumen is increased with addition of tire rubber powder and bagasse
ash.
e Blend of 5 percent waste cooking oil, 15 percent tire rubber powder and 8 percent bagasse
ash show higher softening point than control sample.
4.6.3 Rotational viscosity

e Rotational Viscosity decreases with the addition of waste cooking oil.
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4.6.4

4.6.5

Rotational viscosity increases when tire rubber powder and bagasse ash incorporated into
bitumen containing waste cooking oil.

Sample W5TR15B8 shows higher viscosity than virgin bitumen.

Performance Evaluation of Modified binder

Modified bitumen shows better resistance against rutting. Complex modulus value of
modified bitumen (W5TR15B8) is higher as compared to virgin bitumen 60-70.
Modified bitumen shows better resistance against fatigue as compare to virgin bitumen.
modified bitumen W5TR15B8 shows improved resistance against low temperature
cracking as compare to virgin bitumen

Chemical Analysis

Chemical analysis shows that waste cooking oil increases softness of bitumen.
Interaction of waste cooking oil with bitumen is chemical and structure indices of S=O
and C=0, which are indicator of hardness of bitumen decreases with the addition of
waste cooking oil as can be seen in sample W5.

Tire rubber powder and bagasse add react physically with bitumen. Sample B8 shows
higher structure indices of S=0, C=0, which indicate that it increases hardness of
bitumen because penetration increases with the addition of bagasse ash into bitumen.
The induction of tire rubber powder and bagasse ash into bitumen increases the structure
indices of C=0 and S=0.

XRD analysis of Bagasse ash shows that it contains silica in access
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CHAPTER 5
CONCLUSION & RECOMMENDATION

5.1 Conclusion
After successful completion of extensive lab testing, carried out in an effort to obtain the
targeted objectives of this research work, following conclusions can be drawn based on lab test

result and logical observations.

e All physical and performance test result shows that about 20% of bitumen can be replaced
with waste cooking oil, tire rubber powder in the presence of bagasse ash use as modifier.
The incorporation of these waste into bitumen will solve the disposal problem and will also
help in protecting environment, by minimizing, hazardous fume releases from bitumen and
disposal of waste which also causes environmental problems.

e Ascompare to virgin bitumen, modified bitumen W5TR15B8 shows remarkable resistance
against rutting which can be attributed to the presence of tire rubber and bagasse ash.

¢ Modified bitumen shows good resistance to fatigue cracking than virgin bitumen. It is
attributed to the presence of waste cooking oil and tire rubber powder which both increases
the elastic recovery potential of bitumen.

e Modified bitumen shows remarkably good resistance to low temperature cracking as
compare to virgin bitumen. Modified bitumen W5TR15B8 can resist low temperature as
low as up to -18°C. Such high resistance against low temperature cracking is due to the
presence of waste cooking oil and tire rubber powder.

e Cost analysis of virgin and modified bitumen shows that use of modified bitumen is both
economical and environmentally friendly. It can decrease bitumen cost used per kilometer
by 25%

5.2 Recommendation
e This research study aims to obtain modified bitumen by replacing certain percentage of
bitumen with waste cooking oil tire rubber powder and bagasse ash thus helping in
protecting environment by incorporating waste material into useful product.
e In this research work, modified bitumen has been assessed through performance and

physical testing.
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e The focus of new research studies should be to use this modified bitumen (W5TR15B8)
in asphaltic pavement and carrying out performance testing such as Rutting, Fatigue,
Marshall Stability, flow test.
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M2 TCL

TruGrade 1.1.0.0

weSr1506. gdp

Ewaste conking oPResuls compilationDSR Lab Testngi"TFO

Final Grade : PGTO
TruGrace Temperaiue [*C) 1 71.12

WITRISES

THLAD
EOMIDD

High Temperaure Fange
20

000

PP 25 DSR

5

1.000

10

Ruoiling Thin Fim {High)
112004 12:20:01 AW
232

Malvem Instuments Page{of 2
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TruGrads Soffwars

Grade Run 2 Reaults : 1172004 12:20001 AM

Complex Modulus [kPa) : 123

Phase Angie ") - 704

GSin|Detta) (kPa) : 13

Strain (%) © 01z

Shear Siress [Pa): 122327

Temparature {"C) : 7598

Frequency (ras) ; 10.03

Fisssuit - Fal
Operator Modes -
Charactertzing Me extsting asphalt grades In PakisEn accordng fo PG specification
BOD2ME1Z4T05 AM Malvem Instuments Page2of 2
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LB AL I'1
TrErads Softears
Performance Grade It An is
Taat Mods - Grade Detenminalon |ALRD-5Tess)
Instrumeant Seral Mumber : Mg 100E3E81
Temperaturs Control - MEZ TCU
Softwars Verskon TruGrade 1.1.00
Flla Mams : uniaged oa.gdp
Fila Locathon : E'waste cooking ol Results compilationtDSR Lab TestingSaggas
Temperaturs Callbrathon Dats ©
Temperature Verification Dats -
Resuit : Final Grade | PGE4
TruGrade Temperurs ["C) - EE.65

Andllary Information :

Sampla : UMAGED BA

Uiser Id -

Tes! Number 1

Teminal Location THLAB

Grade :

Tank Mumiear 1

Link Iummier :

