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Executive Summary

In this study, an attempt was made to determine the effect of prolonged heating on
the bond strength between aggregate and asphalt that contained anti-strip additives (LOF
6500 and Morelife 2200). Previous studies have shown that the anti-strip additive content
decreased when asphalt cement and mixtures were subjected to prolonged heating.
Therefore, the question arose that, would the asphalt-aggregate bond strength decrease

increasing the moisture susceptibility of mixtures when subjected to prolonged heating?

A series of tests, namely Tensile Strength Ratio test (TSR), Contact Angle
Goniometer test, Pneumatic Adhesion test (PATTI device) and Atomic Force Microscopy
(AFM) test were performed, and the results obtained from each of these tests were
compared to come to a reliable conclusion regarding effectiveness of the various tests for

assessing the effect of prolonged heating on the adhesive bond strength.

Results obtained from the Tensile Strength Ratio test clearly show that as the
prolonged heating duration increased the TSR values failed the limiting value of 85% as
followed by NCDOT specification, in as little as six hours and continued to further

decrease with heating duration.

Tests conducted on asphalt cement containing LOF 6500 antistrip additive using
the contact angle goniometer, PATTI device and atomic force microscopy (AFM) show
that the results obtained in this study were inconclusive for the above mentioned three

devices.
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1. Introduction

NCDOT requires liquid organic antistrip additives in all asphalt mixtures to
mitigate moisture damage. Findings of a recent NCDOT research study (Tayebali et al.,
2005) indicate that liquid antistrip additives LOF 6500 and Morelife 2200, commonly
used by NCDOT, volatilize and their presence in binder or mixture cannot be detected
after as little as 12-24 hours of prolonged heating of the binder and 6-12 hours of
prolonged heating of the asphalt mixture at nominal compaction and storage

temperatures.

It can be argued that only lighter amine fractions from the antistrip additive are
volatilized and that the heavier fraction (residue) remaining after volatilization may still
represent an effective antistrip additive capable of mitigating moisture damage in
mixtures. Results of the NCDOT research project HWY-2004-05 (Tayebali et al. 2005)
indicate that mass losses after 24 hours of heating pure LOF6500 and Morelife2200
additive were 35 and 50%, respectively, as shown in Figure 1.1. The mass loss did not
change appreciably between 24 and 48 hours. However, it was noted that the residue not
only emitted a strong odor but was also smoky and changed color to brown-black as
shown in Figure 1.2, which suggests decomposition (breakdown) in chemical
composition. This raises a serious question regarding the effectiveness of the antistrip
additive, that is, whether the loss of antistrip additive through volatilization and the
eventual breakdown of the residue results in degradation of the asphalt-aggregate bond,

which in turn could lead to moisture-sensitive mixtures.

A definitive answer regarding the integrity of asphalt-aggregate bond strength will
ensure that NCDOT mixtures are not prone to become moisture-susceptible due to loss of
organic antistrip additive through volatilization or breakdown in chemical composition. If
the asphalt-aggregate bond is compromised due to extended heating, NCDOT will be
provided with a clear basis for pursuing alternative solutions to the currently used organic

antistrip additives.
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2. Research Objectives

The objectives of this research are to determine the effect of prolonged heating on
(1) asphalt-aggregate bond strength and (2) the moisture sensitivity of asphalt mixtures.
In particular, this study will first evaluate the performance of mixtures using the tensile
strength ratio (TSR) test, and second, study the effect of additive content and prolonged
heating on the surface interaction between asphalt binder and aggregate. Figure 2.1 shows

the work plan with individual tasks. The specific objectives of this study are:

e Provide a literature review to determine the current state of knowledge regarding the
nature and strength of the adhesive bond between asphalt binder and aggregate as
well as the loss of adhesion due to moisture in the asphalt pavement.

e Consult with NCDOT personnel in to identify required materials.

e Using LOF 6500 and Morelife 2200 antistrip additives prepare mixes and subject
them to TSR testing using NCDOT procedure (modified AASHTO T283).

e Determine the asphalt-aggregate bond strength through measurement of contact angle
between asphalt samples containing LOF 6500 and glass/quartz plate (i.e., a model
aggregate surface). Determine the effect of prolonged heating and moisture on contact
angle.

e Repeat objective 4 with a simple pull-test device.

e Explore the use of atomic force microscopy (AFM) to measure asphalt-aggregate
bond strength.

e Correlate the results between tasks 2 to 5.

e Prepare interim and final reports. The final report will provide recommendations to
NCDOT regarding the use of organic anti-strip additives and the effect of prolonged

heating on moisture sensitivity of NCDOT mixes.
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3. Literature review for asphalt-aggregate Adhesion

3.1 Background: The presence of the moisture normally causes the problem of
debonding of asphalt film from the aggregate surface, which results in the premature
failure of the pavement [1, 2]. Mittal [3] has classified adhesion into three categories,
namely basic or fundamental adhesion, thermodynamic or reversible adhesion and
practical adhesion. According to Mittal, adhesion deals with the basic bond between the
particles (like the ionic, covalent, etc) as it is impossible to measure the adhesive forces
using this theory, this theory is considered impractical. The reversible adhesion is also
considered as impractical as it deals with the equation that involves surface energies and
the equation holds good only if there is at least one liquid in the substances considered.
The practical adhesion is defined as the force required per unit area to separate the
asphalt layer from aggregate [3]. As per the experiments that were performed by
researchers, the failure of the asphalt aggregate bond during the adhesive strength
determination, might be an adhesive failure or a cohesive failure. According to Mittal [3],
adherence is defined as the failure of the bond between the surfaces irrespective; that
includes both the adhesion and cohesion failures. Cohesion failure is defined as the loss
of bond within the particles of the bitumen and adhesion is defined as the loss of bond
between the aggregate and the bitumen. As per the experiments done by the researchers,
it can be inferred that, the cohesive failure occurs in the presence of dry aggregates (that
is in the absence of water) and adhesive failure between asphalt and aggregate occurs in
the presence of water [4]. In order to develop a moisture resistant pavement it is
important to determine the effect of moisture over the adhesive strength between asphalt
and aggregate. The cohesive and adhesive force of asphalt and asphalt-aggregate system
is a function of moisture content. So quantification of the adhesive strength is important
to determine the effect of the moisture over the bond strength between asphalt and
aggregate [5]. Extensive research has been done over decades to quantify the adhesive
strength between asphalt and aggregate. Formerly, qualitative measurements were used to
determine the effect of moisture over the asphalt-aggregate bond strength. Due to
continuous efforts of the researchers semi-quantitative and quantitative methods have

been developed to determine the effect of moisture over the bond strength.



3.2 Adhesion: The measurement of the adhesion is of primary importance in many
fields [3]. There are over 300 techniques for the determination of the adhesive strength
between the coat and the substrate. This shows the extent of research that is being carried
out in various fields in the act of determining the adhesive strength. The techniques are
either qualitative or quantitative in nature. Most of these techniques are destructive in
nature. As mentioned above, the kind of adhesion that is of primary importance for
asphalt-aggregate is the practical adhesion. This adhesive measurement depends over
various factors like the stress in the coating, thickness and them mechanical properties of
the coatings, mechanical properties of the aggregate (substrate), work consumed by the
plastic deformation or viscous dissipation, mode of failure, mode and rate of applying
force or energy to detach the film, i.e. the technique used to determine the adhesive
strength and the parameters of the technique [3]. The historical development for
determination of the adhesive strength between asphalt-aggregate is summarized in the

Table 3.1.

Table 3.1 Summary of the historical development in the field of determination of the
adhesive strength between the asphalt and aggregate [6].

Type of test

Author Year
used

Remarks

The engineers used to
chew the asphalt to
determine the adhesion of
Engineers 1800's chew test[13] the asphalt. If it adhered to
their teeth, the asphalt
passed the test and is good
at adhesion.

The adhesive force
between the asphalt and
Nicholson 1932 the aggregate reduces due
to the presence of water.
This fact has been known
to the researchers as early

Riedel and Weiber 1934 - as 1920's. Ground work

Mc Leod 1937 Boiling  water | g e determination of

Hubbard 1938 test the moisture sensitivity

Powers 1938 was done by these
scientists.

Boiling Water
Winterkorn et al. 1937 test




Table 3.1 (continued).

Author

Year

Type of test
used

Remarks

Saville and Axon

1937

boiling and
soaking test

Winterkorn

1937, 1938
and 1939

Krchma and Nevit

1942

Krchma and Loomis

1943

wash test, swell
test, wet-dry
test

Hveem

1943

These researchers have
performed the tests and
compared the stripping
performance of various
aggregates.

ASTM standard

1950

Immersion-
Compression
test

First moisture damage test
on compacted specimens
as per ASTM standard.

Thelen

1958

The researcher tried to
determine the relationship
between the surface
energy of asphalt and
aggregate to that of their
bonding properties.

Andersland and Goetz

1956

sonic test

This researcher tried to
evaluate the stripping
resistance in compacted
bituminous mixtures.

Johnson

1969

Schmidt and Graf

1972

Jimenez

1974

These four researchers
tried to develop tests that
could be used for the
determination of the
asphalt moisture mixture
sensitivity.

Lottman

1978

Lottman procedure was a
breakthrough in the
determination of the
moisture damage. This
method was later
standardized as the
AASHTO test procedure
T283.

Kennedy,Roberts,Anagnosand Lee

(UTA)

1982

Freeze thaw
pedestal test

1984

Texas boiling
test

This boiling test is almost
similar to that of the test
used by Saville and Axon
(1937).

Western Research Institute Center

It determined that the
displacement of the
asphalt polar from
aggregate by water varies
by the asphalt source.

Ensley et al.

1984

asphalt-
aggregate
system

This researcher worked
towards developing the
techniques for measuring
the bonding energy of
asphalt aggregate system.




Table 3.1 (continued).

developed environmental

Al-Awailmi and Terrel (SHRP) 1992 N
conditioning system
The Hamburg wheel-
1993 tracking device was

introduced in
Aschenberner and Currier.

3.3 Asphalt-Aggregate adhesion mechanisms: A number of theories have
been developed by many scientists and researchers to explain the asphalt-aggregate bond

formation. These mechanisms have been summarized in Table 3.2:

Table 3.2 Mechanisms explaining the asphalt-aggregate adhesion [7, 9 and 18]

Theory General Principle Supporting Research Source

Mechanical Asphalt is forced into the pores and the | Knight 1938 (7), Lee and

Theo irregularities of the aggregate surface, providing | Nicolas 1954 (8) and Rice 1958
Y the mechanical interlock. (6)

Chemical Chemical Reaction occurs between the absorbed | . .

Reaction asphalt and the constituents of the aggregate ?91)0 ¢ 1958 (6) and Maupin 1982

Theory phase.

M.olecu}ar Asphalt molecules orient themselves so as to McBain and Lee 1932 (10) and

orientation satisfy the energy demands of the aggregate Mack 1957 (11)

Theory surface to the maximum of their capacity ¢

Interfacial Adhesion is a thermodynamic phenomer}on Thelen 1958 (12), Ishai and

Energy related to the surface energy of the materials Craus 1977 (13)

Theory involved (asphalt, water, air and aggregate) us

Weak bond Adhespn boqd fails due to the presence of the J.Schultz and M Nardin (1994)

layer theory | interfacial region of low cohesive strength

3.4 Stripping: The phenomenon of detachment of the asphalt layer from the aggregate
is termed as “Stripping”. This stripping of the asphalt layer from the aggregate surface is
mainly due to the presence of moisture. The various sources of the moisture can be
classified as from the external source (due to the poor drainage), internal source (from the
ground water or the moisture present internally within the pavement due to poorly dried
aggregates). Researchers have conducted various tests on the adhesion-tension at the
asphalt-aggregate interface and applied the principles of surface chemistry and physics to
understand the stripping phenomena. Several laboratory tests have been developed to
quantify the susceptibility of the asphalt mixes to moisture damage. These theories
generally indicate that the moisture damage occurs due to the presence of water and the

pore pressure, and is influenced by the properties of the asphalt and aggregates [8]. As



per the researchers, the performance of the asphalt due to the addition of the anti-strip
additive is better in adhesion failure and is neutral in the cohesion failure. Review shows
that the theories (summarized in Table 3.2) could not singly explain the phenomena of
the field moisture damage due to the variability in the highway materials, environment,
construction practices and the evaluation methods; and the complex interaction among
them [8].The adhesion of asphalt to the aggregate is also governed by the presence of the
clay over the aggregate. Clay is present in the form of aggregate or a thin layer around the
aggregate. As the clay expands in the presence of the moisture, it forms a barrier between
the asphalt and the aggregate; hence a poor adhesive strength is obtained [1]. Figure 3.1
shows the stripping of the asphalt from the aggregate due to lack of bond between them.

Table 3.3 summarizes the theories explaining the stripping phenomena.

Figure 3.1 Stripping of asphalt due to lack of bond between the asphalt and aggregate [1]



Table 3.3 Summary of Theories explaining the stripping phenomena [7, 18]

Theory General Principle Supporting Research Source

Contact Angle L

Theory or Qlipil;ﬁ;z td;;pllzcggvtz:::?: Taylor and Khosla 1983(14), Stuart

Mechanical & 1990(15), and Hicks et al. 1991(16)
. less than that of asphalt

Adhesion Theory

Theory of Asphalt molecules are

interfacial energy
or molecular

displaced from the aggregate
surface because the surface

Taylor and Khosla 1983(14), Stuart
1990(15), and Hicks et al. 1991(16)

orientation energy of water is less than
theory that of asphalt
Change in the pH value of
the water around the
aggregates affect the
microscopic water at the
Chemical mineral surface leading to Taylor and Khosla 1983(14), Stuart
Reaction Theory | the buildup of the opposing, | 1990(15), and Hicks et al. 1991(16)

negatively-charged electrical
double layers on the
aggregate and the asphalt
surfaces.

Pore Pressure or

Pore pressure of water
entrapped due to the mix
densification under traffic

Taylor and Khosla 1983(14), Stuart

Hydraulic results in the increased pore .
Scouring Theory | pressure on the asphalt 1990(15), and Hicks et al. 1991(16)
films, leading to the rupture
of the asphalt films.
Theory of Adhesion between the .
Spontancous asphalt and aggregates is Taylor and Khos.la 1983(14), Stuart
. . lost due to the formation of | 1990(15), and Hicks et al. 1991(16)
Emulsification

the inverted emulsion
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4. Evaluation of the Effect of Prolonged Heating on the Asphalt-Aggregate
Adhesion Using Tensile Strength Ratio Test

4.1 Introduction: The adhesive bond strength between asphalt binder containing
antistrip additive and aggregate was evaluated in this study using Tensile Strength Ratio
(TSR) test method. On account of the substantial decrease of antistrip additive contents
for both asphalt binders and mixes when subjected to prolonged heating, whether the loss
of additive content due to storage and transport at elevated temperatures affects mix

performance in terms of moisture sensitivity or not was evaluated in this study.

In this study, specimens were divided into two equal batches containing 0.8%
LOF 6500 antistrip additive and Morelife 2200 antistrip additive in the asphalt
respectively. Eight mixes of each batch were heated for 0, 2, 6, 12, and 24 hours. Samples
without antistrip additive were also produced to determine the effectiveness of the

antistrip additive in preventing moisture damage.

4.2 Job-Mix-Formula Evaluation and Revision: The asphalt binders and
mixes used in this study were obtained from NCDOT. A PG 76-22 asphalt binder was
used for all mixes, which is different from previous mixes used for litmus and
colorimetric tests that used PG 64-22 [7]. A copy of the original JMF provided by
NCDOT is attached as Appendix A.

The JMF had batching percentages for the three aggregate constituents, baghouse
fines, asphalt and antistrip additive. The aggregate fractions were 34 percent 78-M stone,
18 percent #67 stone, and 48 percent washed screenings. For these three aggregate
constituents, the material passing the #200 sieve was removed. The proportions of
aggregate constituents and baghouse fines were adjusted a little to increase the #200 sieve
percent passing from 4.8% to 6.5%, which would increase the moisture susceptibility of
mixtures. The gradation data are shown in Table 4.1 and gradation curves are plotted in

Figure 4.1.

4.3 Evaluation of volumetric properties: The volumetric properties of the

laboratory mix were evaluated once the graduation was determined. The asphalt used in
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this JMF was a PG 76-22 produced by Conoco in Knoxville, TN. The design asphalt
content was determined to be 5.6 percent by weight of the mix. The LOF 6500 antistrip
additive was added to the asphalt cement at 0.8 percent by weight of the asphalt. The
asphalt concrete was mixed in the laboratory at 163°C and the maximum specific gravity
was determined. Using AASHTO T 209 (Maximum Specific Gravity of Bituminous
Paving Mixtures), the maximum specific gravity, Gmm, was found to be 2.530 compared

to the Gmm of 2.520 for the JMF.

Where:
A =mass of dry sample in air in grams

C = mass of water displaced by sample at 25°C in grams

The quantity of each Superpave gyratory compactor (SGC) samples was
calculated by use of experimental Gmm value. The target air voids of samples were 7%

and compacted at 143°C for testing.

4.4 Tensile Strength Ratio Testing Sample preparation: The moisture
susceptibility testing performed in this study followed the NCDOT modified AASHTO T
283 standard. This standard calls for a set of 8 specimens with a 150 mm diameter and a
height of 95 mm. These specimens were compacted to a 7+1 percent air-void level;
otherwise the sample would be discarded. The specimens were then divided into subsets
with half being dry and the other half being moisture conditioned. The samples were
conditioned in a 60°C water bath until saturated between 50 and 80 percent. Once
saturated, a Marshall indirect tensile test was performed on each specimen. The average
tensile strength for each subset was then used to calculate the TSR value as shown below:

TSR = 5

1

Where:
TSR=tensile strength ratio
S,=average dry sample tensile strength

S,=average conditioned sample tensile strength
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After the TSR is calculated, it is compared to a minimum value to determine the
level of moisture damage. The NCDOT acceptable minimum retained strength is 85
percent. Any mix that falls below this value is unsatisfactory and action must be taken to
inhibit moisture damage. Two notable differences between the AASHTO T-283 standard
and the test performed by NCDOT is the number of specimens and the freeze-thaw cycle.
NCDOT uses eight specimens per subset while T-283 requires six. The freeze-thaw
cycle, which is optional in T-283, is not used by NCDOT.

Each specimen was mixed at 163°C and subsequently aged for four hours at 65°C
following the NCDOT specifications. The mixes were then heated for two hours at
143°C, after which they were compacted using a Superpave Gyratory Compactor. The
compaction of each specimen was controlled to a height of 95 mm. After the samples
fully cool down to room temperature, the bulk specific gravity of specimen was measured
by AASHTO T 166 Saturated Surface Dry (SSD) method (Bulk Specific Gravity of

Compacted Bituminous Mixtures Using Saturated Surface-Dry Specimens).

Where:

A = dry weight

B = SSD weight

C = submerged weight

Then air voids of samples were calculated.

Percent Air Voids =100 (G- Gup)/Gum

Specimen Nomenclature: In order to keep track of the large number of samples
produced and tested throughout this study, the following specimen designation system
was developed. The names of the subsets had 4 characters describing the type of antistrip
additive, percentage of antistrip additive content, prolonged heating time and quantity of
specimens. A list of the terms and meanings follows:

First Character — Testing type

L — LOF 6500 additive

M — Morelife 2200 additive

N — None additive
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Second set of characters — Percentage of antistrip additive content
00 — none antistrip additive added to asphalt binder

08 — 0.8% antistrip additive added to asphalt binder

Third set of characters — Prolonged heating time

12 — 12 hours prolonged heating

Fourth character — Specimen number.

4.5 Test results and analysis: A total of 88 specimens were prepared and
delivered to NCDOT for conditioning and testing. Out off the 88 specimens, 8 specimens
were prepared with pure asphalt (without adding antistrip additive). Following the
NCDOT specifications the samples were mixed at 163°C and subsequently aged for four
hours at 65°C. These mixes were then heated for two hours at 143°C, after which they
were compacted using a Superpave Gyratory Compactor. The air voids data of these eight
samples are shown in Table 4.2. The remaining 80 specimens were divided into two
equal batches containing 0.8% LOF 6500 and Morelife 2200 antistrip additives in the
asphalt binders respectively. Eight specimens of each batch were heated for 0, 2, 6, 12,
and 24 hours at 143°C respectively. The air voids data for samples containing LOF 6500
and Morelife 2200 are shown in Table 4.3 and Table 4.4.

The TSR test results for these 88 specimens are tabulated in Tables 4.5 through
Table 4.15. Table 4.5 shows the TSR test results for specimens prepared with asphalt
without any antistrip additive, using NCDOT modified T283 method. The TSR value is
obtained to be 71.1%. Table 4.6 to Table 4.10 show TSR test results for asphalt mixes
containing 0.8% of LOF 6500 (8 samples each), heated for the duration of 0, 2, 6, 12, 24
hours respectively. The TSR values are 84.1%, 90.9%, 83.1%, 77.2%, 76.3%
respectively. Table 4.11 to Table 4.15 show TSR test results for asphalt mixes containing
0.8% of Morelife 2200 (8 samples each), heated for the duration of 0, 2, 6, 12, and 24
hours respectively. The TSR values are 88.0%, 85.4%, 79.8%, 79.3%, 67.4%
respectively. The TSR values of asphalt mixes increased from 71.1% to 90.9 and 85.4%
for LOF 6500 and Morelife 2200 antistrip additives, respectively, and are higher than
NCDOT required value of 85%. As can be noted from the results the TSR values reduced
with prolonged heating. Based on the previous work performed by Chun and Tayebali

[7], no antistrip additive content was detectable in asphalt mix after 6 to 12 hours of
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extended heating. In the TSR test, the TSR values decreased below 85% after 12 hours of
prolonged heating, and the TSR values of mixes with LOF 6500 and Morelife 2200
antistrip additives are 77.2% and 79.3%, respectively. These values are slightly higher
than TSR value of specimens with no additive, which is 71.1% but clearly they fail the
NCDOT standard value. After 24-hour prolonged heating, the TSR values of mixes with
LOF 6500 and Morelife 2200 antistrip additives are 76.3% and 67.4%, which are similar

to or lower than TSR value obtained without additive.

The declining trend of the curve plotted between TSR test results vs. prolonged
heating are shown in Figure 4.2 to Figure 4.4. The raw data for TSR test are shown in

Appendix A.

4.6 Discussion of Test Results: From the TSR test results, the improvement of
moisture sensitivity using amine based antistrip additive was lost to a great extent after
prolonged heating. It is seen that after only 6-hour heating, TSR values drop to about
80% for both LOF 6500 and Morelife 2200 antistrip additives, which are below the
NCDOT standard value. Considering storage and transport as well as the duration
between production and its ultimate paving in the field, this situation is very serious and

needs due attention by NCDOT.

Based on the previous work done by Tayebali et. al. [7], Morelife 2200 antistrip
additive is more volatile as compared to LOF 6500 antistrip additive. After 24 hours, the
mass loss for antistrip additives LOF 6500 and Morelife 2200 is roughly 25 and 45
percent, respectively. TSR test results show that the residual higher molecular weight
fraction of anti-strip additive that remain in the mix after prolonged heating is not
effective in lowering the moisture susceptibility of the mixtures. The chemical change
that occurs during the heating process of amine based anti-strip additive is a very
important factor that affects the improvement of asphalt-aggregate adhesion. It should be
noted that two types of amine based anti-strip additives; one level of anti-strip additive
content and one gradation of asphalt mix were used in this study. For further
confirmation, more mixes, different organic anti-strip additives and dosages are

recommended for testing.
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Table 4.1 Gradations for Original JMF and Revised Lab Test

Percent Passing
Sieves (mm) JME Revision Control Points
Batching
37.5 100.0 100.0
25 99.8 99.9
19 98.2 98.5 100.0
12.5 90.1 91.7 90.0-100.0
9.5 82.3 85.0 <90.0
4.75 59.3 63.3
2.36 44.9 49.1 28.0-58.0
1.18 31.9 35.5
0.6 224 254
0.3 13.7 16.0
0.15 7.6 9.7
0.075 4.8 6.5 4.0-8.0

Table 4.2 Air Voids Data for samples containing no Anti-strip additive

Sample Weight .Weight A.ir Water
ID* in air () inwater | SSD (g) BSG Voids Absorbed

(8 (%) (%)
N00-2-1 3932.4 2277.6 3952.7 2.348 7.2 1.2
N00-2-2 3941.0 2276.5 39554 2.347 7.2 0.9
NO00-2-3 3941.2 2277.6 3956.4 2.348 7.2 0.9
N00-2-4 39423 2282.0 3958.3 2.352 7.0 1.0
N00-2-5 3942.0 2284.0 3959.6 2.353 7.0 1.1
N00-2-6 3929.6 2280.6 3950.8 2.353 7.0 1.3
NO00-2-7 3943.4 2275.2 3953.8 2.349 7.1 0.6
NO00-2-8 3941.2 2279.2 3957.2 2.349 7.2 1.0
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Table 4.3 Air Voids Data of LOF 6500 Additive Samples

Sample ID Weig(r;]t)in air va:tlgrhzg;;] SSD (g) BSG Air Voids (%) Abs\c/)\:s;iir %)
L08-0-1 3911.5 2257.9 3928.2 2.342 7.4 1.0
L08-0-2 3929.5 2267.8 3949.0 2.337 7.6 1.2
L08-0-3 3924.7 2274.6 3946.8 2.347 7.2 1.3
L08-0-4 3938.9 2281.7 3955.7 2.353 7.0 1.0
L08-0-5 3940.5 2277.1 3956.5 2.346 7.3 1.0
L08-0-6 3942.9 2276.4 3962.1 2.339 7.5 11
L08-0-7 3939.5 2286.1 3958.5 2.356 6.9 11
L08-0-8 3934.4 2284.2 3961.2 2.346 7.3 1.6
L08-2-1 3928.3 2263.1 3945.7 2.335 7.7 1.0
L08-2-2 3942.9 2290.2 3954.3 2.369 6.3 0.7
L08-2-3 3942.7 2293.0 3955.7 2.371 6.3 0.8
L08-2-4 3913.2 2260.2 3927.4 2.347 7.2 0.9
L08-2-5 3905.1 2238.3 3913.3 2.331 7.8 0.5
L08-2-6 3933.0 2272.4 3949.4 2.345 7.3 1.0
L08-2-7 3930.5 2269.9 3940.2 2.353 7.0 0.6
L08-2-8 3919.0 22729 39445 2.344 7.3 15
L08-6-1 3933.7 2267.9 3945.9 2.344 7.3 0.7
L08-6-2 3928.9 2266.2 3942.1 2.344 7.3 0.8
L08-6-3 3943.6 2275.7 3955.6 2.348 7.2 0.7
L08-6-4 3939.1 2273.9 3954.1 2.344 7.3 0.9
L08-6-5 3941.7 2277.1 3954.8 2.349 7.1 0.8
L08-6-6 3936.8 2269.3 3946.8 2.347 7.2 0.6
L08-6-7 3934.9 2274.2 39525 2.345 7.3 1.0
L08-6-8 3933.1 2267.5 3946.1 2.343 7.4 0.8
L08-12-1 3908.4 2255.9 3919.8 2.349 7.2 0.7
L08-12-2 3913.0 2265.8 3930.2 2.351 7.1 1.0
L08-12-3 3929.0 2277.2 3936.5 2.368 6.4 0.5
L08-12-4 3949.8 2297.1 3962.1 2.372 6.2 0.7
L08-12-5 3927.7 2275.9 3936.3 2.366 6.5 0.5
L08-12-6 3935.9 2267.0 3946.0 2.344 7.3 0.6
L08-12-7 3934.5 2268.2 3941.7 2.351 7.1 0.4
LO08-12-8 3941.6 2291.3 3965.7 2.354 7.0 1.4
L08-24-1 3934.7 2263.5 3946.3 2.338 7.6 0.7
L08-24-2 3934.5 2264.8 3947.6 2.338 7.6 0.8
L08-24-3 3935.1 2267.3 3949.2 2.340 7.5 0.8
L08-24-4 3944.9 2264.9 3952.5 2.338 7.6 0.5
L08-24-5 3940.3 2267.3 3953.4 2.337 7.6 0.8
L08-24-6 3946.3 2273.6 3957.3 2.344 7.4 0.7
L08-24-7 3939.6 2268.9 3952.1 2.341 7.5 0.7
L08-24-8 3938.3 2267.5 3950.8 2.340 7.5 0.7
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Table 4.4 Air Voids Data of Morelife 2200 Additive Samples

Sample ID Weig(hgt)in air \\:vv:tlgrhg; SSD (g) BSG Air Voids (%) Abs\c/)\:ssjr %)
MO08-0-1 3945.2 2271.7 3956.0 2.351 7.1 0.6
MO08-0-2 3936.9 2269.4 3947.1 2.347 7.2 0.6
MO08-0-3 3941.2 2267.5 3949.6 2.343 7.4 0.5
MO08-0-4 3937.5 2266.7 3947.6 2.342 7.4 0.6
MO08-0-5 3911.1 22445 39214 2.332 7.8 0.6
MO08-0-6 3941.7 2275.1 3952.4 2.350 7.1 0.6
MO08-0-7 3911.0 2249.4 3924.4 2.335 7.7 0.8
MO08-0-8 3943.5 2273.8 3952.9 2.349 7.2 0.6
MO08-2-1 3936.1 2273.4 3945.4 2.354 7.0 0.6
MO08-2-2 3920.5 2259.1 3934.8 2.340 7.5 0.9
MO08-2-3 3921.4 2260.9 3935.6 2.342 7.4 0.8
MO08-2-4 3940.5 2281.3 3955.2 2.354 7.0 0.9
MO08-2-5 3917.7 2252.2 3928.0 2.338 7.6 0.6
MO08-2-6 3935.8 2282.4 3951.6 2.358 6.8 0.9
MO08-2-7 3928.0 2274.3 3944.8 2.351 7.1 1.0
MO08-2-8 3943.1 2278.3 3954.7 2.352 7.0 0.7
MO08-6-1 3940.3 2270.6 3950.7 2.345 7.3 0.6
MO08-6-2 3942.4 2266.5 3953.0 2.338 7.6 0.6
MO08-6-3 3939.6 2267.4 3950.7 2.340 7.5 0.7
MO08-6-4 3936.9 2266.6 3950.3 2.338 7.6 0.8
MO08-6-5 3938.3 2266.5 3951.3 2.338 7.6 0.8
MO08-6-6 3916.8 2249.4 3930.7 2.330 7.9 0.8
MO08-6-7 3928.8 2258.5 3941.0 2.335 7.7 0.7
MO08-6-8 3936.4 2268.9 3950.1 2.341 7.5 0.8
MO08-12-1 3937.1 2274.1 3946.1 2.355 6.9 0.5
M08-12-2 39325 2262.3 3939.3 2.345 7.3 0.4
M08-12-3 3939.5 2273.8 3948.7 2.352 7.0 0.5
MO08-12-4 3937.3 2271.2 3945.5 2.352 7.1 0.5
M08-12-5 3939.8 2272.8 3946.3 2.354 6.9 0.4
MO08-12-6 3928.9 2269.7 3942.4 2.349 7.2 0.8
MO08-12-7 3934.6 2277.8 3947.2 2.357 6.8 0.8
MO08-12-8 3934.7 2269.0 3940.1 2.355 6.9 0.3
M08-24-1 3937.4 2258.7 3946.4 2.333 7.8 0.5
MO08-24-2 3945.2 2262.5 3956.2 2.329 7.9 0.6
M08-24-3 3917.9 2247.6 3926.3 2.334 7.8 0.5
M08-24-4 3936.5 2264.6 3947.2 2.340 7.5 0.6
MO08-24-5 3948.2 2268.7 3963.5 2.330 7.9 0.9
MO08-24-6 3940.6 2256.3 3948.6 2.329 8.0 0.5
MO08-24-7 3924.6 2252.3 3935.7 2.331 7.9 0.7
MO08-24-8 3934.9 2257.9 3942.8 2.335 7.7 0.5
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Table 4.5 TSR Test Results: No Additive in Asphalt with 2-Hour Heating

Unconditioned Specimens

Conditioned Specimens

Sample ID Air Voids | Tensile |Mean Tensile |Sample| Air Voids Tensile |Mean Tensile
P (%) Strength | Strength (Ib) ID (%) Strength | Strength (1b)
N00-2-4 7.0 1397.0 IN00-2-1 7.2 1052.2
NO00-2-5 7.0 IN00-2-2 7.2 1069.9
1522.4 1509.3 1072.6
NO00-2-6 7.0 1516.7 INOO-2-3 7.2 1075.4
N00-2-7 7.1 1501.8 IN0O-2-8 7.2 1131.8
Tensile Strength Ratio (%) 71.1

Table 4.6 TSR Test Results: 0.8% LOF Additive in Asphalt without Prolonged Heating

Unconditioned Specimens

Conditioned Specimens

Sample | Air Voids | Tensile |Mean Tensile| Sample | Air Voids | Tensile | Mean Tensile

ID (%) Strength | Strength (Ib) ID (%) Strength | Strength (1b)
L08-0-4 7.0 1023.5 L08-0-1 7.4 791.4
LO08-0-5 7.3 L08-0-2 7.6 819.6

1008.0 991.8 833.8
L08-0-6 7.5 937.8 L08-0-3 7.2 936.3
L08-0-8 7.3 975.7 L08-0-7 6.9 847.9
Tensile Strength Ratio (%) 84.1

Table 4.7 TSR Test Results: 0.8% LOF Additive in Asphalt with 2-Hour Heating

Unconditioned Specimens

Conditioned Specimens

Sample | Air Voids | Tensile |Mean Tensile| Sample | Air Voids | Tensile | Mean Tensile

ID (%) Strength | Strength (Ib) ID (%) Strength | Strength (Ib)
L08-2-4 7.2 1370.4 L08-2-1 7.7 1078.7
L08-2-5 7.8 L08-2-2 6.3 1210.1

1208.2 1289.3 1171.4
L08-2-7 7.0 1386.6 L08-2-3 6.3 1191.0
L08-2-8 7.3 1204 .4 L08-2-6 7.3 1151.8
Tensile Strength Ratio (%) 90.9
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Table 4.8 TSR Test Results: 0.8% LOF Additive in Asphalt with 6-Hour Heating

Unconditioned Specimens

Conditioned Specimens

Sample | Air Voids | Tensile |Mean Tensile| Sample | Air Voids | Tensile | Mean Tensile

ID (%) Strength | Strength (Ib) ID (%) Strength | Strength (1b)
L08-6-4 7.2 1541.3 L08-6-1 7.3 1285.2
L08-6-5 7.1 L08-6-2 7.3 1252.9

1547.3 1544.3 1283.8
L08-6-7| 7.2 1551.3 L08-6-3 73 1323.2
L08-6-8 7.4 1450.1 L08-6-6 7.3 1282.5
Tensile Strength Ratio (%) 83.1

Table 4.9 TSR Test Results: 0.8% LOF Additive in Asphalt with 12-Hour Heating

Unconditioned Specimens

Conditioned Specimens

Sample ID Air Voids| Tensile |Mean Tensile| Sample | Air Voids | Tensile | Mean Tensile

pie (%) Strength | Strength (Ib)| 1D (%) Strength | Strength (Ib)
L08-12-2 7.1 1975.3 LO08-12-1 7.2 1457.7
L08-12-5 6.5 1981.5 L08-12-3 6.4 1478.5

- 1925.8 1487.7
LO08-12-7 7.1 1876.4 L08-12-4 6.2 1705.7
L08-12-8 7.0 1818.9 L08-12-6 7.3 1496.9
Tensile Strength Ratio (%) 77.2

Table 4.10 TSR Test Results: 0.8% LOF Additive in Asphalt with 24-Hour Heating

Unconditioned Specimens

Conditioned Specimens

Sample ID Air Voids| Tensile [Mean Tensile| Sample | Air Voids | Tensile | Mean Tensile

P (%) Strength | Strength (Ib)| ID (%) Strength | Strength (Ib)
L08-24-5 7.6 1189.2 L08-24-1 7.6 955.7
L08-24-6 7.4 L08-24-2 7.6 899.5

10784 | 1517 925.7
L08-24-7 7.5 1298.5 L08-24-3 7.5 839.3
L08-24-8 7.5 1236.2 L08-24-4 7.6 915.9
Tensile Strength Ratio (%) 76.3
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Table 4.11 TSR Test Results: 0.8% Morelife Additive in Asphalt without Prolonged
Heating

Unconditioned Specimens

Conditioned Specimens

Sample | Air Voids | Tensile Mean Tensile Sample ID Air Voids| Tensile |Mean Tensile
ID (%) Strength Strength (Ib) P (%) Strength | Strength (Ib)
MO08-0-2| 7.2 884.2 MO08-0-1 7.1 816.9
MO08-0-3| 7.4 880.5 MO08-0-2 7.4 755.7
- 882.4 776.6
MO08-0-7 7.7 844.4 MO08-0-5 7.8 739.1
MO08-0-8| 7.2 884.2 MO08-0-6 7.1 797.4
Tensile Strength Ratio (%) 88.0

Table 4.12 TSR Test Results: 0.8% Morelife Additive in Asphalt with 2-Hour Heating

Unconditioned Specimens Conditioned Specimens

Sample | Air Voids| Tensile |Mean Tensile Sample ID Air Voids| Tensile | Mean Tensile
ID (%) Strength | Strength (Ib) P (%) Strength | Strength (Ib)
MO08-2-5 7.6 1196.2 MO08-2-1 7.0 1083.1
MO08-2-6 6.8 MO08-2-2 7.5 1026.7
1283.8 1255.7 1072.6

MO08-2-7 7.1 1265.2 MO08-2-3 7.4 1062.1
MO08-2-8 7.0 1246.2 MO08-2-4 7.0 1154.3

Tensile Strength Ratio (%) 85.4

Table 4.13 TSR Test Results: 0.8% Morelife Additive in Asphalt with 6-Hour Heating

Unconditioned Specimens Conditioned Specimens
Sample ID Air Voids| Tensile |Mean Tensile Samole ID Air Voids| Tensile | Mean Tensile
P (%) Strength | Strength (Ib) p (%) | Strength | Strength (Ib)
MO08-6-5 7.6 14441 MO08-6-1 7.3 1232.7
MO08-6-6 7.9 MO08-6-2 7.6 1119.9
1429.4 1461.1 11663
MO08-6-7 7.7 1521.1 MO08-6-3 7.5 1136.4
MO08-6-8 7.5 1478.1 MO08-6-4 7.6 1196.2
Tensile Strength Ratio (%) 79.8
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Table 4.14 TSR Test Results: 0.8% Morelife Additive in Asphalt with 12-Hour Heating

Unconditioned Specimens

Conditioned Specimens

Sample ID Air Voids| Tensile |Mean Tensile Sample ID Air Voids| Tensile | Mean Tensile

p (%) Strength | Strength (Ib) p (%) Strength | Strength (Ib)
M08-12-4 | 7.1 1829 1 M08-12-1| 6.9 1366.1
MO08-12-6 7.2 MO08-12-2 7.3 1397.0

1778.4 1813.2 1438.4
MO08-12-7 6.8 1826.5 MO08-12-3 7.0 1479.7
MO08-12-8 6.9 1799.9 MO08-12-5 6.9 1531.6
Tensile Strength Ratio (%) 79.3

Table 4.15 TSR Test Results: 0.8% Morelife Additive in Asphalt with 24-Hour Heating

Unconditioned Specimens

Conditioned Specimens

Sample ID Air Voids| Tensile [Mean Tensile Samole ID Air Voids| Tensile [Mean Tensile

P (%) Strength | Strength (Ib)| >*™P (%) Strength | Strength (Ib)
MO08-24-5 7.9 1346.7 MO08-24-1 7.8 412.0
MO08-24-6 8.0 9384 MO08-24-2 7.9 745.4

884.6 596.2
MO08-24-7 7.9 830.8 MO08-24-3 7.8 447.0
MO08-24-8 7.7 714.4 MO08-24-4 7.5 1021.4
Tensile Strength Ratio (%) 67.4
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5. Contact Angle Goniometer Test

5.1 Theoretical background for Contact Angle Test: “Contact Angle” can
be defined as the angle formed by a liquid over a solid at the intersection of the three
phases (solid, liquid and gas). Contact angle test was developed to quantify the adhesive
bond between a liquid and a substrate based on the surface free energy between them (in
our case the liquid and the substrate are asphalt and aggregate respectively). The
application of the contact angle test is not only confined in the determination of adhesive
properties but also in the determination of colloid, lubrication and is also extensively used
in the paint industry [9].The two techniques that are most popularly used to determine the
contact angle are the Wilhelmy Plate technique and the Contact Angle Goniometer [10].
Contact Angle Goniometer was used in this study to determine the contact angle between
asphalt and quartz/glass slide. The two methods in Goniometry are the Sessile Drop
Method and the Pendant Drop Method. The best suited method to determine the contact
angle between asphalt-aggregate is the Sessile Drop Method, because it allows us to
measure the contact angle coincidently with the determination of the surface tension and
moreover it also allows measurement of contact angle at high temperatures [10]. The
principle of the Sessile Drop Method is the measurement of a contact angle between a
known liquid over a solid surface [10, 11]. The size of the droplet should be considerably
small, to avoid the effect of the gravity over the droplet. Hence, only the surface tension

will act over the droplet [12, 13].