Praject:
Parametars -

Messurement Type - Hgh Temperaure Range

Initial Temperatune (") : £4.00

Sirain Ampittude {%) - 1200

Mesaring System : PP 25 DER

Piate Diameter (mm) - =

Piate Gap {mm) 1.000

Thermal Equillordum Time [min) - 10

Sample Type : oniginal Einger (High)
Grade Run 1 Results : BMS2018 1:39:03 PM

Complex Modulus [KF3) - 175

Phase Angie [} - B5.0

GUSnDeta) kP : 175

Sirain (%) : 1214

Shear Siress (Pa) 203

Tamrparatura {"C) : £300

Frequency (fad's) : 1003

Resut : Pass
GO02IE 11:3Z41 PM Malvem Instuments Page 10of 2
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MAIDN=RN
TruGrads Softaars
Erada Run 2 Raaults EMS20138 1:39:02 PM
Cornplex Modulus (KF3) - [EES
Phase Angis ") BES
GUEnData) (kP © D.Es1
Strain {3 1134
Shear Siress (Pa) - 101214
Tamrparatura {"C) - T
Frequency (fai's) ; 1003
Resut : Fal
Oiperator Modas -

Charactestzing Me exsting sphalt grades In Pakistan accondng % PG specificaton
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Performance Grade It An i

Zrage Delenmiraion [ARC-sTees)

Tt Mods ©
Instrument Seral Mumbar :

Tamperaturs Control -
Softwars Version :

[Pl Meames

[File Loc:ation :

Tamperaturs Callbration Dats ©
Tamperaturs Varification Date -
IRl :

Paramstars -
Measursment Type
Initial Tempesatune {"C) -
Strain Ampiltude (%) -
Measuring System |
Piaie Diameber (mm) -
Plate Gap (mm) ;

Thermal Equillxrium Time (minj -

Sampie Type -

‘Grads Run 1 Results :

Complex Modulus (kPa)
Phase Angie [}
GUSnDeE) (kFa) -
Sirain (%)
Shear Siress (Pa):
Tamparaturs {"C)
Frequency {rass) :
Ressuit

SO02E 123207 PM

MAL 1D0S3ET
M2 TCL
TruGrade 1.1.0.0
rifo aged BA.gdp

WAERN

TruGrade Softwars

Ewaste cooking oPREesults compilatonDSR Lab TestngSaggas

Final Grage : PGTD

TruGrade Temperaure [°C) : T1.07

RTFO aged BA

Hoh Temperature Fange
E4.00

10.00

PP 25 DER

5

1.000

10

Fodling Thin FIm {High)
/1572013 124550 PM
243

59
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MAIN=RN
TruGrade Softwars
Grada Run 2 Raaults © BH 5018 1204550 PM
‘Complex Modulus (K53} - 124
Phase Angis [*) BOLS
GSInDelta) (kFa) - 125
Siran (%) 1014
‘Shear Siress (Pa) - 125605
Tampaature {"C) - TR
Frequency {rad's) : 1003
Fozssiit - Fall
Operator Mofes

Charackerzng e exlsting asphiak grades In Pakistsn accondng o PG spectlication
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Performance Grade As It Analysis

Tt Mods - Grate Detenminalion [ALlD-sTess)
Instrumant Seral Mumbsr Ilad 100E9E1
Temperaturs Control - MEZ TCU
Softwars Version TrGrade 1.1.0.0
Flla Mams - VIrgn Biumen (50-70)Lgdp
File Location : E'wraste cooking ol Results compilationDSR Lab Testingunaged
Temperaturs Callbrathon Date ©
Temperature Verfication Date -
Result : Final Grade | PGE
TruGrads Temparature [*C) © 67.38

Andilary information :

Sampla ; Virgin bitumen 60-70

Uiser Id -

Tes! Number 1

Teminal Location a7

Grade : B0

Tank Mumiear 1

Lot urmier : 1

Project : Lab Test
Parametars -

Misasrement Type © High Temperaure Range

Inttial Tempesature ("C} : 56.00

Sirain Ampittude (3) © 1200

Mizasuring System ; PP 25 DSR

Plate Ciameter (mm) © 25

Plate Gap (mm) 1.000

Thermal Equillrium Time (min) < 10

Sample Type : original Binger (High
Grade Run 1 Results : 112004 1:41:43 AM

Complex Madulus (kFa) : 151

Phase angle [} : B4.5

GSnDeta) (kPa) ; 151

Siran (%) © 11.a

Shear Siress (Pa) 17847

Tamparatrs {"C) : £4.01

Frequency {ras) : 10.03

Fesut - Pass

SON2E 12:46:00 AM
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Grade Run 2 Results

Complex Modulus (k£Pa) -

Phase Angle (") -
GSin{Detta) (kFa) -
Strain (%) ©

Shear Stress (Pa):
Temperature ["C) ©
Frequency (s :

112004 1241243 AM
0723

BS7

0725

1209

ET.1216

o

1003

Fal
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Performance Grade As
Tasark Mocedie - Grage Determingtion (Auo-sess)
Instrument Seral Mumbsr : AL 1008981
Temperatura Control M2 TCU
Softwars Version TruGrade 1.1.0.0
Flla Name © Unaged WSTRISES.gop
Flla Location :
Temperature Callbration Date
Tamperatura Verification Date
Resuif - Final Grade : PG&L
TruGrade Temperaiure ["C)  E8.73