When the size of the droplet is small, the contact angle is controlled by the surface
tension between the media [13] (solid-liquid, liquid-gas and gas-solid). The droplet
comes to an equilibrium state exhibiting a constant contact angle when equilibrium is
achieved between the surface tension (or surface energy) between the various media (as
shown in Figure 5.1). Equation 5.1 shows the balanced equation among the surface free

energy between the media [13, 14].
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Figure 5.1 Shows the direction of the surface energies working between various media
Yoy cos 0= "Ysy -YsL Equation 5.1
Where,

Yrv = surface tension between the liquid and vapor,
Ysv = surface tension between the solid and vapor,

Vsi. = surface tension between the solid and liquid,
0 = contact angle measured between the solid and liquid.

The other concept that is commonly used by the researchers to define the adhesive
property is Work of Adhesion. Work of Adhesion can be defined as the work done on the
system; when two condensed phases forming an interface, are separated to form unit

areas of each with the interface.

As the Work of Adhesion is high, it implies that the bond strength between the
solid and the liquid is high, hence showing that there is a good bond between them. Based
on the Young-Dupree equation (Equation 5.2), the contact angle that is obtain from the
direct measurement using a Contact Angle Goniometer is inversely proportional to the
work of adhesion. Hence, as the contact angle reduces, the work of adhesion increases
which in turn shows that the adhesive bond between the solid and liquid is high.

W, =0 (1+Cosb) Equation 5.2
Where,
W, = Work of Adhesion
o = surface energy (Depending on the size of the droplet)

0 = Contact angle between the liquid and the solid surface.

5.2 Goniometer overview: The Contact Angle Goniometer consists of a light

source, camera, microscope, environmental chamber; etc. The environmental chamber
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was maintained at high temperatures to simulate the field conditions. The Goniometer is
connected to the computer and the image of the contact angle between the asphalt and the
substrate captured by the camera is processed by computer. The DROP image software
automatically calculates the contact angle of the captured image. Figure 5.2 & 5.3 shows

the Contact Angle Goniometer.

Figure 5.2 The sketch of contact angle goniometer
1. Light Source 2. Microscope Camera 3. Platform 4. Solid Plate 5. Liquid Droplet
6. Environmental Chamber 7. Metal Needle 8. Micro syringe (1cc) 9. Elevated Temperature
Syringe Chamber 10. Piston 11. Base of Instrument

Figure 5.3 Contact angle goniometer
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5.3 Objectives and Task: The main objective of this work was to determine the
effect of prolonged heating and the anti-strip additive over the adhesive strength between
asphalt and quartz/glass slide. This was attempted by observing the change in the contact
angle between the asphalt and quartz/glass slide with different quantities of anti-strip

additive (added to asphalt) and at different durations of prolonged heating.

5.4 Materials: The materials that were supplied by the North Carolina Department of
Transportation were PG 76-22 asphalt and LOF 6500 (Anti-Strip Additive). Quartz slides
and glass slides were obtained from Chemglass (Glass Supply Company).The chemical
composition of the microscopic glass slides that were obtained from the Chemglass is
borosilicate. The dimension of the quartz slide and glass slide that were used in the
experiments is 1-inch by I-inch with thicknesses of 1/8 of an inch and 1/16 of an inch

respectively.

5.5 Preliminary tests performed with Goniometer: Various tests have been
conducted to determine the contact angle of water, anti-strip additive (LOF 6500 and
Morelife 2200) and asphalt with respect to the glass slide and quartz slide. A brief
summary of the procedure followed in order to determine the contact angle is described
as follows. It should be noted that the contact angle of water was determined at 25° C and
for asphalt and anti-strip additive the temperature of the environmental chamber was

maintained at 135°C.

1. The designated temperature (as mentioned above) in the environmental chamber and
the micro-syringe chamber are controlled during the test process.

2. The micro-syringe was used to place a drop of water/anti strip additive over the slide
(quartz/glass). The quantity of the droplet was controlled by the micro-syringe. The
quantity of the asphalt droplet was 0.01 ml and the water and anti-strip additive
droplet was 0.02 ml.

3. The slide was placed inside the environmental chamber. It was left for 15 minutes to
reach temperature equilibrium.

4. The platform was checked for the horizontality. To obtain this condition, the tilt of

the platform was set to zero.

28



5. The contact angle of the liquid with respect to the slide was measured automatically

with the help of the DROPimage software.

The captured pictures of water droplet on quartz and glass slides measured at
25°C are shown in Figure 5.4 and 5.5. The contact angle values are 36.2° and 61.1°
respectively. The contact angle value for water-glass is in good agreement with the values
observed in the published research [13, 15]. The captured pictures of asphalt droplet on
quartz and glass slides at 135°C are shown in Figure 5.6 and 5.7. The contact angle value
is 8.2° for asphalt droplet on glass slide, but it is too small to be measured for asphalt

droplet on quartz slide.
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Figure 5.4 Captured Picture of Water Droplet on the Microscope, Quartz Slide at 25°C
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Figure 5.5 Captured Picture of Water Droplet on the Microscope, Glass Slide at 25°C
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Figure 5.6 Captured Picture of Asphalt Droplet on the Microscope, Quartz Slide at 135°C
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Figure 5.7 Captured Picture of Asphalt Droplet on the Microscope, Glass Slide at 135°C

5.6 Standardization of the size of Asphalt droplet: The primary problem
that was encountered was the volume of the droplet of asphalt that was placed over the
glass slide or quartz slide. The variation of the quantity of asphalt for each test led to
large variations in the contact angle measurements. Hence, to control the volume of the
droplet a Teflon mold similar to that used for DSR test was used (Figure 5.8) that could

control the volume of the droplet.

Figure 5.8 Mold designed to obtain reproducible quantities of asphalt droplet
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5.7 Test Procedure: A procedure was developed to determine the contact angle of

the asphalt with an aggregate slide as detailed in the following section.

Preparation of samples: A summary of the various steps taken in the preparation

of the sample and the performance of the test is described as follows.

Apparatus required: Goniometer setup, steel scale, torch, cleaning cloth, citra-solv

spray, methanol, and de-ionized water.

A) Preparation of the sample:

1) Preparation of the glass/quartz slide:

a.

b.

€.

The quartz/glass slide was taken and first cleaned with soap.

The quartz/glass slide was cleaned with de-ionized water (distilled water)
followed by methanol.

The cleaned glass/quartz slides were carefully placed on a clean aluminum
foil (one per each piece of foil) and were neatly wrapped.

The neatly wrapped aluminum foils with the glass/quartz slides were put in an
oven that was pre-set at a temperature of 105° C.

The glass/quartz slides were removed from the oven after one hour.

Note: The glass/quartz slides were un-wrapped from the aluminum foil only at the time of

testing.

2) Preparation of the asphalt with 0.5% anti-strip additive:

®

The pure asphalt was placed in an oven at a temperature of 150° C.

The anti-strip additive was measured for a quantity of 0.5 gm and is added to a
clean container.

The pure asphalt that was placed in the oven is allowed to be in the oven until
it was workable (30-45 minutes).

The liquid asphalt was taken out of the oven and a 100 Gms was added to the
container containing the anti-strip additive and was stirred vigorously.

Hence the asphalt with 0.5% anti-strip additive is prepared for the testing
purpose.

3) Preparation of the Mold:

a.

The mold is made of silicon rubber in which asphalt doesn’t stick to it.
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b. The mold is thoroughly wiped with a tissue paper to avoid any dust in the

cavity.
The mold has to be stored in a clean place to avoid the intrusion of dust in the

sample.

4) Preparation of the specimen:

The glass slide that was prepared was unwrapped from the aluminum foil.

b. The asphalt sample that was prepared was placed in the oven at temperature of

150° C for a period of 30-45 minutes before the sample was extracted.

The asphalt was thoroughly mixed for good dispersion of the LOF-6500 (anti-
strip additive).

The asphalt was extracted from the container with the help of a syringe and
needle and it is placed into the mold. Slightly additional asphalt is added to
the mold as shown in Figure 5.8.

A steel scale was heated with the help of a torch for a period of 10-15
seconds.

The stainless steel scale was used to wipe the excessive asphalt over the mold.

. Hence the asphalt present inside the cavity of the mold solidifies and forms in

the form of a pellet.
The asphalt pellet was extracted with a sharp needle and it is placed over the
glass /quartz slide.

B) Preparation of the instrument:

The instrument has to be calibrated prior to the usage.

b. The tilt of the instrument has to be checked at every measurement. (The level

of the base tilt should not exceed 0.2 (constant).

The environmental chamber is set to the initial required temperature.

5.8 Procedure for Goniometer test: The following procedure has been followed
to perform the Goniometer test.

1.

The prepared sample was placed in the environmental chamber that was pre-set for
the initial temperature.
The sample was left at the initial temperature for 15 minutes for the stabilization of

the temperature.
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3. Then the contact angle of the asphalt with the glass/quartz slide was measured.

every 15 minutes with the help DROPimage software.

Following tests were performed in succession to the preliminary tests to obtain a

better understanding over some parameters that affect the contact angle.

The temperature was increased at the rate of 5° C and measurements were taken for

5.9 Tests Results and discussion: The following tests have been done to

determine the effect of prolonged heating over adhesive strength between asphalt and

glass/quartz slide.

Test 1: To determine the importance of cleaning the quartz/glass slide with methanol:

The results are summarized as below in Figure 5.9 and Table 5.1

contact angle

70

60 \ —e— contact

50 angle(uncleaned)

40 —— contact

30 angle(water
cleaned)

20 —a&— contact

10 angle(methanol
cleaned-1)

0 — —e— contact

60 65 70 75 80 85 90 95 100

temperature (C)

cleaned-2)

angle(methanol

Figure 5.9 Results showing the importance of cleaning of Quartz slide with methanol

Table 5.1 Results showing the importance of cleaning of Quartz slide with methanol

contact
Temperature contact angle contact angle(water |contact angle(methanol| angle(methanol
©) (uncleaned) cleaned) cleaned-1) cleaned-2)
70 53.2 58.7 52.6 50.5
75 46.5 44.5 42.2 44.7
80 40.1 37.1 34.8 35.7
85 353 32.5 31.8 322
90 32.5 32.1 26.6 29.5
95 28.8 28.9 25.9 22.3
100 30 27.7 22.5 22.5
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Observations: As per the analysis of the results obtained, the contact angles obtained
over the samples where the slides were cleaned by methanol were much closer to each
other than the contact angles obtained from the samples for which the slides were
uncleaned and cleaned by water. This showed the importance of cleaning of slides with

methanol (glass/quartz/aggregate).

Test 2: This test was conducted to determine the validity of the result that was obtained
from the TSR test. As per the results that were obtained from the TSR with respect to the
prolonged heating, the adhesive strength (as measured by the tensile strength ratio)
reduces when the asphalt is subjected to prolonged heating. This phenomenon has been
tested by the application of Contact Angle Goniometer over asphalt (with 0.5% LOF) and

a quartz slide. The results are summarized as below in Figure 5.10 and Table 5.2.
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o 20
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60 65 70 75 80 85 90 95 100 105
Temperature (C)

Figure 5.10 Results obtained that validate TSR test results

Table 5.2 Results obtained in the test that was performed to validate TSR test (asphalt
with 0.5% LOF 6500)

contact angle-O|contact angle-|contact angle-| contact |contact angle-| contact
Temperature (C), hr 2 hr 4 hr angle-6 hr 12 hr angle-24 hr

70 48.4 50.7 48 47.6 59.5 56.4
75 41 424 39 42.9 47.2 45

80 37 36.6 33.7 37.1 40.9 37.1
85 32.3 34 31.7 35 35.2 30.7
90 31.6 29.4 31.1 29.1 333 21.8
95 26.1 27 27.9 28.1 28.3 24

100 23.1 26.6 30 24.9 28.5 23.2
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Observations: Based on the principle of Work of Adhesion, as the contact angle between
the liquid and the substrate is less, the adhesive bond strength between them is more. As
per the analysis of the above results, as the heating time increased at the temperature of
70° C, the contact angle also increased. This result obtained at 70° C is in agreement with
the TSR result that is as the prolonged heating duration increased the adhesive bond
strength between asphalt-aggregate reduced. This agreement of results with the TSR
could not be observed at other temperatures. However, it may be noted that there are

some anomalies in preliminary results.

Test 3: Importance of Anti-Strip Additive in Asphalt: The determination of contact angle
at various temperatures ranging from 95-150° C was conducted between asphalt (with
and without anti-strip additive) and glass slide. The following results have been obtained.

The results obtained in this test are summarized below in Figure 5.11 and Table 5.3.

35
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temperature (C)

Figure 5.11 Results showing the importance of Anti-Strip Additive in asphalt
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Table 5.3 Results showing the importance of Anti-Strip Additive in asphalt

contact angle test| contact angle
examplel test example 2 | contact angle | contact angle | contact angle

Temperature (C) 0.5%LOF 0.5%LOF | 0%LOF-test 1 | 0%LOF test 2| 0%LOF test 3

95 29.8 25.8

100 26.1 24.6 27.5 24.6 26.2

105 24.8 24.6

110 24.3 21.7

115 22.6 20.5

120 22.6 19.5 28.5 234 26.6

125 23.2 21

130 23.8 17.9 29.5 25.1 26.9

135 24.6 18 28.6 27.2

140 24.8 21

150 24.4 21 23.8

Observations: As per the analysis of the above obtained results, it can be observed that
the presence of anti-strip additive increases the adhesive strength (as the observed contact
angles are in general, less than the contact angle obtained between asphalt and glass

without additive).

Test 4: Effect of Volume of the droplet: This test was performed to determine the
importance of the control of the volume of asphalt droplet. The test was performed with

asphalt and quartz slide. The results obtained in this test have been summarized as below

in Figure 5.12 and Table 5.4.
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Figure 5.12 Results to show the importance of volume control of droplet.
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Table 5.4 Results to show the importance of volume control of droplet.

contact angle contact angle
Temperature (C) example 1 example 2
95 23.8 23.3
100 21.2 21.9
105 19.8 19.5
110 10.9 18
115 10.9 15
120 8.1 16
125 9 17
130 11 11
135 12 10

Observations: As per the analysis of the above results, the contact angles obtained at 95°
C, 100° C, 105° C, 130° C and 135" C for the examplesl and 2 are close to each other.
Such observation could not be obtained at the temperatures ranging from 110° C to 125°
C. Based on the contact angle that was obtained at the initial temperature, it can be
concluded that the control of volume helps to obtain reproducible results. As per the
primary purpose of this test, the asphalt should be subjected to prolonged heating for
specified durations. The asphalt is heating to the desired duration prior to the preparation
of the sample. The results obtained at the higher temperatures could be discarded, as the
duration of prolonged heating condition is not satisfied as the sample is subjected to

different temperatures for longer time.

Analysis over the performed preliminary tests:

Tests 1 to 4 have been performed over a range of temperatures. The asphalt samples were
subjected to prolonged heating prior to the preparation of the sample. It was noticed that
the samples that were already subjected to the required prolonged heating duration at the
required temperature, should not be further heated in the Contact Angle Goniometer
during the determination of the contact angle. Hence, test 5 and 6 were performed to
determine the test time (the duration required for the stabilization of the sample that is
placed in the environmental chamber). Test 7 was an attempt to replicate the results that
were obtained in test 6. The importance of the volume of the asphalt droplet was
determined from the results obtained from the preliminary tests. Hence, the mold that
could produce replicates was designed. To reconfirm the performance of the mold and the

effect of the volume of the droplet over the change in the contact angle, test 8 and test 9
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were performed with asphalt (with and without additive) against quartz slide.
Furthermore, the captured pictures of asphalt with quartz/glass slides at various
temperatures that are obtained from the above tests were observed and 100° C was
selected as the test temperature, as the curvature obtained at that temperature was smooth
and also the temperature was sufficient for the activation of the asphalt. Figure 5.13 &
5.14 shows the captured pictures of asphalt droplet after testing at 135 C and 100° C

respectively. Further tests performed are summarized in the Figure 5.15 as shown below.

Figure 5.13 The sample after testing for contact angle at 135° C temperatures

Figure 5.14 The sample after testing for contact angle at 100° C temperatures
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Figure 5.15 Summary of the further tests conducted

Test 5: This test was conducted to determine the contact angle between asphalt (with
0.5%LOF), and glass slide at different durations of heating (from 0 to 12 hours) for a test
time of 5 minutes, 10 minutes and 15 minutes. The test was conducted to observe the
change in contact angle at various test times to determine desirable test time. The data are

summarized as below in Table 5.5 and Figure 5.16.

Table 5.5 Results of measured contact angles at 5, 10 and 15 minute test times at 100° C

contact angle@ | contact angle@

Duration of contact angle@ | 0.5%LOF @10 | 0.5%LOF @15
heating(hrs)  |0.5%LOF @5 min min) min
0 30.8 25 23.8
2 31.2 26.4 25.8
4 32.8 28.2 26.3
6 35 28.2 27.1
12 47.2 36.8 34.4
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Figure 5.16 Results showing Contact angle determination at various test times

Discussion: The data show that the 5 minute test time duration gives consistently higher
values than the 10 and 15 minute test time durations. No significant difference can be
observed between the 10 and 15 minute test time duration. Moreover the trend in the data

is very similar for all testing time duration.

The angles were observed to increase with the prolonged heating duration, and
this result is in conformance with the TSR result where declining TSR values were
observed. Note that larger contact angle corresponds to lower adhesive strength. In this
particular test it was observed that the TSR values reduce as the value of the contact
angle increases. Although, this trend was observed during this test, it could not be
repeated in the following tests that were done. To the contrary, it was observed that no
correlation could be ascertained between the contact angle and the results of the TSR test.
In order to minimize the excessive heating of the asphalt sample, 5 minute test duration

was chosen for further testing.

Test 6: This test was conducted to determine the contact angle between asphalt (with
0.5%LOF, 0.75%LOF, and 1.0% LOF) and quartz slide at different durations of heating
(0, 2, 4, 6 and 12 hours) for a test time of 5 minutes and 10 minutes in the environmental
chamber which was setup at 100° C. The 15 minute test time duration was dropped from

the test as it was found that there was no significant difference in the contact angle
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between the 10 and 15 minutes test time durations (as per the results obtained from test
5).

This test was done to observe the change in contact angle at various test times and
also to determine the combined effect of anti-strip additive and prolonged heating over
the adhesive strength between asphalt (with anti-strip additive) and quartz slide. The data

are summarized in Table 5.6 and Figure 5.17.

Table 5.6 Contact angles at 5 and 10 minute test times with various quantities of LOF

contact contact contact contact contact contact
Duration of |angle 5 min|angle10 min|angle 5 min|angle10 min|angle 5 min jangle10 min
heating(hrs)| (0.5%L) (0.5%L) | (0.75%L) | (0.75%L) | (1.0%L) (1.0%L)
0 33.1 324 304 27.8 293 25.7
2 38.6 35 31.7 27.2 29 26.9
4 32.5 29.3 354 323 27 25.7
6 27.9 27 31 259 29.8 25.6
12 27.2 23.3 27.2 29.3
45
40 —e&— contact angle 0.5%L 5
35 | min
2 30 —&— contact angle 0.5%L
2 10 min
© 25
- —a— contact angle 0.75%L
(&] .
g 20 5 min
§ 15 —e— contact angle 0.75%L
10 10 min
—¥— contact angle 1.0%L 5
min
‘ ‘ ‘ ‘ ‘ —e— contact angle 1.0%L
0 2 4 6 8 10 12 10 min
duration of heating (hrs)

Figure 5.17 A plot between contact angle and duration of heating for various samples

Discussion: The data show that there seems to be a variation in the trend observed
between the results obtained at 5 minute, 10 minute, similar to the trend observed in test

5.
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When a sample is considered (say 1.0%LOF for test duration 5 min), the contact
angles did not seem to change for different durations of heating. A non uniform pattern in
the measured contact angles at different durations of heating for 0.5%LOF and
0.75%LOF specimens can be observed from the results obtained. This shows that the
effect of prolonged heating over asphalt cannot be measured using a Contact Angle

Goniometer.

When the contact angles are observed at a particular duration of heating for
different amounts of LOF, a variation can be observed in the trends. E.g., the contact
angles for the durations 0 and 2 hours are in a descending order with respect to increasing
LOF content; whereas when we observe the 4 and 6 hour heating duration, the contact
angle at 0.75%LOF is higher than at 0.5%LOF and 1%LOF specimens. Hence based on
the results obtained it can be concluded that Goniometer could not differentiate the LOF
amount with any certainty nor could it differentiate effect of prolonged heating. This will

be further shown through the test results obtained in test 7.

Test 7: This test was conducted to ascertain the results (replicate test) obtained in test 6 at

test time of 5 minutes where the temperature of the environmental chamber was set at

100° C.

Three samples of asphalt containing 0.5%, 0.75%, and 1.0% of anti-strip additive
(LOF) respectively were prepared and subjected to prolonged heating for duration of 0, 2,
4, 6 and 12 hours prior to the preparation of the specimens.

The results are summarized as shown below in Table 5.7 and shown in Figure 5.18:

Table 5.7 Contact angle at 5 minute test time at various quantities of LOF 6500

contact contact angle

Duration of contact angle angle0.75%LOF@100CH 1.0%LOF@100C-
heating(hrs) |0.5%LOF@100C-5min Smin Smin

0 18.8 16.1 18.4

2 25 21.4 21

4 22 23.4 21.9

6 18 26.2 22

12 17.6 13.8 17.3
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Figure 5.18 A plot between contact angle and duration of heating for various samples

Discussion: The objective of this test was to replicate the results of test 6. However, it
can be seen that test results are different from those obtained in test 6. Therefore, there
was no replicability in the test results. This could be due to many factors associated with
the testing protocol or due to the complex interaction of various parameters like the
mixing of the anti-strip additive with asphalt, quantity of the anti-strip additive, the size
of the droplet, the procedure followed to clean the glass/quartz slide, duration of the test
time and the prolonged heating time. It would therefore appear that our testing protocol
was not completely standardized as the results obtained are highly variable. Therefore,
test number 8 was devised to further refine the analysis protocol including looking at the

size of the droplet.

Test 8: This test was conducted to determine the effect of prolonged heating over
adhesive strength of virgin asphalt. Replicate tests were performed over asphalt with
quartz slide in this test. The treatment procedure that was followed in the preparation of
the sample (asphalt with a particular percentage of anti-strip additive) is exactly
implemented to the pure asphalt in order to obtain a standard procedure. The results
obtained were also observed for the volume of the droplet, and found that there were
variations in the volume of the droplet when compared to the volume of the mold.
Observing the variations in the volume of the droplets, we have attempted to correlate the

volume of droplet and the contact angle.
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The calculations of the volume of the asphalt from the results obtained from the
goniometer are based on the mathematical calculations for the determination of the
volume of the segment of a sphere, where the height of the segment is h and the radius of
the sphere segment is 1.

The volume of the segment is given by V = (1/6)*h*(3* r,;>+ h?) Equation 5.3
The actual volume of the mold is 0.00796 cc.

The results that were obtained are as summarized below in Table 5.8.

Table 5.8 Results showing the contact angles and volume adjustments of droplet

Contact
Duration of| angle (pure Total

Sample | heating | asphalt)@5 | Height (h) | Width(2*r1) Volume | Volume %

Number (hrs) min cm (cm) Width (r1) (cc) Difference
1 0 30.5 0.0615 0.5003 0.25015 | 0.00616 | 22.61637
2 0 31.7 0.0678 0.5478 0.27390 | 0.008144 | -2.30681
3 0 31.8 0.0669 0.5343 0.26715 | 0.007648 | 3.920424
4 0 334 0.0652 0.5288 0.26440 | 0.007296 | 8.336711
1 2 314 0.0656 0.5484 0.27420 | 0.007886 | 0.926754
2 2 33.4 0.0634 0.4718 0.23590 | 0.005669 | 28.78236
3 2 30.3 0.0641 0.5234 0.26170 | 0.007026 | 11.73781
1 4 32.5 0.0598 0.4529 0.22645 | 0.004923 | 38.1506
2 4 324 0.0676 0.5391 0.26955 | 0.007868 | 1.156966
3 4 329 0.0619 0.4709 0.23545 | 0.005508 | 30.80255
4 4 38.4 0.0796 0.5351 0.26755 | 0.009204 | -15.6275
1 6 31.5 0.0645 0.5095 0.25475 | 0.006708 | 15.72857
2 6 33.8 0.0679 0.5074 0.25370 | 0.007021 | 11.80005
3 6 32.5 0.0656 0.5378 0.26890 | 0.00759 | 4.648694
4 6 32.9 0.0706 0.5441 0.27205 | 0.008382 | -5.30611
1 12 314 0.063 0.506 0.25300 | 0.006458 | 18.87095
2 12 31 0.066 0.5236 0.26180 | 0.007248 | 8.946321
3 12 31.2 0.0683 0.5363 0.26815 | 0.007872 | 1.104194
4 12 32.5 0.0694 0.5324 0.26620 | 0.007891 | 0.867746

Discussion: When the replicate sets of test results for prolonged heating are compared,
significant differences in the angle were not observed. That is, differences in volume (as
used in this study) did not significantly affect the contact angle. As per the data, when we
consider a particular duration of heating say , 0 hour (from Table 5.8) though the volume

of the droplet varied in the range of -2.3% to 22.6% from the original volume of the
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mold, the angle did not vary significantly. Similarly this trend can be observed at all the
durations of heating in Table 5.8.
Another observation that can be made is that as the asphalt hardens (due to prolonged

heating) the contact angle does not change appreciably.

Test 9: As per Test 8 result a significant change in the contact angle was not observed
with the change in the volume. An attempt was made to determine if there is any effect of
volume of the droplet in the presence of anti-strip additive over the measured contact
angle. Contact angle test was performed for asphalt with 0.75 % LOF. This test was
conducted to determine the effect of prolonged heating over adhesive strength of asphalt
with 0.75% LOF. Replicate tests were prepared over asphalt containing 0.75%LOF with
quartz slide in this test. The calculations of the volume of the asphalt from the results
obtained from the goniometer are based on the mathematical calculations as given in

Equation 5.3.The results obtained are as summarized below in Table 5.9.

Table 5.9 Results showing the contact angles and volume adjustments of droplet

Contact angle
Sample | Time of | (asphalt with |[Height(h)| Total width|Width (r1)|Volume| % Volume
number |exposure| 0.75%lof) incm | 2*rl)em | incm | in cc |Difference
1 0 32.7 0.063 0.537 0.268 |0.0072 9.17
2 0 31.2 0.064 0.559 0.279 | 0.008 0.07
3 0 38 0.057 0.453 0.226 |0.0046 41.7
4 0 34.9 0.057 0.456 0.228 10.0047| 40.92
1 2 26.2 0.059 0.554 0.277 10.0071| 10.21
2 2 28.6 0.058 0.531 0.265 |0.0065| 17.93
3 2 29 0.06 0.547 0.273 ]0.0071 10.33
1 4 29.1 0.06 0.567 0.283 10.0077 3.13
2 4 28.9 0.063 0.511 0.256 |0.0066| 16.99
3 4 30.6 0.061 0.546 0.273 ]0.0072 9.17
4 4 29.8 0.062 0.574 0.287 ]0.0081 -1.48
1 6 39.2 0.062 0.517 0.258 |0.0066| 17.18
2 6 353 0.09 0.53 0.265 |0.0102] -28.56
3 6 343 0.069 0.483 0.241 |0.0065| 18.71
4 6 35.5 0.059 0.539 0.269 10.0069| 13.74
1 12 38.6 0.077 0.558 0.279 10.0096| -20.48
2 12 333 0.061 0.58 0.29 ]0.0082| -2.51
3 12 39.3 0.063 0.54 0.27 10.0073 8.13
4 12 31.8 0.051 0.492 0.246 10.0049 38.1
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Discussion: When we observe the 4 hour duration though the variation of the volume of
the droplets varied from -1.48% to 16.99% from the original volume, a significant change
in the measured contact angle is not observed. But when we observe the results that are
obtained in the 12 hour duration, as the volume of the droplet varied from -20.48% to
38.10% from the original volume, the angle varied from 31.8 to 39.3. A pattern could not
be observed in this variation of the contact angle with the change in the volume of droplet
(either increase of contact angle with increase in volume or decrease in contact angle with
increase of volume of droplet). Similar results were obtained with the virgin asphalt that
were presented earlier. No correlation between the volumes of the droplet to that of the

corresponding measured contact angle was seen.

5.10: Summary and conclusion: The following conclusions can be drawn from
the results obtained:

1) The size of the asphalt droplet should be as small as possible to avoid the effect of
gravitational force over the droplet that might affect the contact angle.

2) The glass/quartz slides should be cleaned carefully to avoid dust over it, which could
affect the contact angle.

3) As per the results obtained from the Test 3, the contact angle values were less for the
combination of asphalt containing additive with glass slide than the virgin asphalt-glass
slide. This shows that the presence of anti-strip additive increases the adhesive strength.
4) Test 4 shows the importance of the control of volume. Accuracy in the control of
volume of the asphalt droplet could not be achieved to the desired level, as the stiffness
of the asphalt increased due to prolonged heating. The increased stiffness did not allow
the asphalt to exactly occupy the cavity in the mold.

5) At the end of the test 4, the importance of the standardization of the test time and the
test temperature was noticed. Tests 5 & 6 were performed and the test time was
determined to be 5 minutes and the test temperature was determined to be 100° C

Note: Test time: The duration required for the stabilization of the sample that is placed in
the environmental chamber before measuring the contact angle. Test temperature is the

temperature in the environmental chamber while testing.
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6) As per the results obtained from Test 5, as the prolonged heating duration increases the
contact angle between the asphalt and quartz slide increases showing that there is a
reduction in the adhesive strength.

7) As per the results obtained from Test 5, the results are correlate well with the results
that were obtained for the TSR test. Due to prolonged heating, loss of the anti-strip
additive occurs resulting in the reduction of the adhesive strength between the asphalt-
aggregate slides. This is showed in the contact angle test, as there is an increase in the
contact angle with the increase in the prolonged heating duration. On the contrary, these
results could not be replicated in the following tests, showing the degree of complexity of
the performance of the contact angle test over asphalt.

8) Based on the results obtained in Test 6, it can be concluded that Goniometer could not
differentiate the LOF amount with any certainty nor could it differentiate effect of
prolonged heating.

9) Tests 8&9 show that no correlation was observed between the volume of the droplet
and the change in the contact angle between the asphalt-quartz/glass slides.

10) A high variability in the results was obtained from the various tests performed. This
could be due to many factors associated with the testing protocol or due to the complex
interaction of various parameters like the mixing of the anti-strip additive with asphalt,
quantity of the anti-strip additive, the size of the droplet, the procedure followed to clean
the glass/quartz slide, duration of the test time and the prolonged heating time.

Hence, based on the current conditions and the control we have over the various
parameters Goniometer is not a good instrument to determine the effect of prolonged

heating and the anti-strip additive over the adhesive strength between asphalt-aggregate.

5.11 Recommendations: The following recommendations were made based on the

test results obtained:

1. Further standardization of the testing protocols like the mixing of the anti-strip
additive to asphalt, cleaning of the quartz slide, control of the volume of the droplet,
etc have to be achieved. The volume of the droplet should be small to avoid the effect
of gravitational force over the contact angle. The only governing force over the
contact angle should be the surface tension between the various media. The complex

interactions between them have to be understood to obtain better results.
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2. Hence based on the control that we have currently over the contact angle test, we
would not recommend contact angle test as a good test to determine the effect of
prolonged heating and anti-strip additive over the adhesive strength between asphalt-

aggregate.
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6. Pull-Off Test Using PATTI Device

6.1 PATTI Background: Adhesion testers are used, to determine the bond strength
between the adhesive and the surface (for e.g. asphalt and aggregate). Formerly, there
existed hand operated mechanical devices that were used to determine the adhesive bond
strength of the adhesive to the aggregate/glass plate. The disadvantage with the hand
operated mechanical device is that the force applied to pull the adhesive from the surface
is non-uniform. So the reliability over the result was not considerable [16]. Pneumatic
Adhesion Tensile Testing Instrument (PATTI) was initially developed by the National
Institute of Standards and Technology (NIST). Pneumatic Adhesion testers have the
advantage over the mechanical devices that the force applied to cause the failure in the
bond between the adhesive and the surface is uniform [8]. The fundamental dimensions
for the pull off tests is M/LTZ, where M, L, T represent mass, length and time
respectively [8]. The applied stress at the time of failure is taken as the measure of
adherence [3]. The adhesive strength that is obtained using one instrument may not be
comparable to the measurement made using another one. So it is prudent to mention the
kind of instrument that has been used for the experiment in the final report. Even in case
of using a particular instrument, the accuracy and precision are not obtained. As per the
ASTM D4541 the variability of the results are presented in three forms , namely
coefficient of variation , t-distribution of the sample and the allowable percentage
difference of the obtained strength values. As per the ASTM specifications the range of
the allowable deviations depends upon the kind of instrument used. The values could

range from 25% to 58% [17].

Pneumatic adhesion testing instruments used in the field: ASTM D 4541-02 is
designated to “Standard test method for the Pull-off Strength of coatings using Portable
Adhesion Testers.” There are five instrument types that are designated as Method A-E
that could be used to determine the adhesive strength of coatings over metal, concrete and
wood. The test methods that are available for the determination of the adhesive strength
of various coatings as determined by the ASTM Method are listed below:

Test Method A — Fixed Alignment Adhesion Tester Type -1.

Test Method B — Fixed Alignment Adhesion Tester Type -2.
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Test Method C — Self Alignment Adhesion Tester Type -3.
Test Method D — Self Alignment Adhesion Tester Type -4
Test Method E — Self Alignment Adhesion Tester Type -5

Among these five available instruments, the method that is most suitable for the
determination of adhesive strength between asphalt and aggregate is Type-D “Self-
Alignment Adhesion Tester Type 4.” The pull off test that is determined, depends upon
the material and the instrumental parameters. Figure 6.1 shows the Pneumatic Adhesion

Tensile Testing Instrument (PATTI 110) [18].

Figure 6.1 Pneumatic Adhesion Tensile Testing Instrument

Parts of the Instrument: The main parts of the Pneumatic Adhesion testing instruments
are portable adhesion tester, pull stub, pressure hose, meter and rubber mold. A brief

explanation of each part of the instrument is summarized below.

Pneumatic Adhesion tester: The portable pneumatic adhesion tester is used to apply the
perpendicular force over the adhesive. The adhesion tester is to be selected such that the
expected value of the force should be intermediate of the range of the load values that can

be applied by the tester. The range of the instrument that is suitable for the determination
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of the adhesive strength between asphalt and glass/quartz slide is 3.5 MPa to 70 MPa.
The load that is applied should be done smoothly and as continuous as possible at the rate

less than 1 MPa/s (150 psi/s) so that the failure occurs within 100 seconds.

Pull Stub [19]: It is also termed as dolly. The pull stub is normally manufactured using a
wide variety of metals including aluminum, carbon steel and stainless steel. The
preparation of this part of the instrument for the test plays a vital role in obtaining the
repeatability of the test. The preparation of the stub for the test includes three main
activities namely, degreasing, abrasion and cleaning. Degreasing refers to the removal of
any trace of oils and grease that might be due to the oils from the skin of the person
handling the dolly. Abrasion refers to the alteration of the dolly surface, where the
primary purpose is to increase the surface area for bonding. This increase of the area of
the pull-stub surface increases the adhesive strength between the adhesive and the pull-
stub. Cleaning is the removal of the loose particles that might be present on the surface.
Twisting of the pull stub needs to be avoided, since it can cause tiny bubbles that might
cause discontinuities in the testing. An aluminum dolly can be used for the purpose of

testing and reuse of the dolly is generally not recommended.

Pressure hose: The pressure hose is connected to the pressure source and is connected to
the piston. The pressurizing gas enters the pressure hose and is transferred to the
detaching assembly. A vertical force is created perpendicular to the specimen till failure.
The hose is also connected to a pressure rate controller that allows control over the
pressure that is applied over the adhesive-substrate system. The pressure control should
be opened at the rate of /4 turn. The rate of pressure that has been used in this research is

0.005.

Rubber Mold: A rubber mold (8 mm diameter and 1mm depth) that is normally used in
the DSR test is used in this test to control the thickness of the asphalt film over the quartz
slide. The procedure to control the thickness of the asphalt film is explained in the section

6.4.
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Meter: The load that would be applied over the specimen with the help of the pressure
source is displayed over the meter screen. This value can be noted down and can be
converted to the force (with units: MPa) using the standard charts or by using the formula

that has been presented in section 6.5 (Equation 6.1).

6.2 Objectives and Task: The main objective of this task was to determine the
effect of prolonged heating and the anti-strip additive over the adhesive strength between

asphalt and quartz/glass slide (water conditioned for 24 hours at room temperature, 25°

C) using PATTI 110 device.

6.3 Materials: The materials that were supplied by the North Carolina Department of
Transportation are PG 76-22 asphalt which was manufactured at Knoxville, TN and LOF
6500 (Anti-Strip Additive). Quartz slides were obtained from Chemglass (Glass Supply
Company).The dimension of a quartz slide that were used in the experiments is 1-inch by

1-inch with thicknesses of 1/8 of an inch.