Andllary Informetion

Sampie ; WISTRISES

Ukser Id -

Tiest Mumber : 1

Teminal Location : MIT LAS

Grade : E0T0

Tank Mumber 1

Lot Mumier : 1

Project:
Paramstars -

Measurement Type - High Temperature Range

Inittal Tempesature {"C) : 00

Sirain Ampiltude (%) - 1200

Measuring System | PP 25 DSR

Piate Diameber (mm) - o=

Piate Gap {mm] ; 1.6

Thema Equilirium Time (min) © 10

Sampile Type - Cnginal Bingsr {High)
Grade Run 1 Results 1M/2004 12:1526 AM

Complex Moduus (K3} - 2056

Phase Angle [} - E29

GUSinDetz) (kFa) - 207

Strain (3% © 2o

Shear Siress (Pa): D46 188

Tempaatura ["C) : £4.00

Frequency {radds) : i0a3

RSt Pass

SO0201E 124841 AM

It Analysis

E'waste cooling ol Results compilationlDSR Lab Testngunaged

Malweim Insiuments
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Grade Run 2 Raaults

Complex Modulus (K73} -

Phase Angiz ")
GYSnDelta) (kPa) :
Sirain (%) :

Shear STess (3]
Temparatura {*C) -
Frequency (rad’s) :

12004 12:95226 AM

64
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Performance Grade [

Tect Mode -

Instrument &erial Number ©
Tempsraturs Conbral :
Zoftware Verclon ©

Fli=: Hama -
Flis Looatlon -

Temperaturs Callbration Dabe :
Temperaturs Varifloation Dais -
Recult :

Anzlllary Information -

Sampie -

Userid:

Test Mumber :
Terminal Locabion -
Grade :

Tank Numkser -

Lot Wumber :
Project :

Farameters :
Meazurem ant Type ©
Initial Tempzsabare ("C)
Sirain Ampltude: (%)
Measuring System :
Pilate Diamater (mm] :
Plate Gap (mim]:
Thermmal Equikrium Time (minj -
Sample Typ=:

Grade Fun 1 Reculs -
Compiex Modulus (kPa) :
Fhase Angle ("] :

G .En{Deita) (xFa) :
Sirain (%] :

Ehear Biress (Fal:
Temperature (*C) :
Frequency (radis) :
Resuit :

BrII01S 1137101 FM

Grade Determinalon (Audo-sress)

MAL 1008381

Mk2 TCU

TreGrade 1.1.0.0

B0-T0 PAY.gdp

Elwaste cooking oifiResults compiistion\D2R Lab Tesang@Aw

Final Grade : PAY
TreGrade Temperators ("C) : 15.28

1}

NIT LAB
E0-TD pane

ME Thesls

InBzrmisdiste Temparature Range
40.00

1.00

PP B OER

B

2.000

10

Preszure Aging Wessel {Int)
A/Z00L 123308 AM
B.E4=3

333

46553

1m

BeXx0.4

1600

1003

Pass

Maivem Instruments Page 1072
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Grade Run 2 Reculs :

Compley Modulus (kPaj @

Fhase Angis ("] :
E*.Ein(Deita) [kFa) :
Etrain (%] :

Shear Stress (Fa):
Temperaturs ("G}
Frequency (radis) :
Result:

AREI0E 112709 PM

AM/Z004 1223302 AM
1ATES

M=

BEA3EZ

1

117763

1258

10,02

Fal

Maivemn Instuments PageZof2
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TruGrads Software
Performance Grade Asphalt is
Teat Mods - (Grate Debermination (Auln-siress)
Instrument Serial Number - MAL10083E1
Temperabure Controd Mi2 TCU
Software Version : TuGade 1.1.00
[Fllie Nam:s : PAV BAgdp
FFile Location : E-waste cooking oihResulls complialion D3R Lab TesingiBaggas
Tempaerature Callbration Dale -
Tempaerature Varification Dabe -
Result - Final Grade : AV
TruGrade Temperabure {"C) : 17.63
Ancillary infermation ©
Sampie - PRV BA.
Userid:
Test Number © 1
Terminal Locatian -
Grae
Tank Mumber 1
Lok umier
Project -
Parametars :
Measurement Type - Intermedate Temperature Range
Inkilal Temperature ("C) 28.00
Sirain Ampiiude {%) - 100
MeasUring System PP 3 DSR.
Piaie Clameder (mm) : B
Piate Gap (mm) : 2000
Thermal Equilbriurm Time (min) - 10
Sample Type - Pressure Aging Wesssl (Inf)
Grade Run 1 Results - 112004 1:01:55 AM
Compiles: Modulus (kPa) © T.TEE3
Prase. Angie 7} M4
& Sin{Delia) (kPa) © 44E3
Shrain (%) 101
Shear Stress [Pa) - T848B.6
Temperatre ("C) : 1899
Frequency (Rdis) : 1003
Result - Pazs
BA0E2018 110%55 AM Malvem Instruments Page 1af 2