6.4 Use of DSR to control the Thickness of the Asphalt film: The primary
problem that was encountered was the control of thickness of the asphalt film between
the pull stub and the quartz slide. Due to the variation in the thickness of the asphalt film,
the tensile strength required to de-bond the pull stub from the slide also varied. So to
obtain the results that are comparable, between different specimens an attempt was made
to control the thickness of the asphalt film. Dynamic Shear Rheometer (DSR) was used to
prepare the specimens and the procedure followed to prepare replicate samples with
identical thickness is summarized below. An adaptor was designed as shown in Figure
6.2, such that it fitted into the DSR in place of a standard plunger and the free end was
mounted with the pull-stub (as shown in Figure 6.3) that could be lowered onto the quartz

slide which was placed on the platform and had an asphalt pallet on it.
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Figure 6.2 The adaptor designed to Figure 6.3 The adaptor fixed to the DSR
control the thickness of the sample with pull-stub at the free end

6.5 Preparation of specimens:

Various steps taken to prepare a specimen for testing is summarized as follows:

A) Preparation of the sample:
1) Preparation of the glass/quartz slide:
a. The Quartz slide was taken and first cleaned with soap.
b. Then the glass slide was cleaned with methanol followed by de-ionized water
(distilled water).
c. Then the cleaned aggregate slides were carefully placed on a clean aluminum foil
(one per each piece of foil) and were neatly wrapped.
d. The neatly wrapped aluminum foils with the slides were put in an oven that was
pre-set at a temperature of 105° C.
e. The quartz slides were removed from the oven after one hour.
Note: The quartz slides were un-wrapped from the aluminum foil only at the time of
testing.
2) Preparation of the asphalt with 0.75% anti-strip additive LOF 6500:
a. The pure asphalt (PG 76-22) was placed in an oven at a temperature of 150° C.
b. The anti-strip additive (LOF 6500) was measured for a quantity of 7.5
gm/1000gm of asphalt and was added to a clean container.
c. The virgin asphalt that was placed in the oven and was allowed to be in the oven

until it was workable (30-45 minutes).
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d. The liquid asphalt was taken out of the oven and a 1000 gm of it was added to the
container containing the anti-strip additive and was stirred vigorously.
e. Hence the asphalt with 0.75% anti-strip additive was prepared for the testing
purpose.
f.  The 1000gm asphalt sample prepared was distributed into small containers each
of 100gm.
3) Preparation of the pull stub: The preparation of the pull stub was done similar to the

preparation of the quartz slide that is mentioned above.

B) Procedure followed to control the thickness of the asphalt film and the

determination of the adhesive strength between asphalt and quartz slide:

1. Dynamic Shear Rheometer was maintained at a temperature of 64° C.

2. The asphalt was heated in an oven at a temperature of 150° C and the sample was
collected in the DSR mold (8mm mold was used).

3. The asphalt was allowed to cool to form a pellet and was transferred onto the quartz
slide.

4. The Dynamic Shear Rheometer scale was calibrated to zero and the height pre-set to
0.1 mm (this reading determines the thickness of the asphalt film between the pull
stub and the quartz slide).

5. The temperature of the DSR platform was maintained at 64° C to make the asphalt
pellet warm, for better adhesion between the asphalt and quartz slide.

6. The adapter that was fabricated (as shown in Figure 6.2) worked as a replacement for
the spindle that is used in the DSR test, where the adapter allows holding a stub at the
free end where it is lowered to the quartz slide.

7. The stub was heated with a torch for about 15 seconds before it was lowered onto the
asphalt that is on the quartz slide.

8. The prior heating of the stub was to obtain good bonding between the asphalt and the
pull-stub. This would avoid the debonding at the stub surface.

9. After the stub is lowered onto the asphalt, the whole set-up is un-screwed and placed
onto a table platform.

10. The excess asphalt that surrounded the stub was scraped out using a heated needle.

(As shown in Figure 6.4)
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11. The prepared sample was left out in the air until it cooled down to room temperature
and then was kept in the refrigerator for storage purpose.
12. Prior to testing, the sample was kept in the water bath for about 24 hours at room
temperature and the sample was tested using PATTI device. Schematic of the device
is shown in Figure 6.6 [18].
13. Steps followed for the preliminary set-up of the PATTI device prior to testing:
a. The battery was inserted in the slot of the PATTI device.
b. The CO; cartridge was inserted into a slot in the PATTI device to create a source
to apply pressure over the specimen through a piston.
c. The pressure hose was connected to the F-4 piston.
d. The Burst Pressure reading over the scale was set to zero prior to testing.
14. The specimen that was prepared is fixed in the piston as shown in Figure 6.5.
15. The Burst Pressure was applied at the rate of 0.005 to the specimen.
16. The run button was pushed and sustained until de-bonding of specimen occurred and
the burst pressure on the scale is noted at that point
17. The Burst Pressure value that is obtained from the PATTI device is in PSIG. This
obtained value is converted into psi by using the Equation 6.1 that was provided by

the manufacturer.

Calculations involved in the determination of the POTS (Pull off Tensile Strength,
in pounds per square inch (psi)):

POTS = ((BP*AG)-C)/APS Equation 6.1
(Note: This formula has been obtained from the Elcometer Inc)

Where,

POTS = Pull off Tensile Strength, psi

BP = Burst Pressure of Piston (PSIG-Pounds per square inch gauge)

AG= Area of Gauge (4sq in for an F-4 piston)

Gauge area: Contact area of the gasket with the reaction plate

APS = Area of the Pull Stub =0.196 sq in

C= F-4 piston constant = 0.286 lbs (+ 1.5%)
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Figure 6.4 The specimen prepared with the  Figure 6.5 The specimen placed in the
piston

thickness of 0.1mm asphalt film prior to fixing the reaction plate over it
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Figure 6.6 shows schematic of the test set up for the adhesion pull-off test [ 18]

6.6 Test results and Discussion: The following tests have been performed using
the PATTI instrument to determine the effect of prolonged heating over adhesive strength
between asphalt and aggregate.

Test 1: This test was conducted to determine the effect of prolonged heating for water
conditioned specimen over the adhesive strength between virgin asphalt and quartz slide.

Three replicates were prepared for each prolonged heating duration and 0, 2, 6 and 12
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hours were considered as the prolonged heating durations for this test. Table 6.1 and

Figure 6.7 shows the results obtained from the performed test:

Table 6.1 Measured adhesive strength between virgin asphalt and quartz slide

thickness average POTS
duration of| of the for each
serial heating | anti-strip jasphalt film| type of | rate of duration of
number (hrs) additive %| (mm) piston | loading | PSIG | POTS heating
1 0 0 0.1 F-4 0.005 5 101
2 0 0 0.1 F-4 0.005 4.6 92
3 0 0 0.1 F-4 0.005 4.5 90 94
1 2 0 0.1 F-4 0.005 5 101
2 2 0 0.1 F-4 0.005 4.4 88
3 2 0 0.1 F-4 0.005 5 101 97
1 6 0 0.1 F-4 0.005 4.4 88
2 6 0 0.1 F-4 0.005 4 80
3 6 0 0.1 F-4 0.005 3.8 76 105
1 12 0 0.1 F-4 0.005 5.3 107
2 12 0 0.1 F-4 0.005 4.1 82
3 12 0 0.1 F-4 0.005 4.7 94 94

POTS: Pull of Tensile Strength, psi

POTS (psi) vs duration of heating(0%LOF)
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Figure 6.7 Graph showing variation of POTS with duration of heating (for pure asphalt
and quartz slide)

Test 2: This test was conducted to determine the effect of prolonged heating and
conditioning over the adhesive strength between asphalt with 0.75%LOF and quartz
slide. It could be determined by observing the change in the adhesive strength between
asphalt-quartz slide due to the effect of prolonged heating and the conditioning of the

specimen in water for 24 hours. Three replicates were prepared for each prolonged
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heating duration and 0, 2, 6 and 12 hours were considered as the prolonged heating
durations for this test. Table 6.2 and Figure 6.8 shows the results obtained from the

performed test:

Table 6.2 Measured adhesive strength between asphalt with 0.75%LOF and quartz slide

Thickness Average pots
Duration of of the for each
Serial | heating | Anti-strip |asphalt filmType off Rate of duration of
number| (hrs) |additive %| (mm) |piston| loading | Psig Pots heating
1 0 0.75 0.1 F-4 0.005 4.5 90
2 0 0.75 0.1 F-4 0.005 5.3 107
3 0 0.75 0.1 F-4 0.005 4.1 82 93
1 2 0.75 0.1 F-4 0.005 5.1 103
2 2 0.75 0.1 F-4 0.005 5 101
3 2 0.75 0.1 F-4 0.005 4 80 94
1 6 0.75 0.1 F-4 0.005 54 109
2 6 0.75 0.1 F-4 0.005 4.6 92
3 6 0.75 0.1 F-4 0.005 4.7 94 99
1 12 0.75 0.1 F-4 0.005 4.4 88
2 12 0.75 0.1 F-4 0.005 4.5 90
3 12 0.75 0.1 F-4 0.005 4.4 88 89

POTS: Pull of Tensile Strength, psi

POTS (psi) vs duration of heating (0.75%LOF)

100

98 - /"\
96 —&—POTS vs

)
S 04 | duration of
ﬂ ¢ heating
Q 92 1 (0.75%LOF)
90 >
88 T T T T T T

0 2 4 6 8 10 12

duration of heating (hrs)

Figure 6.8 Graph showing variation of POTS with duration of heating (for 0.75%LOF in
asphalt and quartz slide)

Results: Table 6.3 and Figure 6.9 shows a comparison of Pull-off Tensile Strength
obtained between the virgin asphalt—quartz slide and asphalt with 0.75%LOF- quartz
slide.
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Table 6.3 Comparison between the average POTS obtained for asphalt with additive
(0.75%LOF 6500) and virgin asphalt against quartz slide.

average
duration of| POTS average

heating | without [POTS with
(hrs) additive | additive

0 94 93
2 97 94
6 105 99
12 94 89

POTS (psi) vs duration of heating(hrs)

107
104 -
101 -
98 - —&— average POTS
95 without additive
92 —@— average POTS
89 \ with additive
86
83
80

POTS

0 2 4 6 8 10 12

duration of heating (hrs)

Figure 6.9 Graph showing variation of POTS with duration of heating (for pure asphalt
and 0.75%LOF in asphalt and quartz slide)

Discussion: As per the mechanism involved with the action of the anti-strip additive, as
we add anti-strip additive to the asphalt, it reduces the surface tension between the
asphalt and aggregate and hence, promotes a better bonding between the asphalt and

aggregate [20].

Normally due to prolonged heating of asphalt containing additive, the anti-strip
additive gradually escapes from the asphalt. As per literature review, when a specimen is
conditioned in water, the water enters between the asphalt and the aggregate through the
pores of the aggregate, thus, weakening the bond between them. As the conditioning time

increases the bond strength decreases.
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As per the results obtained above, the Pull off Tensile Strength (POTS) between

asphalt containing additive and pure asphalt with the quartz slide obtained at various
durations (0 hour, 2 hour,6 hour and 12 hour) of heating are observed to be in agreement
with the results that were obtained by Kanitpong and Bahia [18]. The pull off tensile
strength between asphalt containing additive-quartz slide is observed to be lower than the
tensile strength obtained for quartz slide-pure asphalt at all prolonged heating durations.
As per the results obtained from the test, we can observe in general that the pull-off
tensile strength with pure asphalt is higher than the asphalt with 0.75%LOF though the
variation is not very much.
It can be inferred from the results that the effect of the prolonged heating and the water
time conditioning is not seen in this experiment due to the complex interaction of various
parameters like the mixing of the anti-strip additive, procedure followed in cleaning of
the aggregate slide, roughness of the surface of the slide, temperature of the DSR
instrument during the preparation of the sample, temperature of the pull stub during the
application over the asphalt and the conditioning time of the specimen. As the quartz
slide is non-porous, it may not have allowed the water to enter between the asphalt and
the quartz slide. Therefore, it can be expected that the mode of failure to be cohesive
rather than adhesive.

Figure 6.10 & 6.11 shows the pull stub and the quartz slide after the test.

Figure 6.10 Quartz slide with asphalt film Figure 6.11Quartz slide and pull stub

after the test after the test (Cohesive failure)
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6.7 Summary and conclusion:

1) As per the results obtained from the pull-off test , the effect of the anti-strip additive
and prolonged heating could not be observed between asphalt and quartz slide. This
might be due to the complex interaction of various parameters like the mixing of the anti-
strip additive, procedure followed in cleaning of the aggregate slide, roughness of the
surface of the slide, temperature of the DSR instrument during the preparation of the
sample, temperature of the pull stub during the application over the asphalt and the
conditioning time of the specimen.

2) As the quartz slides possess a non-porous structure, it may not allow the water to enter
between the asphalt and aggregate system. Hence the mode of failure can be expected to
be a cohesive failure. The obtained result, regarding the mode of failure is in concurrence
with the results that were obtained by Kanitpong and Bahia [18].

3) As we prepare the aggregate slides, we polish them to get a smooth surface. This
smooth surface would be similar to the quartz slide that has been used in the test. As per
the analysis of the results that were obtained, similar results are expected due to the
occurrence of similar conditions (resemblance of the surface of the polished aggregate to
that of the quartz slide: non-porous).

4) Test over the determination of the adhesive strength between the asphalt and aggregate
slide could not be performed as the preparation of the aggregate slide was $75/piece,

which was beyond the budget of the project.
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7. Atomic Force Microscopy Test

7.1 AFM overview: Atomic Force Microscopy was invented in 1986 by Gerd
Binning Cal Quate and Christof Gerber when they recognized that the force exerted by a
small physical probe (tip) on surface could be used to map the topography of the sample
[21]. Atomic Force Microscopy was employed to measure the force curves, obtained as a
function of contact loading and sampling frequency. It was hypothesized that the work of
adhesion between asphalt binders and aggregate particles directly relates to the pavement
tendency to micro crack and heal [22, 23]. The interpretation of the work of adhesion was
based on Johnson-Kendell-Roberts (JKR) contact theory that was applied in the
measurement of force curves. The application of the contact theory was due to the
exhibition of polymer like characteristics by the asphalt [23].The force between tip and
sample can be measured by determining the deflection of the sample [21]. The force
commonly associated with AFM is the van der Waals' forces [23].The force curves were
not only useful in the determination of the adhesive property but can also be used to
determine properties like elasticity, hardness, Hamaker constant, and surface charge
density. The Western Research Institute (WRI) has reported use of Atomic Force
Microscopy to develop quantifiable images of asphalts and asphalt with additives [25]
and their adhesive properties with aggregate at interfacial region. Atomic Force
Microscopy is also extensively used in the fields of surface science, materials engineering

and biology [26].

7.2 Objectives and task: The main objective of this test was to obtain the effect of
the anti-strip additive over the adhesive strength between asphalt and aggregate (glass
bead). This is obtained by observing the difference in the adhesive strength between the
glass bead-pure asphalt and glass bead-asphalt with 0.75%LOF at various temperatures,

based on the force curves that would be obtained from the Atomic Force Microscopy test.

7.3 Materials: The materials that were supplied by the North Carolina Department of
Transportation are PG 76-22 asphalt and LOF 6500 (Anti-Strip Additive). Silicon slides
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which were obtained from the Atomic Force Microscopy laboratory at NCSU were used

as the plate over which the asphalt was coated and tested for adhesive strength.

7.4 Preliminary test to investigate the uniformity of the probes using

Scanning Electron Microscopy:

Investigation for the probe: The probe was investigated for the uniformity of the

chemical composition of the probe. Scanning Electron Microscopy was used to image the

probe at the micro level to investigate the uniformity of the chemical composition of the

probes. (Figure 7.1 shows a schematic of an image of Scanning Electron Microscopy).

Mechanism of Scanning Electron Microscopy:

I.

As the current flow through the tungsten filament, the electrons are boiled off the
surface of the filament.

The emitted electrons were accelerated by the anode that is present below the
tungsten filament.

To concentrate the electron beam at a particular point, condenser lenses were used.
Then the accelerated beam passes through the objective lens where the lens focuses
the beam on the sample.

As the electrons strike the probe, the electrons are reflected and are detected by the
Backscatter detector.

The number of the electrons that are backscattered (same as Rutherford
Backscattering) [26] is a function of the atomic number of the material of the sample.
Hence, based on the number of electrons that are backscattered the elemental

composition of the sample is determined.

Note: If there was presence of asphalt over the glass bead, a black spot would be seen due

to the detection of the carbon over the surface of the bead by the SEM.
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Figure 7.1 Scanning Electron Microscopy

Based on the investigation that has been done over two probe beads that were randomly

selected, the images are displayed below as shown in Figure 7.2.

Figure 7.2 A comparison between the beads of two different probes selected at random
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Figure 7.3 Chemical Composition of the Probes that were investigated for uniformity

1. As per the image (as shown in Figure 7.3) that is obtained from the SEM, the
presence of the Si and O; is due to the presence of silicon bead that is present as the
tip of the probe.

2. Traces of calcium, sodium and magnesium might be due to the detection of the glue
that has been used to stick the bead to the probe.

3. The probe is coated with a thin layer of aluminum to obtain better bonding between
glass bead and the cantilever.

Both the glass beads were found to be Sum and the colors of the images were found to be

identical. It shows that the composition of the probe was identical.

7.5 Preparation of specimens:

The following procedure was used in the preparation of the specimen:
1. The asphalt was heated at a temperature of 150° C for 30 minutes.

2. A ssilicon plate of thickness Imm was taken and cut into pieces of 10mm by 3mm.
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A stainless steel, disposable needle was taken and heated with a heating gun.
The hot needle was dipped into the hot asphalt and is swiped over the silicon slide.

A thin layer of asphalt was obtained over the silicon slide.

S A

The silicon slide with asphalt layer on it was carefully stored in a box prior to testing.

7.6 Procedure for AFM test: The following procedure has been followed using the
AFM instrument.

1) The prepared sample was mounted in the Atomic Force Microscopy instrument.

2) The temperature in the environmental chamber was set to desired temperature (say
100° C). The specimen was left for 10 minutes after reaching the temperature in the
environmental chamber to obtain equilibrium in temperature between the platform and
the specimen.

3) Then the cantilever probe was carefully fixed in position.

4) After the temperature reached equilibrium, the platform is raised towards the
cantilever probe that is in static position.

5) The deflection of the sample is registered by the instrument and the cantilever is
deflected by the raised specimen.

6) After rising to the desired level, the platform is lowered back towards the original
position.

7) As the platform is lowered, the glass bead that is stuck to the asphalt during the
upward movement of the platform is detached from the asphalt and a force curve is
obtained in this process.

8) The various segments of a force curve and the calculation of the adhesive strength

from the obtained force curve are presented in the following sections
7.6.1 A brief explanation of general force curve:

1. The force curve that is obtained using AFM is plotted over a graph, with x-axis as tip
sample displacement and y-axis as the force (in Volts). Figure 7.4 shows various
segments of the Force Curve.

2. Segment a-c signifies the rise of the platform towards the cantilever that is at rest.

3. The segment c-d-e (v-notch) is obtained just as the specimen touches the cantilever

probe (v-notch in Figure 7.4: termed as snap-in point).
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Segment e-f is the result which is the sum of the spring constant of the cantilever
probe and the young’s modulus of asphalt. This segment signifies deflection of the
cantilever in the upward direction.

Segment f-g signifies the retrieval of the sample towards the original position.

The deflection of the force curve towards the original position at point g signifies the
detachment of the asphalt (point g in Figure 7.4: termed as pull-off point) from the
cantilever and the deflection of the cantilever to the initial position.

This segment g-b is used to determine the adhesive strength between the asphalt and

glass bead.

if

Figure 7.4 Schematic of force curve obtained from the Atomic Force Microscopy
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Figure 7.5 Schematic of a typical cantilever deflection-vs.-piezo height (Zc-vs.-Zp )
curve (left) and corresponding Zc-vs.-D plot, with D = Z¢ + Zp (Butt et al. 2005)

Adhesive strength between asphalt and aggregate = [tip deflection f-g (in nm)] * [spring

constant of the cantilever (in N/m)]. The adhesive strength is obtained in nano-newtons.

Determination of pull-off point and the adhesive strength from the
force curve: For some of the force curves that were obtained in this experiment, the
pull-off point could not be obtained due to the limitation of the sensor. Assuming the
profile of the curve to be uniform, the curve lines are extended and the pull-off point is
determined.

To determine the adhesive strength between the asphalt-glass bead from the force curve:
(Adhesive Strength) nN = slope of the curve (nN/V) * deflection of the cantilever (V)
Where,

Slope of the curve (nN/V) = Spring Constant (N/m) * Sensitivity

Sensitivity = [1 nanometer/V] (default value)

V is in volts.

7.7 Test results and discussion: Various tests have been performed to obtain a
desired temperature at which the atomic force microscopy test can be conducted to obtain

the force curves. The tests are discussed in the following sections.
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Test 1: The temperature in the environmental chamber was maintained at 100° C.
A test was performed over virgin asphalt-glass bead at 100° C. Figure 7.6 shows the
asphalt stuck to the cantilever probe and formed a neck during the retrieval of the asphalt

platform away from the cantilever. Figure 7.7 shows the force curve obtained in this test.