68




B302018 110955 AM

AN2004 1:.01:55 AM
1.08E4

326

SE3Es

10

109147

160

1002

69
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TF a1 I1
TruGrade Softwara
Performance Grade Asphalt Analysis
Teat Mods © Grade Detenmination [Auto-siess)
Instrument Seral Murmbsr ; Ilad 1005961
Tamperatura Control - MEZ TCU
Sodftwars Version : Trezade 1.1.0.0
Fila Mame : wergin bitumen PAV gap
Flla Location : E-waste: cooking ofResults compilationiDER Lab TestinguPay
Temperatura Callbration Dates :
Temperaturs Verification Date -
Resgult Final Grade : PAV
TruGrade Temperais [°C) © 12.01
Encdllary Informeation :
Sampile ; \irgin Bltumen
User Id -
Tes! Numbes : |
Teminal Location - 25RANT
Grade: 070 pav
Tank Murmbssr - |
Lok Iurmier : |
Projec © Lab Test
Paramatars :
Measrement Type © Intermadiate Temperature Rangs
Inttial Tempesature ["C) : 34.00
Sirain Ampiltude (3] @ 1.00
Measurng System ; PP & DSR
Piate Diameter (mm) © E
Piate Gap (mm) 2000
Thermal Equilloium Time {min) © 10
Samgle Type © Pressure Aging Vessel (int)
Grada Run 1 Raaults : 112004 1:39:10 AM
Complex Madulus (kPa) ; 1.08E4
Phase Angiz (") - 5
" Sin{Dekta) (kPa) ; 4.07E3
Siran (%) © 095
Shear Siress [Pa): 12426
Tamparature {"C) : 1200
Frequancy {rad's) ; 1003
Fozssiit - Pass

SO0EIE 1125013 PM

Malvem InsTuments Page 1of 2
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Zrade Run 2 Rasults

Compies Modulus [kPa) ©

Phase Ange [*):
" 5nDeta) (kFa) -
Srain {34 :

Shear Siress [Fa)

Temperamre {"G) -

Frequency (rads)

SO001E 11225013 PM

112004 123910 AM
1.3954

262

61653

1.01

140840

10,00

1003

Fall

Mlalvesm Insiruments Page 2 Of 2
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Tast Identification

Oparator: Junaid
Start Time: 15-Aug-2018 at 1Z:08:35
Test Type: EER Spacimen Test
Prodect ID: Viegin
Specinan Numbar: 0O
Spppcimen Dimgnsicng: 102.00 mm x 12,70 mm x 6,35 mm
Flle Hams: Viegin. SO0

Tast Rasults

t P d B A LEGd Estimatad
Tima Load Dafl Stiffnass gtiffness DMiffarance m-vra L
[T T3] (1) [rm] [MPa) {MPa) [£ 1]

o.a Z£0.5 o, 0000 - - - -

0.5 1227.0 0. 003% - - - -

8.0 100%.3 0.5106 160,7273 160, 8060 0.0423914 0.8467TE
15.0 986.E o, E633 1Z0,1564 121,017Z2 Q,7112585 0, 8ETEES
0.9 926.9 o,9204 a7.48a7 ES.485E -1.15033Z 0, 501695
&0.0 926.3 1.3414 53,6883 &0, 3651 Q.E26043 0.505T748

-

120.0 885.1 1.91&82 41.9EZ3 41.1522 ~1.9E3366 0. 563792
Z40.0 92z.4 2.3180 2T . 4863 2T7.33%6 ~-0.Z16330 0. E03=3E
50,0 8.0 1.9676 - = — —

Corralation Coafficient R®Z2 = 0_59975E
Bagrassion Coafficiants: A = 5 554631, B = -0.33464; C = -0.056655%

Minimum and Maximum Load from

a. Z40 8 was 950.2 and 12Z7.0 mM.
Average Load from 0.
Maxinmum a.

5.

L

o Z40 8 was JES.8 mH.

] 5 5 was 237.1 mH.

o Z40 8 was 150.0 mN.

rom 0.5 to 240 5 was -&.0 ard -6.0 C.

Load Daviation from
Maximm Load Daviation from
Minimm and Maxisum Terparatura

oottt

5
5
L]
o
T

Tast Conditicns

This test wWas performed using an Applied Test Systams Bending Beam
Fhaomatar, serial number yy-z=zz, device ID ATS BER 01, using software
Version 4.03W.
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Elapsed Time In Bath:

B0 minutes

The most recent maching calibrations wera:

Type

Deflection (LVNDT)
Load (Load Cell])
Compliance
Confidance Chack
Temparatura [RETD)

ROTES:
Default spaciman fila

Date

15-Awg-2018
15-Aug-201E
15-hog-201E
15-hog-201E
11-Dac-2013

Rasult

1.83EE+00 1w/ [ADT Count)
£.191E-01 m¥/ [ADC Count)
4.157E+00 umfH
2.191E+0Z CPa
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Tast Identification

Oparators
Start Tima:

Junad
1T7-Aug-Z018 at 01:45:10

Test Type: EER Specinen Test
Froject ID: WSTR1SEE
Sphcimen Humbar:
Specimen Dimensicns: 102.00 mw x 12,70 mm x 6.35 om
File Hame: WSTR1SES.S
Tast Results
t P ] Measured  Estimated
Tims Load Defl Btiffress Stiffnass n-value
lamch (mH] (mm] MFa) (MFa )
0.0 17.E 0. 4338 -- -- - -
0.5 5850 0.0812 -- -- - -
E.0 573.2 D.5343 150.1317 150.122% -0.005791 0. 457866
15,0  975.3 0.7211 111. 4665 111.6236  0.140734 0. 484320
30.0 578.% 1.0153 78.3423 T8.93EE  -D.00443%5 0514752
0.0 577.8 14753 563380 56,6315 -D.62T116 0.554584
.
120.0 5982.0 2. 1651 37.1208 37,1037 -D.045146 0574416
40,0  578.E 3.2511 24,6532 24,6610 D.0315E0 0. 504245
250.0 14.E 15565 -- -- -- --

Corralation Coafficient R®Z2 = 0.559933E

Regression Coafficiants:

A =5_548534, B = -0,.362374, C = -0.04855%

Minfimem and Maximom Load from 0.5 to Z40 5 was SE9.6 and 3850 nN.
Arerage Load fram 0.5 to Z40 5 was 579.9 mN.