Figure 7.6 The retrieval of the asphalt platform from the cantilever probe (100° C).

Discussion: As per the limitations of the Atomic Force Microscope, the sensor can
detect the deflection of the cantilever probe only within a certain range. When the test
was performed at 100° C, as the asphalt was raised towards the cantilever probe, the
asphalt did not show any resistance to the cantilever probe for it to deflect. When the
platform was lowered, the asphalt could not be detached from the glass bead within the
range of the sensor. Hence, the force curve segment g-b (as explained in section 7.6.1)
could not be obtained. This result led to the failure of the test. Figure 7.7 shows the force
curve that was obtained during this test. Therefore, further investigation was carried out

to determine a suitable temperature, at which decent force curves could be obtained.
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Figure 7.7 The force curve obtained between virgin asphalt-glass bead (100° C)

Test 2: The temperature in the environmental chamber was maintained at 67° C.

A test was performed over virgin asphalt-glass bead at 67° C. Figure 7.8 shows the
asphalt that’s stuck to the cantilever probe and formed a neck during the retrieval of the
asphalt platform away from the cantilever. Fig 8 shows the force curve obtained in this

test.

Discussion: The ductility of the asphalt was observed to be lesser at 67° C than at
100° C. Hence, the detachment of the asphalt from the glass bead was observed to be
earlier at 67° C than at 100° C, though again not in sensor range. Figure 7.8 shows the
force curve that is obtained at 67° C (The curve obtained was similar to the result that

was obtained at 100° C.
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Figure 7.8 The force curve obtained between virgin asphalt-glass beads (67° C)

Based on the results obtained at 100° C and 67° C, it was necessary to further reduce the
temperature in the environmental chamber. Next, after some experimentation the
temperature was lowered to 43° C at which point a force curve could be obtained for

asphalt without anti-strip additive.

Test 3: The temperature in the environmental chamber was maintained at 43° C.

Based on the procedure specified above in section 7.5, the Force curve determination
between the virgin asphalt-glass bead and asphalt with 0.75%LOF-glass bead was
performed. The results obtained are summarized below in Table 7.1 and Figure 7.9 &

7.10.

72



Table 7.1 Average adhesive strength between virgin asphalt-glass beads (43° C)

Temperature Spring adhesive
of Chamber Constant | Displacement | strength
Serial No. in C %LOF | Probe ID (N/m) (Volts) (nN)

1 43 0 1 5.35 33.10 177.09
2 43 0 1 5.35 33.00 176.55
3 43 0 1 5.35 35.40 189.39
4 43 0 1 5.35 22.50 120.38
5 43 0 1 5.35 36.57 195.65
6 43 0 1 5.35 36.57 195.65
7 43 0 1 5.35 33.00 176.55
8 43 0 1 5.35 37.75 201.96
9 43 0 1 5.35 36.25 193.94
10 43 0 1 5.35 36.25 193.94
11 43 0 1 5.35 42.03 224.86
12 43 0 1 5.35 41.78 223.52
13 43 0 1 5.35 35.00 187.25
14 43 0 1 5.35 35.00 187.25
15 43 0 1 5.35 40.30 215.61
16 43 0 1 5.35 40.55 216.94
17 43 0 1 5.35 40.30 215.61
18 43 0 1 5.35 30.80 164.78
19 43 0 1 5.35 35.00 187.25
20 43 0 1 5.35 31.76 169.92

Average Adhesive Strength (nN) 190.70
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Figure 7.9 Force curve obtained @43° C between virgin asphalt-glass beads
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Figure 7.10 Force curve obtained at 43° C between asphalt (with 0.75%LOF)-glass bead

Discussion: The average adhesive strength between the pure asphalt-glass beads
observed at 43° C is 190.7 nN. As we observe the force curves that are obtained for
asphalt with anti-strip additive-glass bead the adhesive strength couldn’t be measured as
the adhesive strength of the asphalt with anti-strip additive was so high that the glass
bead was plucked out from the cantilever. The asphalt containing the glass bead after the
test is shown in figure 7.11. Hence, based on the result, adhesive strength of asphalt has
increased due to the presence of anti-strip additive. Although the force could not be
measured due to the limitation of the sensor it maybe concluded that anti-strip additive

improves adhesive strength of asphalt over asphalt without anti-strip additive.
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Figure 7.11 The pulled out bead stuck to the asphalt (containing anti-strip additive
0.75%LOF)

Test 4. As the force curve for asphalt with anti-strip additive could not be generated,
the temperature of the testing was reduced further. The temperature in the environmental
chamber was maintained at 20° C.

Based on the procedure specified above in section 7.5, the Force curve determination
between the virgin asphalt-glass bead and asphalt with 0.75%LOF-glass bead was
performed. The results obtained are summarized below in Table 7.2 and Figure 7.12 &

7.13.
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Table 7.2 Average adhesive strength between virgin asphalt-glass beads (@20° C)

Temperature Spring adhesive
of Chamber Constant | Displacement | strength
Serial No. in C %LOF | Probe ID (N/m) (Volts) (nN)
1 20 0 2 8.27 9.6 79.392
2 20 0 2 8.27 7.2 59.544
3 20 0 2 8.27
4 20 0 2 8.27 6 49.62
5 20 0 2 8.27 5.8 47.966
6 20 0 2 8.27 7 57.89
7 20 0 2 8.27 7 57.89
8 20 0 2 8.27 6.6 54.582
9 20 0 2 8.27 10 82.7
10 20 0 2 8.27 10 82.7
11 20 0 2 8.27 8 66.16
12 20 0 2 8.27 7.6 62.852
13 20 0 2 8.27 7.6 62.852
14 20 0 2 8.27 7.5 62.025
15 20 0 2 8.27 -
Average Adhesive Strength(nN) 63.55177
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Figure 7.12 Force curve obtained at 20° C between virgin asphalt -glass bead

76



i WinSPM System <Processing>
File Edit Process Analyse Display Select Window SPMScan Help

Esls]E 1 2] P e b e

Display Window (1) (201 |[]) | SPM Data Information
tiph_as0p?5%-20C-position2

Farce[v]
Force Curve: AFM Contact: Force
Reterence : 0.000Y

Bias “oltage : 0.000/0.000"%

Mo of points : 1024,

AFM Signal Conversion value -10.260 [nN]

Filename : Ch\Documents and Settingsiwlmandap\DesktopyaFhd-datah0b-23405-27
Created on 2008-05-23 at 13:21:25
Saved on 2008-05-23 ot 13:21:27

General : Measured by JSPM-5200

R R L LR 8 RS L LR AR LA ) )
450K 100K 050K \CIE_DK 100K 150K ‘?fFAPARAMs. Clock speed: 100.00 us.

-5.0+

-10.0- MJ

Plobe Displacement [nim]

is start 2. Mms- @7 BM

Figure 7.13 Force curve obtained at 20° C between asphalt (with 0.75%LOF)-glass bead

Discussion: The average adhesive strength between the pure asphalt-glass beads
observed at 20° C is 63.55 nN. As we observe the force curves that are obtained for
asphalt with anti-strip additive-glass bead the adhesive strength couldn’t be measured as

we could not obtain a pattern in the force curve.

Test 5: The temperature in the environmental chamber was maintained at 7.5° C.
Based on the procedure specified above in section 7.5, the force curve determination
between the virgin asphalt-glass bead and asphalt with 0.75%LOF-glass bead was

performed. The results obtained are summarized below in figures 7.14 & 7.15.
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Figure 7.15 Force curve obtained at 7.5° C between asphalt (with 0.75%LOF)-glass bead
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Discussion: Based on the force curves obtained at 7.5° C, for both virgin asphalt and
asphalt with anti-strip additive, the adhesive strength could not be measured. This could
mainly be due to the fact that the asphalt is so hard at this temperature that it essentially
behaves as a solid substance, in which case the force between the glass bead and solid

asphalt surface is negligible.
7.8 Summary and conclusion:

1. The ductility of the asphalt at 100° C and 67° C was so high that the force curve
couldn’t be obtained to determine the adhesive strength between virgin asphalt and
glass bead.

2. The adhesive strength between asphalt (with 0.75%LOF) and glass bead at 43° C was
not measurable due to the limitation of the sensor.

3. The adhesive strength between virgin asphalt-glass bead at 43° C and 20° C was
measured to be 190.7nN and 63.55 nN respectively. Adhesive strength of asphalt
(with 0.75%LOF)-glass bead was not measurable. At 43° C the adhesive strength
between asphalt containing 0.75%LOF and glass bead was relatively high enough to
tear out the bead from the cantilever. Based on this observation, it may be concluded
that there certainly is an improvement in adhesive strength with addition of

0.75%LOF anti-strip additive.
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8. Summary, Conclusions and Recommendations

Off the tests conducted in this study, the most consistent results obtained were
from the TSR test. The AFM (Atomic Force Microscopy) test that was conducted on
cursory basis relatively indicate that the adhesive strength increased when LOF 6500
anti-strip additive was used in asphalt. However, the force (adhesive strength) could not
be measured because 1) at high temperature, the asphalt was too soft and the AFM
cantilever bead stuck to the asphalt; 2) at intermediate temperature the force was so high
that it could not be measured for asphalt with LOF 6500 anti-strip additive due to the
limitations of the instrument; and 3) at lower temperatures the force could not be
measured probably because the asphalt was hard enough to act as a solid substance. It

may be noted that a PG76-22 asphalt was used in this study.

On a qualitative basis, the AFM results that the adhesive strength increases with
addition of anti-strip additive is in agreement with the TSR test results that show that
mixtures containing anti-strip additive reduces the moisture susceptibility of mixtures that
are not subjected to prolonged heating. However, when subjected to prolonged heating,
especially beyond 6-hours, the results show that the moisture susceptibility of these same
mixtures containing anti-strip additive increases and the TSR values decrease to a point

where they fail the NCDOT standard requirement of 85% retained strength.

Considering storage and transport, as well as the duration between mixture
production and the ultimate paving in the field, it is foreseeable that the mixture may be
unacceptable with regards to moisture susceptibility by the time it is placed in the field.
This situation needs due attention by NCDOT when using amine based liquid anti-strip

additive in their paving mixtures.
The results using contact angle goniometer were found to be highly variable and

not consistent. Results from the pull-off test using PATTI device were also not very

useful as it essentially measured the cohesive strength as opposed to the adhesive

80



strength, at least in this study. Therefore, both these devices are not a useful tool in

measuring adhesive strength for asphalt.

Previous NCDOT studies have clearly shown that there is a loss of organic liquid
anti-strip additive content in both asphalt binders and mixtures when subjected to
prolonged heating. Results of this study clearly show that this loss of additive is reflected
in increased moisture sensitivity of mixtures. It is therefore recommended that NCDOT
take a careful look at the practices that are being followed currently, and take necessary
steps to insure that the mixtures being used in paving meet the minimum NCDOT
standard with regards to moisture sensitivity at the time the mixture is placed in field
rather than during the process of formulating the job mix formula (JMF). If minimum
standard cannot be assured with regards to storage, transport and the ultimate use of the
mix in the field, NCDOT may need to look at alternatives to the use of organic amine

based liquid anti-strip additives.
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Appendix A Job-Mix-Formula and Tensile Strength Ratio
Test Data for Asphalt Mixes with 0.8% LOF 6500 and Morelife
2200 Antistrip Additives in Asphalt Binders after Prolonged
Heating
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Table A-1  Original JMF Provided by NCDOT
]2
i
FEDSED Hevaber 3500 BALT Povid s (5
REPORT ON SUPERFAVE MIX DESIGH
norgE -2 2
GATE SUBMITTED: DATE APPROWELD: L e YT
|'p§ﬁ.rgcrun.-. EINDER: T COMDGD Fnowila ATED PG 76-12
COUNTY: ADDITIVE: ARRMAZ Ad-Hare ES00 LOF (8%
CONTRACTOR: \ulzan Matcials Emka CABS Washed Scrga.,
PLANT & NO.: allzan Mateslals Enkn CASS T8 Stone
DESIGHED BY: Wulsan Maledials Enka CAES # 67 Sloma
SPECIFICATION: 1250 Suface Mix
EYRATIONS: 125 150 rm 1570
TRAFFI LEVEL: =300 Milion ESALs
EINDER SPEGIFIG GRAVITY: 1.330 Baghause Fines
COMPACTOR TYPE: Trosier
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Table A-2 TSR Test Data for None Antistrip Additives in Asphalt Mixes with 2-
Hour Heating

Fiavaed 1.2 NC DOT M&T 612 (QMS-2)
TENSILE STRENGTH RATIO (TSR) TEST WORKSHEET
Marshall Compactive Method

Date Mix Produced: IM ix Type! NOD-2 JMF Mo.:
Contractor: NCSU Plant Location: Plant Cert. No..
| Additive Supplier: Additive Grade: Additive Dosage:
Date Comeac!ed: No. Gyrations: o height Date Test Completed:  2/27/2007
SPECIMEN NUMBER 1 2 3 4 5 [] 7 8
DIAMETER(in} fa)] 150.000 | 150.000 | 150.000 | 150.000 150.000 | 150.000 [ 150.000 | 150.000
THICKNESS(in.) (b)) 96.000 | 96.000 | 95.900 96.000 95.900 95.700 95,800 | 96.000
DRY MASS IN AIR )] 39324 | 39410 | 39412 309423 38420 39296 39434 | 3941.2
SSD MASS IN AIR \d)| 39527 | 39554 | 30564 | 30956.3 | 30506 G508 | 39538 | 39572 |
MASS IN WATER te)] 22776 | 2276.5 22776 2282.0 2284.0 22806 | 2275. 2279.2 |
VOLUME (ce) in| 16754 | 1676. 1678, 1676.3 1675.6 6702 | 1678, 1678.0
BULK SP. GR. je 1) ighl 2348 2.347 2.348 2.352 2,353 2.383 2.348 2.349
MAX. SP.GR. (From Acfual Rice Tes!) | 2.530 2.530 2.530 2.530 2.530 2.530 2.530 2.530
% AIR VOIDS (100X (h-g)=h) i) 7.2 7.2 7.2 7.0 7.0 7.0 7.1 7.2
VOLUME AIR VOIDS {i X f)=100 G| 120.6 1209 120.9 117.3 117.3 116.9 119.2 120.8
PEAK LOAD (psi) L] 31600 34400 34200 33500
DRY TS [2000X k)~ (o XbX 31418 ) (| T 1397.0 | 15224 | 15167 | 1501.8
CALC. SSD AT 70% SAT. WOT0X] + ¢ 4016.8 | 40256 | 40258 4024.4 40241 4011.4 4026.8 | 40258
CALC. SSD AT B0% SAT. (0800 +¢ 40269 | 40377 | 40379 4036.2 4035.8 4023.1 4038.7 | 4037.8
SATURATED MINUTES -] "Hg
Date and Time in: O1NBAD2 B.15AM Date and Time gul:
SSD MASS (m)| 40154 | 4030.3 | 4033.0 40289
MASS IN WATER [nll 23470 | 23544 2358.0 2354.1
VOLUME {r =) o)| 1671.4 | 16759 G [T it 1674.8
VOL. ABS, H20 {m -l p))  B60 89.3 1.8 iz 87.7
% SATURATION 100 X fp + j} | 713 739 5.9 726
CONDITIONED 24 HOURS IN 140 DEGREE WATER
SSD MASS [g[l 4019.0 | 4033.0 | 4037.5 4033.5
MASS IN WATER il 2347.7 2352.0 2355.6 2352.9
[VOLUME (-1} %)) 1671.3 1681.0 5T H T B e |1 6E0N
[VOLUME ABS. H20 9= y| 86.6 82.0 96.3 92.3
[ SATURATION 100X (t-) | 71.8 76.1 79.7 o) [
PEAK LOAD (psi) u)| 23800 24200 24300 25600
WET TS (2ZXul=(@aXbX31416 ) v 1052.2 1069.9 1075.4 W | deeeee | 41131.8
INTERNAL SPECIMEN TEMPERATURE !‘F ] | 77.00 76.00 76.50 76.00 76.50 76.50 76.50 76.50
Awer, VTM | Aver. Saturation Javer. TemE]Meclian T QAQIC Joint TESTED BY: ClippardiMassey
|Cry Subset 7.1 76.4 1509.3 Test? GERT. NO.;
|wet Subset 7.2 73.4 76.5 1072.6 Circle One TESTED BY:
TENSILE STRENGTH RATIO 711 Yos No CERT. NO.:
QAQC COMPARATIVE TSR | LAB LOCATION:
[ Visual Siripping:(Circle one)  |LAB CERT NO.:
Mote: Attach propesed M&T 601
form when TSR specimens None Minor Moderate  Severe

are being submitted to QA
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Table A-3 TSR Test Data for 0.8% LOF 6500 Antistrip Additives without Prolonged
Heating

Forvited Augest 2008 NCDOT MET 512 (QMS-2)
TENSILE STRENGTH RATIO (TSR) TEST WORKSHEET
Gyratory Compactive Method

Date Mix Produced: | Wi Type: JMF No.: LO8-0-1-8
Contractor: NC STATE Plant Location: Plant Cert. No.:
Additive Supplier: Additive Grade: LOF 6500 Additive Dosage: [ %)
Date Compacted: No. Gyrations: To height . |Date Test Completed: 51182007
SPECIMEM NUMBER 1 2 3 4 5 1] i []
DIAMETER(mm) (a)| 150.000 | 150,000 | 150.000 | 150000 150.000 150.000 | 150.000 | 150.000
THICKMESS({mm) (b)| 96.000 95.800 96.100 96,200 965,000 96.400 96.100 95.700
DRY MASS IN AIR ch] 39115 3928, 39247 39388 3840.5 389429 3938.5 3934.4
55D MASS IN AIR ()] 39282 35843, 3946.8 3855.7 3856.5 39621 3958.5 3961.2
MASS IN WATER ﬁ1 22578 2267 23746 2281.7 22771 2276.4 23861 22842
VOLUME (gl (| 1670.3 1681.2 1672.2 1674.0 1679.4 1685.7 1672.4 1677.0
BULK SP, GR. fe+f (q 2342 2.337 2.347 2.353 2346 2.338 2356 2.346
MAX,. SP.GR. (Optimum Binder Conten! Rice Test) | 2530 2.530 2.530 2.530 2530 2:530 2530 2530
% AIRVOIDS (100X (h-g)=h 10y 7.4 7.6 7.2 7.0 73 75 6.9 73
VOLUME AIR VOIDS (X f)+100 h 1243 128.0 120.9 1171 1218 127.2 115.3 121.9
PEAK LOAD (Newton's) k 23200 22800 21300 22000
DRY TS(kFa) [2000 %K) < (@ ABXAT4IE ] 0] 1023.5 1008.0 B37.8 | e | G757
CALC. 55D AT 70% SAT. 0.70X]) +& 39985 | 40191 | 40094 40208 4025.8 4032.0 | 40202 | 4019.7
CALC. S5D AT 80% SAT. (080X + & 40108 40319 4021.4 40326 4038.0 4044.7 4031.7 4031.9
SATURATED MINUTES @ "Hg
Date and Time in: 14/16/99 1:00 PM Date and Time out: 11717788 1:00 PM
S5D MASS (m)[- 40108 | 40206 | 40131 g [ 4030.9
MASS IN WATER m| 23311 23425 | 23433 2351.0
VOLUME {m - n) (o)| 1679.8 1677.7 = I i 1679.9
VOL. ABS. H20 m - c} Q{ 594 1.1 88.4 1.4
% SATURATION 100X i + i) 80.0 7.2 73.1 79.3
CONDITIONED 24 HOURS N 140 DEGREE WATER
S50 MASS (g 40253 40327 | 40188 4041.4
MASS IN WATER n| 23454 2356.1 2354.0 23635
VOLUME fg-r) s)| 1676.9 1676.6 1665.6 iy 1677.9
VOLUME ABS. H20 {g-cl m 113.8 103.2 249 T 101.9
VOLUME Ao - e e e
PEAK LOAD (Newton's) (w| 17900 18500 21200 19200
WET TS(kPa) (2000 Xu)+{aXbX3.1418 ) vy 7914 819.6 936.3 847.9
INTERNAL SPECIMEN TEMPERATURE (°F .) 78.00 78.00 78.00 79.00 78.00 79.00 77.00 78.00

wer, VIM | Aver. SaturationJAver.-Temp.[Median TS| QA/QC Joint [ JASON THOMPSON
Dry Subset 73 i 0 785 991.8 Test? P 51972
Wet Subset 7.3 747 778 §33.8 Circle One T
TENSILE STRENGTH RATIO 84.1 (Yes) No [FmMe
QAIQC COMPARATIVE TSR B U osnon