Maximen Load Dawviation fram 0.5 to L 5 was 7.9 mH.

Maximmn Load Deviation from5 0 to Z40 5 was 10.Z2 mH.

Minfimum and Maxizum Texperature from 0.5 ©o 240 8 was -5.T7 and -5.1 O

Test Conditions

This test was parformed using an Applied Test Systems Bending Baam

Fhaomater, serial nunbar
softuare warsion &.03W.

yy-zEzz, device ID ATS EER 01, using
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Elapsad Tima In Bath: &0 minutas
The most recent machine calibrations wara:

Type Date Result

Deflaction [INDT) 17-Aug-2018 1.895E+00 umf (ADC Count)
Load (Load Call) 17-Aug-2018 &.155E-01 mH/(ADC Count)
Compliance 17-Aug-2018 7.03EE+00 um/H
Confidence Chack 17-Aug-2018 2.135E+0Z GRa
Temparaturae [RTD) 11-Dec-2012

RITES:
Default spaciman fila
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Tast Identification

Operator: Junad
Start Time: 15-Aug-2018 at 1Z:15:ZE
Tast Type: BER Spaciman Tast
Prodect ID: Virgin

Spaciman Nunbar: 1

Spppciman Dimgnsicng: 102.00 mm x 12,70 mm x 6,35 mm

Flle Hame: Viegin.S1

Tast Rasults

t P d B A LEGd Estimatad
Tima Load Dafl Stiffnass gtiffness DMiffarance m-vra L
[T T3] (1) [rm] [MPa) {MPa) [£ 1]

o.a Z21.E 0, 0036 - - - -

0.5 963.1 o, 1537 - - - -

a.a 535.3 0.304E Z50,350E Z5Z., E644 0,.924105% 0,276650
15.0 976.E o,3723 214,0245% 215,071 -1,3Z8007E 0, Z945ED
0.9 87Z.1 0. 4631 17L,.2434 172,732 -0,3019%6 0, Z0E405
&0.0 970.5 0.5242 133.5414 134.1231 Q.4291ET 0,32TIZE

-
120.0 954.9 0.7362 10%. 8080 10&, 3735 1.10038Z7 0.353087
Z40.0 §538.3 0.965E 82,4871 EZ.261T7 =-0.T4307Z 0.378897

Corralation Coafficiant R®Z2 = 0_9%972&66

Begression Coafficiants:

Minimum and Maximum Load from

Avarage Load
Maximm Load Daviation
Maximm Load Daviation

Minimm and Maxisum Terparatura

A= 5 524204,

Trom

a.
from 0.
a.
from 5.

oottt

5
5
L]
o
T

B = -0_214202, OC = -0.034537

o Z40 8 was 931.4 and 335,08 mNH,

o Z40 8 was F66.50 mH.

] 5 5 was 2Z6.7 mH.

o Z40 8 was 35.1 mM.

rom 0.5 to 240 5 was -11.Z2 and -11.1 C.

Tast Conditicns

This test wWas performed using an Applied Test Systams Bending Beam
Fhaomatar, serial number yy-z=zz, device ID ATS BER 01, using software

warsion 4.03W.
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Elapsad Tima In Bath: &0 minutaes

The most Fecent machine calibratlons wera:

Type Data Rasult

Deflection (LVDT) 15-Awng-2018 1.301E+00 um/ [ADC Count)
Load (Load Cell]  1S-Aug-201E  E.207E-01 =K/ [ADC Count)
Compl lance 15-Aug-201E 4. 143E+00 umfN
Confidence Check  15-Aug-201E 2.2FSE=0Z GPRa
Temperature [RTD) 1l-Aung-2012

WOTES:
&0/7T0
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Test Idantification

Oparator: Junad
Start Time: 16-Rug-2Z018 at 12:36:33
Tast Type: EER Specimen Tast
Froject ID: WSTR1SEE
Specinen Humbar: 02
Spacinen Dimensicns: 102.00 mm x 12.70 mm x 6,35 mm
File Hame: WSTR1SES.S02

Tast Results

t P d Maasured Estimated
Timam Load Dafl Stiffress Stiffoess Differance m-value
[EL (mH] (] IHFa) (MFa) 1%]

0.0 13.5 0.0381 — - - -

0.5 1073.4 0.2827 — - - -

E.0 1033.Z 0.5313 1432472 14Z.66ED -0.404354 0, ZH1473
15,0 980.5 0. ES1Z 117.4430 11E.38BZ  0.804784 0,312063
30,0  9T6.E 0.8457 542171 54,2521 D.0ZE595 0, 345733
60,0 996.1 1.0976 T4.0438 73,3027 ~-1.000383 0.379524

-

120.0 973.% 1.4365 55 Z9EE EL,E923  D.T1ES07 0.4132%4

240.0  967.7 1.8076 41.3E88 41,334 -0.130434 0, 44E38E

250.0 20.1 1.4043 — - - -

Corralation Coafficiant R™2 = 0_59593925
Begrassion Coafflclants: A =5_36233, B = -0.1ED282, C = -0.055025

Minimem and Maximom Load from 0.5 to 240 3 was 544.9 and 10ED.0 mM.
Avarage Losd fromd.5 to 240 5 was 5980.3 mN.
Maxinum Load Daviation frem 0.5 To 5 & was 59.7 oH.
Maxinum Load Deviation from5.0 to 240 5 was 59.3 o,
Minimnm and Haxinum Temperature from 0.5 To 240 5 was -11.1 and -11.1 C.