Visual Stripping:place x in appropriate box | cerThes

Note: Attach proposed M&T 601 |_ﬁ | 1 | :
form when TSR specimens one Minor Moderate Severe
are being submitted to QA
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Table A-4 TSR Test Data for 0.8% LOF 6500 Antistrip Additives with 2-Hour

Prolonged Heating

NCDOT
TENSILE STRENGTH RATIO (TSR) TEST WORKSHEET
Marshall Compactive Method

Ripined 112580 MET 612 (QM5-2)

Date Mix Produced: Mix Type: LO8-2 JMF No.:

Contractor: NCSL Plant Locaticn: Plant Cert. No.:

Additive Supplier: Additive Grade: Additive Dosage:

Date Compacted: Mo, Gyrations: to height Date Test Completed:  2/2002007
SPECIMEN NUMBER 1 2 3 4 5 [ 7 8
DIAMETER(in} {a)[ 150.000 | 150,000 | 150.000 | 150.000 150.000 150.000 | 150.000 | 150.000
THICKNESS(in.) )| 96.000 | 95400 | 95.500 95.700 95.900 95.800 | 95.500 | 96.200
DRY MASS IM AIR [e)| 3928.3 3942 9 39427 3913.2 3805.1 3833.0 3830.5 3819.0
550 MASS IN AIR ()| 39457 | 39543 | 3965.7 3927.4 3913.3 3949.4 | 39402 | 39445
MASS IN WATER )] 22631 | 22902 | 2293.0 2260.2 2238.3 22724 | 22699 | 22729
WVOLUME o8] _n]| 16826 1664.1 1662.7 1667.2 1675.0 1677.0 1670.3 1671.6
lBULK SP. GR. fe+8) g1 2.336 2.369 2.371 2.347 2331 2.345 2353 2.344
MAx, SP.GR. (From Aciual Rice Tasi) | 2.530 2.530 2.530 2.530 2,530 2.530 2,530 2.530
% AIR VOIDS (100X (h-g)=h) ml 7.7 6.3 6.3 7.2 7.8 7.3 7.0 7.3
WVOLUME AIR VOIDS (i X f) - 100 ] 1296 104.8 104.8 120.0 130.7 122.4 116.9 122.0
|PEAK LOAD {psi) k] 30800 27300 31200 | 27300
DRY TS (000X k)= (@aXbX 31418 ) i) 1370.4 1208.2 13B6.8 1204.4
CALC. S5D AT 70% SAT. (70X * & 4019.0 4016.3 4016.0 3997.2 3996.6 4018.7 4012.3 4004 4
CALC. S5D AT 80% SAT. (B0Xp + & 4031.9 40268 4026.5 4008.2 4009.6 4030.9 4024.0 4016.6
SATURATED MINUTES @ “Ha

Drate and Time in: O118/02 0 15AM Date and Time out:

55D MASS (m)| 40269 | 40203 | 4017.2 4019.2

MASS INWATER in)| 23485 | 23587 | 2357.1 2346.6

VOLUME fm - o} o) 16784 | 16616 | 1660.1 1672.6

WOL. ABS. H20 {m-ch )| 986 T4 T4.5 B86.2

% SATURATION 100 X (o + j} 76.1 738 711 70.4

CONDITIONED 24 HOURS IN 140 DEGREE WATER

S50 MASS la)] 40349 | 4020.0 | 4026.0 4029.9

MASS INWATER ] 23557 | 238B.0 | 2364.3 2355.6

VOLUME (g1} ()] 1678.2 [ 1663.0 | 1661.7 | **eeesseeer 1674.3

VOLUME ABS. HZO {g-g) | 1066 86.1 333 96.9

% SATURATION 100X [ =} 82.3 821 79.5 L 78.2

PEAK LOAD (psi) )] 24400 27200 | 26800 26000

WET TS 2Xul=(aXbX31416 ) v)| 107T8.7 | 1210.1 S At | ] o B T | e— A
INTERMNAL SPECIMEN TEMPERATURE (°F .} 1 7750 77.50 77.00 76.50 76.00 77.00 77.00 77.00

Fwer. VTM | Aver, Saturationaver. Temp]Median 19 QAJQC Joint TESTED BY: ChippardiMassey

[Dry Subset 7.4 W - 76.6 1289.3 Test? CERT. NO.:
|wet Subset 6.9 72.8 77.3 1171.4 Circle One TESTED BY:

TENSILE STRENGTH RATIO 90.9 Yos No  |CERT. MO.:

Qa/ac COMPARATIVE TSR 2R _|LAE LOCATION:

Wisual Stripping:iCircie cne) LAE CERT NO.:
Mote: Attach proposed M&T 601
form when TSR specimens Mone  Minor Moderate  Severe

are baing submitted to QA
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Table A -5

Ravibed Augent 2008

Prolonged Heating

NCDOT

M&T 612 (QMS-Z)

TENSILE STRENGTH RATIO (TSR) TEST WORKSHEET
Gyratory Compactive Method

TSR Test Data for 0.8% LOF 6500 Antistrip Additives with 6-Hour

Date Mix Produced: [t Type: JMF Mo.: LOB-5-1-8
Contractor: MNC STATE Plant Location: Plant Gert. No.:

Additive Supplier: Additive Grade: LOFE&S00 Additive Dosage: { %)

Date Compacted: Meo. Gyrations: To height Date Test Completed: Sf24/2007
SPECIMEN NUMBER 1 2 3 4 5 5 7 ]
DIAMETER(mm) (| 190.000 | 150,000 [ 150,000 | 150000 150000 150000 | 150.000 | 150.000
THICKNESS({mm) )| 96100 | 95200 | 95100 | 95900 | 96.000 | 96300 | 96300 | 96.000
DRY MASS IN AIR ©)] 39337 35289 32436 38381 38417 39368 39349 39331
SSD MASS IN AIR ()| 39458 | 39421 | 39556 | 39541 30954.8 39468 | 39525 | 3946.1
MASS IN WATER ()] 2267.9 22662 | 22757 2273.9 2277.1 22683 22742 | 22675
VOLUME {d-8) n| 1678.0 16759 1679.9 1680.2 1677.7 16775 16783 | 16786
BULK SP. GR. ) m_;l 2.344 2344 | 2348 2.344 2.349 2.347 2.345 2.343
MAX. SP.GR. (Optimum Binger Conlant Rice Test) (W] 2530 2.530 2530 2.530 2.530 2530 2530 2530
% AIR VOIDS (100X (h-g)+h} U] 7.3 7.3 72 7.3 Tl 72 7.3 7.4
VOLUME AIR VOIDS (i X _f)«100 m 1232 123.0 121.2 123.2 119.7 121.5 123.0 124.0
[PEAK LOAD (Newton's) k) 34500 35000 | 35200 32800
DRY TS(kPa) 2000 X k)~ @XbX31416 ] 1] e | 54,3 | =T {547.3 1551.3 1450.1
CALC. SSD AT T0% SAT. [L70Xj)+E 4019.9 | 40150 | 40284 | 40254 4025.5 40218 | 40210 | 40189
CALC. S50 AT 80% SAT. (.80 X))+ & 4032.2 | 40273 | 40405 | 4037.7 4037 5 40340 | 40333 | 40323
SATURATED MINUTES & “Hg

Date and Time in: 11/16/99 1:00 FM Date and Time out: 114017458 1:00 PM

SSD MASS im 4028.8 | 40256 4026.2 4029.0

MASS IN WATER {% 23485 | 23447 23486 2352.0

VOLUME fm - nj (o) 16803 | 16B0.9 16776 | =wrewwnes | weeomts | {5770

WVOL. ABS. H2O {m =} (El| 95.1 96.7 87.1 34.1

% SATURATION 100X (6 + ) 77.2 TG | aasadmiam 70.7 TELG: [ A
CONDITIONED 24 HOURS I 140 DEGREE WATER

[sSD MASS {.;;I 4044.6 | 40424 4033.9 4043.1
|MASS INWATER | 23815 | 23597 2360.9 2363.1

\VOLUME -1 =) 16831 | 16827 1679.0

WVOLUME ABS. H20 fg-¢l | 110.9 113.5 100.8 .

% SATURATION 100 X g1 + 0 90.0 823 81.8 el I -]

PEAK LOAD (Newton's) (u)| 28100 28400 28800 28100

WET TS(kPa) (2000Xu)+(aXbX31416 ) {vi| 1285.2 1252.9 | meeewemienes | 1323.2 il ety [ L ] B
|I_NTE RNAL SPECIMEN TEMPERATURE [°F .) 79.00 79.00 79.00 79.00 B0.00 80.00 79.00 80.00

Ayer, VTM | Aver. Saturation] Awer. -TemnrMedian TS| QANIC Joint TSTED BY: JASON THOPMSON

Dry Subset 72 i ] 798 1544.3 Test? (it 51972

Wet Subset 7.3 79.0 1283.8 Circle One ki

TENSILE STRENGTH RATIO 83.1 {Yes) No - |

—
QAIQC COMPARATIVE TSR ™
Visual Stripping:place X in appropriate box |- ci7 12
Mote: Attach proposed M&T 601 e

form when TSR specimens
are being submitted to QA

I I | ]
Neone Miner Moderate _Severe
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Table A - 6

TSR Test Data for 0.8% LOF 6500 Antistrip Additives with 12-Hour

Prolonged Heating
Forved 11-29-5 NC DOT MAT 812 (OMS-2)
TENSILE STRENGTH RATIO (TSR) TEST WORKSHEET
Marshall Compactive Method
Date Mix Produced: Mix Type: L08-12 JMF Mo.:
Conftracior: NCSU [Plant Location: Plant Cert. No.:
Additive Supplier: Additive Grade: Additive Dosage:
Date Compacied: No. Gyrations: 1o height Date Test Completed:  2/22/2007
SPECIMEN NUMEER E] 2 3 4 5 [] 7 8
DIAMETER(in) jap| 150.000 | 150,000 | 150,000 | 150.000 150.000 | 150,000 | 150.000 | 150.000
THICKNESS(in.} k)| 95.500 | 95.400 95.300 95.300 95100 06.400 95900 | 95.900
DRY MASS IN AIR ie)| 3008.4 3913.0 3929.0 30408 3927.7 30359 3934.5 39416
SSD MASS IN AR {dy| 3919.8 | 3930.2 3936.5 3962.1 3936.3 3646 3841.7 | 39657
MASS IN WATER (@) 22559 | 22658 2277.2 2297.1 2275.9 2267, 2288.2 | 2291.3
VOLUME (c-8) (] 1663.9 1664.4 1659.3 1665.0 1660.4 1679, 1673.5 1674.4
BULK SP. GR. fe=1 g 2.349 2.351 2,368 2.372 2.366 2344 2.351 2.354
MAX, SP.GR. (Frem Aetual Rige Teet) My 2.530 2.530 2.530 2530 2.530 2.530 2.530 2.530
% AIR VOIDS (100X (h-g)+hl () 7.2 7.1 6.4 6.2 8.5 7.3 7.1 7.0
WOLUME AIR VOIDS {i X £} 100 uf 1198 118.2 106.2 103.2 107.9 122.6 118.8 117.2
PEAK LOAD (psi) (k)| 44400 44400 42400 | 41100
DRY TS (2000X k)= (aXbX 31416 ) 0] 1875.3 AT 1981.5 1876.4 1818.9
CALC. SSD AT 70% SAT. [@.rex+e 38823 | 39957 | 4003.3 40221 4003.2 4021.7 4077 | 40238
CALC. SSD AT 80% SAT. (0.80Xf) +¢ 4004.2 | 4007.5 | 4014.0 4032.4 4014.0 4034.0 | 4029.6 | 40354
ATURATED MINUTES @ "Hg
|Date and Time in: B2 0. 15AM Date and Time out:
SSD MASS my| 3904, 4003.4 4023.2 4025.9
MASS IN WATER n| 2332 2345.5 2361.5 23523
VOLUME {m =) o)| 1662, N *| 1657.9 1661.7 esmosadl B 1403 iphvgRrgnabl
VOL. ABS. H20 fim - <} pyl 861 = Sl 74.4 734 90.0 NEREARAANAY
% SATURATION 100 X jp+ i 71.8 e e 70.1 71.1 73.4 iy inieini
CONDITIONED 24 HOURS IN 140 DEGREE WATER
55D MASS 4013.2 4020.3 4036.4 4043,
MASS IN WATER 0] 2342.9 2357.6 2368.2 2362,
VOLUME o] ()| 1670.3 1667 2 1681 5 || s
VOLUME ABS. H20 {g=cl m’ 104.8 86.6 107.9
% SATURATION 100X (1= 87.5 . 839 iyl 28.0
PEAK LOAD (psi) i (| 32800 33200 38300 34000
WET TS 2Xu}+(EXBXIISE ) )] 1457.7 | wikiidiink| 4478.5 T o O it T T 1 - T Pbocsmimisom Bt
|INTERNAL SPECIMEN TEMPERATURE {°F .} 78.00 77.50 78.00 77.50 © 77.00 77.50 ¥7.50 77.00
AVER. AVEr. Sa_ll.lrali.unlﬂver. Temp [Median TH CQAyQC Joint TESTED BY: ClippardiMassey
Dry Subset 6.9 R 77.3 1926.8 Test? CERT. NO.-
Wet Subset 5.3 716 77.8 1487.7 Circle One TESTED BY:
TENSILE STRENGTH RATIO 77.2 Yes No CERT. NO.:
QAIQC COMPARATIVE TSR ; ~ |LABLOCATION:
Visual m“FFIHQHCthI ang) LAB CERT MO.:
Note: Attach proposed M&T 601
form when TSR specimens None Minor Moderate  Severe

are being submitted to QA
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Table A -7

Revied Augaat 3204

Prolonged Heating

NCDOT

MA&T 612 [QMS-2)

TENSILE STRENGTH RATIO (TSR) TEST WORKSHEET
Gyratory Compactive Method

L08-24-1THRU-8

TSR Test Data for 0.8% LOF 6500 Antistrip Additives with 24-Hour

Date Mix Produced: [Mix Type: | ETH Pending
Contracter: NC STATE Plant Location: Plant Cert. No.:
| Additive Supplier: MORELIFE Additive Grade: Additive Dosage: (%)
Date Compacted: Mo. Gyrations: To height Date Test Completed: 5M10/2007
SPECIMEN NUMBER i 2 3 4 S & 7 [
DIAMETER(mm) ta)| 150.000 | 150,000 | 150,000 | 150.000 150.000 150.000 | 150.000 | 120.000
THICKNESS{mm) )| 97.700 97.200 | 97.600 a7.200 98.500 97.600 97.400 | 97.500
DRY MASS IN AIR )] 39347 39345 3935.1 389448 38403 3946.3 39396 39383
55D MASS IN AIR (d)| 3946.3 3947 8 3845.2 38525 3953.4 39573 3952.1 3950.8
MASS IN WATER (e)] 22635 Z264.8 2267.3 22649 22673 22736 2268.9 2267.5
VOLUME (d-a) n| 1682.8 1682.8 1681.9 1687.6 1686.1 16837 1683.2 1683.3
BULK SP. GR. fc+1 (o) 2338 2.338 2.340 2.338 2337 2.344 2.341 2.340
MAX. SP.GR. (Gptimurm Binder Conlent Rice Test) (hy| 2530 2.530 2530 2.530 2530 2530 2.530 2.530
% AIR VOIDS (o0 X h-g)+h 1] 7.6 7.6 75 7.6 7.6 7.4 7.5 7.5
VOLUME AIR VOIDS (i X 1)+100 |l 1276 127.7 1265 128.4 128.7 123.9 126.0 126.7
PEAK LOAD !Newtun's} [L3] 27600 24800 29800 28400
DRY TS(kPa) (2000 X k) + (@ XbX31416 ) )| R e — e R 10784 1288.5 1236.2
CALC. 55D AT 70% SAT. (070X +c 4024.0 40239 4023.7 4034.7 4030.4 4033.0 40278 4027.0
CALC. S5D AT 80% SAT. (080X +¢ 4036.8 4036.6 4036.3 40476 4043.2 4045.4 4040.4 4039.8
SATURATED MINUTES @ “Hg
Date and Time in: 1116155 1:00 PM Date and Time out: 11/17/99 1:00 PM
S50 MAS (m|- 40400 | 40394 [ 40139 | 40299
MASS IN WATER ()] 23429 [ 23475 | 23172 23379
VOLUME m - n) (o) 1697.1 | 1691.9 | 18967 | 1692.0
VOL ABS. H20 im-c) ] 1053 | 1048 768 85.0
% SATURATION NG e 825 532 23 5.2
CONDITIONED 24 HOURS IN 140 DEGREE WATER
S5D MASS ] 40658 | 40677 | 4067.2 | 4069.0
MASS IN WATER | 23576 | 23638 | 23552 2364.2
VOLUME g-n (s)] 17082 17038 1712.0 1704.8 s
VOLUME ABS. H20 fa-c) m 1311 133.2 1321 1241
% SATURATION 100 X {1+ 1028 104.3 104.4 96.7
PEAK LOAD (Mewton's) w)| 22000 20500 | 19300 21800
WET T5(kPa) (2000 Xu)= (AXbX31416 ) )| 9557 899.5 839.3 951.9 ]
INTERNAL SPECIMEN TEMPERATURE (°F .) 78.00 78.00 78.00 78.00 75.00 79.00 79.00 79.00
Aver. VTM | Aver. Saturation Aver:'l'em&lEElan 78| QAQC Joint TESTED BY: JASON THOMPSON

Dry Subset 75 e o] 790 1212.7 Test? feees 51972
[Wet Subset 7.6 73.3 78.0 925.7 Circle One ki
TENSILE STRENGTH RATIO 76.3 (Yes) NBE—[EReies
QAJQC COMPARATIVE TSR e A R

xin : jate box|w8 8T o

Maote: Attach proposed M&T 601
form when TSR specimens
are being submitted to QA

Visual Stripping:pl

PP

P

| MNone Minor

1
Moderate Severe
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Table A - 8

Reieed Augest 2008

NCDOT

TSR Test Data for 0.8% Morelife 2200 Antistrip Additives without
Prolonged Heating

M&T 812 (OMS-2)

TENSILE STRENGTH RATIO (TSR) TEST WORKSHEET
Gyratory Compactive Method

Date Mix Produced: [Mix Type: JMF No.: MO&-00-1-8
Contractor: MC STATE Plant Location: Plant Cert. No.:

Additive Supplier: Additive Grade: MORLIFE Additive Dosage: (%)

Date Compacted: MNo. Gyrations: To height Date Test Completed: 51712007
SPECIMEM NUMBER 1 2 3 4 5 & i 8
DIAMETER(mm) ()| 150.000 | 150.000 | 150.000 | 150.000 150.000 | 150,000 | 150.000 | 150.000
THICKNESS(mm) )| S5.600 96.000 96.400 96,600 95,900 95.800 96.000 96.000
DRY MASS IN AlR (c)] 38452 39369 3941.2 38375 39111 3941.7 3911.0 3843.5
SSD MASS IN AIR ()] 3856.0 39471 39496 30478 35214 3952.4 3924.4 39529
MASS IN WATER ()| 2277.7 2269.4 2267.5 2266.7 22445 22751 2249 .4 22738
WVOLUME (-8} | 1678.3 1677.7 1682.1 1680.9 16769 1677.3 1675.0 16791
BULK SP. GR. fc+1) @] 2351 2.347 2343 2342 2.332 2.350 2335 2.349
MAX. SP.GR. {Ciptimurm Binder Contant Rice Tast) ) 2530 2530 2.530 2.530 2,530 2530 2530 2530
% AIR VOIDS (100X h-g) b} [0} Tl 7.2 74 T4 7.8 71 7.7 7.2
WVOLUME AIR VOIDS (i X f)+100 o 1188 1216 1243 124.6 131.0 118.3 129.2 120.4
PEAK LOAD (Mewton's) (301 20000 20000 19100 20000
DRY TS(kPa) (2000 Xk)+(aXbX 31416 ) (] - 8842 880.5 O T 844.4 884.2
CALC. S5D AT 70% SAT. PT0X]+e 4028.5 4022.0 4028.2 4024.7 4002.8 4025.2 4001.4 40278
CALC. S5D AT B0% SAT. (.80 X[+ ¢ 4040.3 4034.2 4040.7 4037.2 40158 4037.2 4014.3 4039.8
SATURATED MINUTES @ "Hg