Test Conditions

This test uas parformed using an Applied Test Systams Banding Baam
Fhaonater, searial numbar yy-zzzrz, device ID ATS EER 01, using
softunre varsion 4.03W.
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Elapsad Tima In Bath: &0 mimutas

The most recent maching calibratlons wera:

Type Data Resalt

Deflacticn [IFDT)  16-Ang-2018 1.301E400 umf (ADC Count]
Load (Load Call) 16-Aug-2018 &.Z07E-01 nH/ (ADC Count]
Complisnce 16-Aug-2018 4.143E+00 /N

Confidance Check 16-Aug-2018 2.225E+0Z GPa
Temperature [RTD)  11-Dec-2012

WOTES:
Dafaualt
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Tast Identification

Oparator: Junaid
Start Time: IZB-Aug-2018 at 12:08:35
Tast Type: EER Spacimen Test
Project ID: Wiegin
Specinen Nunber: 00
Epciman Dimansiong: 10200 mm x 12,70 mm x &.35 mm
File Hamg: Viegin, 200

Test Rasults

E b d Maasurad Estimated
Tima Load Dafl atiffnass Etiffness [ffarance m-wrale
igmch [mH) [r=n] [MFPa) MFa) [}

o.a 20,5 o, Jooo - - - -

0.5 12Z27.0 o, 0033 - - - -

8.0 100%.9 0.510s 260,727 260, 8060 0.042314 Q.126TTE
15.0 926.E 0. EE9S 23E.1564 ZIE.0172 Q,711298% Q,.1E7653
0.0 986.9 0. 9204 217.4807 Z17.485E -1.15033Z 0.191695%
&0.0 986.3 1.3414 20%, E883 Z0E, 3661 0.67E043 0. Z20T46

-

120.0 835.1 1.91&82 141 .9E23 141.1522 -1.9E9366 0. ZeaT7ez
Z40.0 93z.4 2.391&0 127 .4863 127.339%8 -0_Z16330 0. ZE323E
250.0 8.0 1.3678 - — — —

Corralation Coafficient R®Z = 0_S59975E
Bagrassion Coafficiants: R = 5 554631, B = -0.33464; C = -0.05655

Minimm and Maximum Load from 0.5 o Z40 5 was 350.2 and 1227.0 =M.
Average Load from 0.5 to 240 5 was JES.8 mM.

Maximm Load Daviation from 0.5 to 5 5 was Z37.1 mH.

Maximm Load Daviation from 5.0 to 240 8 was 15000 mM.

Minimem and Maximom Temparaturs from 0.5 to 240 5 was -17.1 and -17.1 C.

Test Conditions

This test was performed using an Applied Test Systems Bending Baam
Fheomatar, serial nonber yy-zzzz, device ID ATS EER 01, using software
Version 4_03W.
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Elapsed Time In Bath: &0 minutes

The most recent maching calibrations wera:

Type Data Rasult

Daflecticn (INDT) 28-Aug-2018 1.85EE+00 1m/ [ADD Count)
Load (Load Cell]  28-Aug-201E  €.191E-01 =N/ [ADC Count)
Compliance 8-Aug-201E 4. 157E+00 umiH
Confidence Check  28-Aug-201E8 2.151E+02 GFa
Temparature [FTD) Z28-Dac-2013

ROTES:
Dafault spaciman fila
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Test Idantification

Oparator:

Start Tima:

Tast Typ-a:

Froject ID:
Speciman Humbar:
Spacimen Dimgnsions:
Flla Hanw:

Junald

2B-Ang-2018 at 01:45:10
EER Spaciman Tast
WETR1SEE

102,00 mm x 12.70 mm x 6.35 mm
WETR1SER.S

Tast Easults

t P d Measured  Estimated
Tins Load Defl SLiffoess Stiffness Difference  m-valoe
{gac) (mH] (mm] (MFa ) (MFa ) 1%]
0.0 17.E 0.4338 -- - - -
0.5 985.0 0.0812 -- - - -
E.0 573.2 0.5343 174.1317 174.122% -0.005791 0.157866
15,0 575.3 0.7211 135, 4565 13,6236 0140734 0.I24320
0.0 §TE.S 1.0153 1233423 123.93BE -0.00443% 0. ZE4TSZ
0.0 577.6 14753 111.3350 111.681% -0.62T116 0. 304524
-
120.0 S982.0 2.1651 87.1208 E7.1037 -0.045146 0.334416
240.0 578.E 3.2511 54 6532 54, 6610 0.031560 0.364245

1.5565

Corralation Coafficiant A2 = 0_555335E

REegrassion Coefficiants:

A =5.548534,

B = -0.3E2374,

C = -0.04955%

Minipmen and Maxizom Load from 0.5 to 240 5 was SE9.6 and 3850 nmH,
Ararage Load fromd.5 to 240 & was 575.3 mN.

Maxinum Load Deviation frem 0.5 To 5 5 was 7.9 nH.

Maxinm Load Deviation frem5.0 to 240 5 was 10.Z mNM.

Minfmmm

and Maxisum Tenphratura From

0.5 to 2408 was -17.1 and -17_1C0

Tast Conditions

This test was parformed using an Applied Test Systems Banding Baam
Bhacmater, serial nmber yy-zzzz, device ID ATS BEER 01, using
softuare version &.03W.
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Elapsad Time In Bath: &0 mimptas

The most recent machine calibrations ware:

TyYp® Dat#e

Deflaection [L¥DT) ZE-hug-2018
Load (Load Call) IEB-huag-2018
Complianos 2E-Aug-2018
Confidence Chack ZE-hug-2018
Temparature [RTD)  11-Dec-2012

ROTES:
Dafault spaciman fila

Result
1.835E+00 umf (RDC Count)
6.1S5E-D1 mH/(ADC Count)
7.03EE+00 1w /H
2.,135E+02 GPa

84



Tast Identification

dparator: Factory
Start Time: ZE-Aug-Z018 at 14:3E:06
Test Type: EER Specimen Test
Froject ID: BA 8
Spaciman Humbar: 00
Spacingn Dimgnsions: 102.00 mm x 12.70 mm X 6.35 mm
Flle Hama: BA 8_3500

Tast Results

t P d Maasured Estimated
Timas Load Dafl Stiffrasa Briffmass mi-Ta L
isaah (mH] (] IMPa} IMPa}

0.0 FEN 0. 0031 -- -- - -
0.5 9.7 0. 1486 -- -- - -
E.0 53%.2 0.2782 I5E.3IESE 35E.0430 -0 4655953 009931

15.0  531.E 0.3130 3414025 341.1207 -0 S0E42%  0.11834

30.0 5894 0.3332 3236503 3237386 0070333 012685

0.0 5930.% D.4T43 304.3278 305.0934 0. TES552  0.1343%

.

120.0 991.1 0. 5962 2456254 245,8050 -0.60ES31 0. 1ES32E

40,0 5991.1 07774 22E.0132 226.1063 -0.97556% 0.190816

Corralation Coafficient R®Z2 = 0_.5%90361
Fagrassion Coafficlants: A =5_EE1T47, E = -0,06%507, C = -0, 0711735

Minfmem and Maximom Load from 0.5 to Z40 5 was 3854 and 393Z.2 pH.
Arerage Load frem 0.5 to Z40 5 was SH9.8 mM.

Maximen Load Dawviation fram 0.5 to L os was 4.4 nH.

Maximmn Load Deviation from5.0 to 240 5 was 4.3 mH.

Minimum and Maxizum Texparature from 0.5 ©To 240 5 was -17.1 and-17.1 C.

Test Conditions

This test was performed using an Applied Test Systens Bending Baam
Eheomater, serial mmbar yy-zzzz, device ID ATS EER 01, using
softuare warsion &.03W.
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Elapsad Time In Bath: &0 mimutes
The most recent machine calibrations ware:

Typae Dats Result

Deflecticn [INDT)  2E-Ang-2017 1.784E400 umf (RDC Count)
Load (Load Call) IE-Aug-2017 E.201E-D1 mb/ (ADC Count)
Compliance IB-Aug-2017 E.60SE400 1m/H
Confidence Check  2E-Ang-2017 2.53ZE40Z GRa
Temperature [ETD)  11-Dec-2012

ROTES:
Default spaciman fila
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Tast Identification

Cparator:

Start Tima:

Tast Typ-a:

Froject ID:
Spacinen Humbar:
Spacimen Dimensions:

Junaid
ZE-Ang-Z018 at 01:45:10
EER Speciman Test

WoO

102,00 mm x 12.70 mm x 6.35 mm

Flle Hams: WOD.3
Test Results
T F d o sl Estimated
Tims Load Dafl Stiffnmss Stiffness Diffarence m-value
(114 (mH] (o] {MFa) (MFa ) {%]
0.0 17.E 0. 433E = = = =
0.5 985.0 0,081z - = - -
E.D 974.2 0,5343 198.1317 1%E,12Z5% —0.005731 O,Z97365
15,0 977.3 0,.7211 179. 4560 1T, 6236 0.340734 0Q.3343Z0
30.0 578.% 1.0153 1e3.39423 16Z.93BE ~D.004435% O 374752
60,0 577.86 1. 4752 151. 3220 151.62815% ~-D.6ZT116 O0.414584
L]
120,0 982.0 z,1651 87.1208 E7.1037 ~-0.046146 O, 464416
Z40.0 978.E 3.2511 44,6532 44,8610 0.031hE0 0O,454245

250.0 14.E 1.556% = -— - -

Caorraelation Coafficiant A2 = 0_55933E
Bagrassion Coafflciants: A =5_548534, B = -0.388374, C = -0.04855

Minimum and Maxizum Load from 0.5 to 240 & was SE9.6 and 3850 mM.

Average Load

from 0.5 to Z40 5 was 579.39 mM.,

Maximum Load Daviation fram 0.5 to H 5 was 7.9 nN.
Maximmn Load Daviation from 5.0 to Z40 5 was 10.Z mN.
Minimm and Maximum Texperature from 0.5 ©o 2408 was -17.1 and -17.1C2.