Date and Time in: 111165 1:00 PM Date and Time out: 111745 1.00 PM

SSD MASS m)]- 40286 40353 |- 40143 | 4035.1

MASS IN WATER m] 2351.0 23538 23349 2357.1

VOLUME {m - n) to)] 1677.6 senmwesiite | 46815 1679.4 ABTEI0 || et ey

WOL. ABS. H2O0 [m-g) )] 834 978 103.2 93.4
I% SATURATION 100X (g +J) 701 785 78.8 78.3 heisinini ot Kiotobs i
CONDITICNED 24 HOURS I 140 DEGREE WATER

55D MASS ]g_]{ 4043.3 4050.8 4031.2 4048.3

MASS IN WATER n| 2363.4 2365.0 23485 2367.9

VOLUME -7 (s)| 1679.9 1685.8 16B2.7 1680.4

WOLUME ABS. H20 (3-g) o] 981 113.3 120.1 106.6
|% SATURATION 100Xt = ) 825 E el gl 208 9.7 89.3

PEAK LOAD (Newton's) ()| 18400 17200 16700 18000

WET TS(kPa (2000Xu)+ (aXbX3 1416 ) ] 818 | ook | oot | T ER T 739.1 THTM | i
INTERNAL SPECIMEN TEMPERATURE (°F .) 78.00 79.00 79.00 78.00 78.00 78.00 79.00 79.00

Aver, VI ] Aver. Saturation JAver. -Lemp.|Median 15] QASQC Joint TRETRONTE JASON THOMPSON

[0y Subset 74 L | 700 | sezd Test? e 51972
[wet Subset 7.4 76.4 78.0 776.6 Circle One e B

TENSILE STRENGTH RATIO 88.0 {Yes) T e

QAQC COMPARATIVE TSR s

Note: Attach proposed M&T 601

form when TSR specimens None Minor Moderate Severe

are being submitted to QA
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Table A-9 TSR Test Data for 0.8% Morelife 2200 Antistrip Additives with 2-Hour
Prolonged Heating

Rirvined Sgrant 2008 N C DOT MAET 812 (OMS-2)
TENSILE STRENGTH RATIO (TSR) TEST WORKSHEET
Gyratory Compactive Method

Date Mix Produced: Mix Type: WJME Mo MOB-02-1-8

Contractor: NC STATE Plant Location: Flant Cert. No.:

Additive Supplier: Additive Grade: MORELIFE Additive Dosage: { %)

Date Compacted: No. Gyrations: To height . |Date Test Completed:

SPECIMEN NUMBER 1 2 3 4 5 3 i B

DIAMETER(mm) fa)] 150.000 | 150.000 | 150.000 | 150,000 | 150000 | 150.000 | 150.000 | 150.000

THICKNESS(mm) b)] 96.000 95.900 95.800 95.600 95800 896.200 95.600 95.700

DRY MASS IN AlR {c)] 35936.1 39205 3921.4 39405 3977 39358 39280 39431

SSD MASS IN AIR ()] 39454 | 39348 | 39355 3955.2 3928.0 39516 | 39448 | 38547

MASS INWATER (o) 22734 22581 2260.9 2813 22522 2282 4 22743 2278.3

VOLUME fc-e) m| 16720 1675.7 1674.7 1673.8 1675.8 1668.2 16705 1676.4

BULK SP. GR. e+ N o] 2354 2340 2342 2.354 2338 2.358 2.3% 2352

MAX. SP.GR. {Optlimurn Binler Ceantent Rice Test) | 2530 2530 2530 2530 2 530 2.530 2.530 2.530

% AIR VOIDS (100X{h-g)=h i) 7.0 75 7.4 7.0 76 5.8 71 7.0

VOLUME AIR VOIDS (iX f)=100 m| 1162 1261 124.7 116.4 1273 1135 117.9 117.8

PEAK LOAD (Newton's) [k} 27000 29100 28500 26100

DRY TS(kPa) [2000XK) ~ @ XbX3 1416 | 0] ] [ ] (W i 1283.8 | 126852 | 1248.2

CALC. 55D AT 70% SAT. 0.70X[ +¢ 40175 4008.8 4008.7 4022.0 4006.8 4015.3 40106 40256

CALC. SSD AT B0% SAT. (0.80X] +¢ 40281 4021.4 4024.2 40336 40185 4026.6 40223 4037 .4

SATURATED MINUTES @ "Hg

Date and Time in: 11/16/89 1:00 PM Date and Time out: 1117453 1.00 M

S50 MASS im)| 40256 4015.1 4018.3 40243 |

MASS IN WATER (n)] 23530 2336.7 2341.3 23493

WVOLUME (= ) (a})] 16726 1678.4 1678.0 1675.0 koo

VOL. ABS. H20 {m-e) v 895 946 578 318 ||

|% SATURATION 100X 0 =4 7.0 75.0 785 72.0

CONDITIONED 24 HOURS IN 140 DEGREE WATER

SSD MASS (@] 40381 | 4031.7 | 40309 | 40358

MASS IN WATER n] 23831 2351.0 | 23536 2361.0

VOLUME n @] 16750 | 16807 | 16773 16748 T g

VOLUME ABS. H20 {q-¢ m| 1020 111.2 108.5 85.3 by

% SATURATION 100X (1<) 878 882 878 EE)

PEAK LOAD (Newton's) (| 24500 | 23200 | 24000 | 26000

WET TS({kPa) (2000 %u)+(@aXbX31416 ) (w)| 1083.1 1026.7 1062.1 1154.3

INTERNAL SPECIMEN TEMPERATURE (°F .) 77.00 77.00 77.00 77.00 78.00 78.00 78.00 78.00
Aver VTM_| Aver. Saturation- Aver. Temp.|Median TS| QAT Joink [OTRO Y. JASON THOMPSON

Dry Subset 7.1 i 78.0 1255.7 Test? i 51972

Wet Subset 7.2 756 77.0 10726 Circle One TEETER

TENSILE STRENGTH RATIO 85.4 (Yes) No orme

QAIQC COMPARATWETSR | b B UGN

Visual Stripping:place x .ii.'l.appr.n. ﬁﬁaté b |48 CERT O

MNote: Attach proposed M&T 601
form when TSR specimens None  Minor __ Moderate Severe

are being submitted to QA
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Table A- 10 TSR Test Data for 0.8% Morelife 2200 Antistrip Additives with 6-Hour
Prolonged Heating

[ I NCDOT MET 612 ([OMS-2)
TENSILE STRENGTH RATIO (TSR) TEST WORKSHEET
Gyratory Compactive Method

MO8-5-1-THRI
Date Mix Produced: Mix Type: JUMF No.: Pending
Contractor: NC STATE Plant Location: Plant Cert, No.:
Additive Supplier: Additive Grade: MORELIFE Additive Dosage: { %)
Date Compacted: No. Gyrations: To height . |Date Test Completed: 5/11/2007
SPECIMEN NUMBER 1 2 3 4 5 ] T 8
DIAMETER(mm) @) 150,000 | 150.000 | 150000 | 150000 150,000 150.000 | 150.000 | 150.000
THICKNESS{mm) 97.400 97.100 95.800 96.400 965.200 85.700 95.900
DRY MASS IN AIR 3942 4 39396 39368 39383 3916.8 35288 35936.4

S50 MASS IN AIR
MASS IN WATER

3853.0 | 38507 33503 38513 3830.7 38410 [ 38501
22665 | 22674 22688 22665 2249 4 20585 | 22689

VOLUME (c-a) 16865 | 16833 16837 1684.8 1681.3 16825 | 18812
BULK SP. GR, fe-8 2338 2,340 2338 2338 2330 2335 2341
MAX. SP.GR. {Oplimeurn Bindar Content Rice Test) 2530 2.530 2530 2.530 2.530 2.530 2.530
% AIR VOIDS (100X (h-g)+h 2 76 75 TE 7B 78 Tl 75
VOLUME AIR VOIDS (i X 1) 100 122.7 128.2 126.1 1278 1282 1332 1296 1253
PEAK LOAD (Newton's) 32800 32400 34300 33400
DRY TS(kPa) (2000 Xk) = (@aXbX 31416 ) 1444.1 14294 | 15214 14781
CALC. 55D AT 70% SAT. 0.70X]+e 40282 4032.2 4027.9 40262 4028.0 4010.0 40195 40241
CALC. S5D AT 80% SAT. (0.80X]) +& | 40384 | 40450 | 4040.5 4039.0 4040.8 40233 | 40325 | 40366
SATURATED MINUTES & "Hg

Date and Time in: 11/16/55 1:00 PM Date and Time out: 11/17/9% 1:00 PM

SSD MASS (m)] 40268 | 40419 | 40358 40304 |

MASS IN WATER (m] 23501 2359.2 | 23567 23521

WVOLUME {m - n) o)) 16765 1682.7 16801 1678.3 e

VOL. ABS. H20 (m-c) ) 863 98.5 a7.2 935

% SATURATION 100X (g =) 70.4 776 77 733

COMDITIONED 24 HOURS IN 140 DEGREE WATER

SSD MASS (q) 40422 40583 | 4051.7 40455
MASS IN WATER | 23602 | 23691 | 23655 | 23849
VOLUME fa-r (s} 16820 | 1689.2 | 1686.2 | 16845
VOLUME ABS. H20 f@-c) (gl 101.8 1159 1121 1126 E
% SATURATION 100X {1+ 83.1 90.4 889 88.2
PEAK LOAD (Newton's) w| 28000 | 25700 | 26000 27000
WET TS(kPa) (2000X u)+{aXbX 31416 ) vy 12327 1119.9 1136.4 1196.2
INTERNAL SPECIMEN TEMPERATURE (°F ) 79.00 79.00 79.00 79.00 79.00 79.00 79.00 79.00
Aver. VTN | Aver. Saturation JAver. --emp. Median 15 QAQC Joint FERTER Y JASON THOMPSON 51872
Dry Subset T e 4 790 1461.1 Test? bl
\Wet Subset 75 745 79.0 | 11663 Circle Dne |0 ev
TENSILE STRENGTH RATIO 79.8 (Yes) N [T
QA/QC COMPARATIVE TSR ;_‘. B LA Locimon:
Visual Stripping:place x in appropriate boj/|-s cEAT 2.
Note: Attach proposed MAT 601 | = | | | Jcammans
form when TSR specimens | MNone lﬂncr Moderate Severe
are being submitted to QA
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Table A- 11 TSR Test Data for 0.8% Morelife 2200 Antistrip Additives with 12-Hour
Prolonged Heating

Revined Augest 2008 NCDOT M&T 612 (QMS-2)
TENSILE STRENGTH RATIO (TSR) TEST WORKSHEET
Gyratory Compactive Method

MOB-12-1-£

Date Mix Produced: [Mix Type: JMF No.: Panding
Contractor: NC STATE Plant Location: Plant Cert. Mo.:

Additive Supplier. Additive Grade: MORELIFE Additive Dosage: { %)

Date Compacted. Mo, Gyrations: To height : ll_:Ja:s Test Completed: 5/15/2007
SPECIMEN NUMBER 1 2 3 4 5 & 7 ]
DIAME TER(mm) )| 150.000 | 150.000 | 150.000 | 150.000 150.000 | 150,000 | 150.000 | 150.000
THICKNESS(mm) (b)| 96.000 [ 96,000 | 95.800 95,600 95,600 95700 | 96.200 | 95.500
DRY MASS IN AlR fc)| 38371 38325 38385 3937.3 39398 38289 3934.6 3934.7
55D MASS IN AlR ()] 39451 3535. 38487 38455 38463 35424 3947.2 39401
MASS IN WATER {o)] 22741 2262, 22738 2271.2 22728 22609.7 22778 2265.0
WVOLUME {d-g) n| 1672.0 1677.0 1674.9 1674.3 1673.5 16727 1669.4 16711
BULK SP. GR. e+ (@] 2355 2345 2.352 2.352 2.354 2349 2357 2355
MAX. SP.GR. (Cptimum Binder Contant Rice Test) | 2530 2530 2530 2.530 2,530 2530 2.530 2.530
% AIR VOIDS (100X {h-g)+h) (i) 6.9 T3 7.0 71 5.9 7.2 6.8 6.9
WVOLUME AIR VOIDS [i X f)+100 | 1158 1227 117.8 1181 116.3 119.8 114.2 1159
PEAK LOAD (Newton's) k) 41200 40100 | 41400 | 40500
DRY TS(kPa) (2000 %K)~ (@ XBX31416 ) 1) | esadreaatus |20, | teeeswwes [ {FTEA | 18265 | 17999
CALC. SSD AT 70% SAT. [O.70X])+¢ 4018.2 4018.4 4021.9 4019.8 4021.2 40127 40146 4015.8
CALC. SSD AT 80% SAT. 0.80X0+¢ 4029.8 | 40306 | 4033.7 4031.7 40328 40247 | 40260 | 40274
|SATURATED MINUTES @ "Hg

Date and Time in: 11716/99 1:00 PM Date and Time out: 1141739 1:00 PM

55D MASS (m 40248 | 40229 4026.7 i | 40246

MASS IN WATER ()| 23526 2345.7 23531 23518

WVOLUME {m - np o)) 16722 | 1677.2 | 16736 | =wweww=et | 16727

WOL. ABS. H20 {m-gh p) 87.7 50.4 87.2 B4.B = sk
% SATURATION TWRE) 75T =7 =30 e 7285
CONDITIONED 24 HOURS IN 140 DEGREE WATER

SSD MASS fq)| 40428 | 40426 | 40443 40441
[MASS IN WATER in| 2364.4 | 2358.7 | 23642 2364.4

WVOLUME a-n )| 16784 | 16839 | 1680.1 | 16797

WVOLUME ABS. H20 {g-c w| 105.7 1104 104.8 104.3

% SATURATION 100X +) 91.3 89.8 80.0 89.7

PEAK LOAD (MNewton's) (w)| 30800 31600 33400 34500

'WET TS(kPa) (2000 %Xu)+(aXbX31416 ) {v)| 1366.1 1307.0 | 14797 | e 1531.6

INTERNAL SPECIMEN TEMPERATURE (°F .) 75.00 75.00 79.00 78.00 79.00 78.00 79.00 79.00

Aver. VTM | Aver. Saturation { Aver, kTemprMedian T5 QAQC Joint TESTER BY: JASON THOMPSON

Dry Subset 7.0 R ] 7es 1813.2 Test? e 51972

(Wet Subsat 74 . 78.0 1438.4 Circle One TESTED 67

TEMSILE STRENGTH RATIO 79.3 (Yes) No CERT. WO.:

QA/QC COMPARATIVE TSR | ocanon

Visual Stripping: place x in approp box|-se cearno.
Note: Attach proposed M&T 601 l 1 | | —
form when TSR specimens [ Tone  Minor __Moderate _Severe
are being submitted to QA
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Table A- 12 TSR Test Data for 0.8% Morelife 2200 Antistrip Additives with 24-Hour
Prolonged Heating

Porined Aagaw 3008 N C DOT MET 812 (QMS-2)
TENSILE STRENGTH RATIO (TSR) TEST WORKSHEET
Gyratory Compactive Method

MO8-24-1-THR
Date Mix Produced: Mix Type: JMF No.: Pending
Caontractor: NC STATE Flant Location: Flant Cert. No.:
Additive Supplier: Additive Grade: MORELIFE Additive Dosage: { %)
Date Compacted: MNo. Gyrations: To height - |Date Test Completed: 51172007
SPECIMEN NUMBER 1 2 3 4 5 & 7 8
DIAMETER(mm) ()] 150.000 | 150.000 | 150.000 .| .150.000 150.000 150.000 | 150.000 | 150.000
THICKMNES S{mm) (b)| 98.900 98.500 57.800 96.400 87.700 88,600 55100 99 800
DRY MASS IN AIR (c)] 39374 3845.2 | 39178 3936.5 3948.2 39406 35248 3534.9
SSD MASS IN AIR (d)] 39464 | 39562 | 39263 3847.2 39635 39486 | 39357 | 39428
MASS IN WATER (w)] 22587 | 22625 | 22476 226846 2268.7 22563 | 23523 | 23578
VOLUME fd-a) n| 1687.7 1693.7 1678.7 1682.6 1694.8 1692.3 1683.4 1684.9
BULK SP. GR. fe+0 ] 2333 2328 2.334 2.340 2.330 2329 2331 2.335
MAX, SP.GR. [Cplimum Bindsr Content Rice Tast) (hy| 2530 2.530 2.530 2.530 2.530 2530 2.530 2 530
% AIR VOIDS (100X {h-g)+h i) 78 78 FE:] 7.5 7.9 8.0 7.9 Bt
WOLUME AIR VOIDS (i X f)=100 W 1314 134.3 130.1 126.7 134.2 134.8 1322 129.6
PEAK LOAD (Newton's) [ 31000 21800 18400 16800
DRY TS(kPa) (2000 XKK)«faXxhX31416 ) m 1346.7 938.4 830.8 714.4
CALC. SSD AT 70% SAT. 0.70%0+¢ 40294 | 4039.2 | 4009.0 4025.2 4042 2 40349 | 40171 4025.6
CALC. SSD AT 80% SAT. (0.80X0 +¢ 40425 40527 4022.0 4037.8 4055.6 4048.4 4030.3 4038.6
SATURATED MINDTES @ "Hg
Date and Time in: 11/16/58 1:00 PM Date and Time out: 1117/99 1:00 PM
S50 MASS im)|  4040.6 4051.0 4021.0 40254 |
MASS IN WATER ()| 23298 23441 23236 2346.7
WOLUME {m - ) (o] 1710.8 1706.9 1697.4 1678.7 ik gl
VOL ABS 20 ] ol 1032 1058 1031 88.0
% SATURATION 100 X - ) 785 78.8 79.2 V0.2 e | vy | e e S
CONDITIGHED 24 HOURS IN 140 DEGREE WATER
SSD MASS (q)) 40219 | 40826 | 40825 4081.7
MASS IN WATER (] 23809 | 23616 | 23476 2358.7
WOLUME fg-n (s)] 1731.0 1721.0 1714.9 1693.0 | [t e ilitiaia i)
VOLUME ABS. H20 fq- ¢l ] 1545 137.4 144.6 1152 occmsiet] et 5
% SATURATION 100X {1+ 117.6 1023 111.1 909
PEAK LOAD (Newlon's) ()| 9800 17300 10300 23200
WET TS(kPa) (200DXu)+(aXBX31416 ) w)| 4120 745.4 447.0 1021.4
INTERMAL SPECIMEN TEMPERATURE (°F .) 79.00 79,00 79.00 79.00 79.00 78,00 78.00 78.00
Aver. VTM | Aver, Saturation] Aver. Temp.|Median TS| QANQC Joint TESTER BY: JASON THOMPSON
Dry Subset 7.8 G| ve0 884.6 Test? IR O 51972
et Subset 7.7 76,7 79.0 596.2 Circle One BIEREY,
TENSILE STRENGTH RATIO 67.4 (Yes) No  [m e
QA/QC COMPARATIVE TSR - ) I
Visual Stripping:place x in appropriate box/|-+# =372
Note: Attach proposed M&T 601 | | E—
form when TSR specimens None nor Moderate Severe

are being submitted to QA
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