Test Conditions

This test was parformed using am Applied Test Systens Bending Baam
Fheomater, serial numbar yy-zzZzz, device ID ATS BER 01, using
softuare version 4.03W.
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Elapsad Time In Bath: 60 minptas
The most recent machine calibrations ware:

Type Date Resuls
Deflection [INDT)  Z2E-Aug-2018 1,8395E+00 um/ (ADC Count)
Load (Load Call) 2E-Aug-2018 €,155E-01 mE/ (ADC Count)
Conpl iance 2E-Aug-2018 7.09EE+00 1m/H
Confidance Chack 2E-Aug-2018 2.135E+02 GPa
Temparature [RTD)  1l-Dec-2012

ROTES:
Dafault spaciman fila
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Tast Tdantification

Operator: Junald
Atart Time: ZE-Aug-Z018 at 01:45:10
Test Type: EER Specimen Test

Froject ID:
Spacimgn Hambar @
Spacimgn Dimensions:

WETR1SBE

102,00 mm x 12.70 mm x 6.35 mm

File Hame: WSTR1SES.S
Tast Results
t P d Measured — Estimated
Tims Load Defl Stiffress Stiffness Differance m-valuoe
igach (mH] (mm] (MFa ) {MFal 1%]
0.0 17.E 0. 4338 -- - - -
0.5 5950 0.0812 -- - - -
E.0 59%2.2 0.5343 284.1317 254.122% -0_005791 0.117866
15,0 588.3 0.7211 2354665 240.6236 0140734 0.134320
30,0 587.% 1.0153 223.3423 223.93BE -0.00443% 0174752
0.0 581.8 14753 208.3350 Z0E.681% -0.62T116 0.244534
.
120.0 582.0 21651 174.1208 174.1037 -0.046146 0. Z74416
240.0  578.E 3.2511 133, 6532 1336610 0031560 0.31424%
250.0 14.E 15565 -- - - --

Corralation Coafficiant A2 = O.99923E

C = -0,04955%

Regressicn Coefficiants:

A =5_.54585%34, B

= -0,3E8374,

Minfipen and Maximum Load from 0.5 to Z40 5 was SE9.6 and 3850
Ararage Load fromJ.5 to Z40 5 was 579.9 =M.
Maxipen Losd Deawlation framd.5 to 5 5 was 7.9 mM.
Maximen Load Deviation from5_ 0 to 240 5 was 10.Z mH.

Minimem and Maxizum Temperature from 0.5 ©o 2408 was -21.1 and

mH.

=21.1C.

Test Conditions

This test was parformed using an Applied Test Systems Bending Baam

Eheonater, serial nmbar yy-zzzrz, device ID ATS EER 01, using
softuare varsion &.03W.
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Elapsad Time In Bath: 60 minptas

The most recent machine calibrations ware:

Type Date

Deflaction [LVDT) ZB-hug-2018
Load (Load Call) IB-hug-2018
Compl danos 2E-Aug-2018
Confidence Chack ZB-Aug-2018
Temperature [RETD)  11-Dec-2012

ROTES:
Dafault spaciman fila

Resuls
1.835E+00 um/ (ADC Count)
6.1S5E-D1 nM/(ADC Count)
7.03EE+00 1m/W
2.135E+02 GRa
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Test Identification

oparator:
Btart Tima:
Test Typa:

Spacingn Dimansions:

Junaid
ZE-Aug-2018 at 01:45:10
BER Specimen Tast

WCO

102.00 mm X

12.70 mm X 5.35 mm

Fllae Hama: WOD.S5
Tast Easults
t F d Baasurad Estimated
Tima Load Dafl Stiffrass Stiffnass m-valise
[E1 -4 (mH] (] MFa} MFa}
o.0 17.E 0. 4336 - - = =
0.5 100%.0 0,081Z% - - = =
E.D 936, 2 0.5343 407.1317 407.12%% -D.005731 0,Z17966
150 83z.3 0.7211 ZEL_46E50 365 .68236 D.140734 0, Z343Z0
30,0 838.% 1.0153 243.9423 3432.33EE -D.00443% 0, ZE4TSZ
600 885.6 1.4753 321_3350 3Z1.681% ~-D.6ZT116 O.Z945%24
-
120.0 98Z.0 2. 1651 Z74.12089 274.1037 -0.046146 0.334416
280.0 973.EB 3,2511 076532 Z07,.68610 0.021560 0,354245
2h0.0 14.E 1.556% - - - -
Correlation Coafficient RZ = 0_355923E
Bagrassion Coafficlants: A =5.548534, B = -0,3E2374, C = -0,.04955
Minimum and Maxizum Load from 0.5 to 240 & was 2E9.6 and 985.0 nH.
Arerage Load frem 0.5 to Z40 5 was 579.9 mN.
Maxinm Load Deaviation frem 0.5 to L 5 was 7.9 pH.
Maximen Load Dawviation fraemS.0 to Z40 5 was 10,2 mM.
Minimmm and Maxizom Tenperatuore from 0.5 ©to 2408 was -21.1 and -21.1C0.

Test Conditions

This test was parformed using an Applied Test Systens Bending Baam

Fhaonatar,

sarial number yy-zIzzrz,

davice ID ATS

softuare warsion &.03W.

BER 01, using
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Elapsad Time In Bath: &0 mimutes

The most recent machine calibrations ware:

Typa Dats Rasult

Deflection [LVDT) ZE=hng=-2018 1.835E+00 umf (ADC Coumt)
Load (Load Call) ZE-Aug-2018 &.15LE-01 nb/ (ADC Count)
Compl lance ZE-Aug-2018 7.05EE+00 S

Confidence Check  2E-Ang-2018 2.135E4+0Z GRa
Temperature [ETD)  11-Dec-2012

ROTES:
Default spaciman fila
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