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EXECUTIVE SUMMARY 
Nanoclays are minerals which have a high aspect ratio and with at least one dimension of the 
particle in the nanometer range. The main goal of this study is to assess the feasibility of the 
use of nanoclay as an alternative of commonly used polymers such as styrene-butadiene-
styrene (SBS) to modify performance grade (PG) of asphalt binders. Unmodified PG 64-22 
asphalt binders were collected from two different sources for this study. One source was 
Ergon at Memphis, TN, defined as Source 1 and another source was Marathon at 
Catlessburg, KY, defined as Source 2. Three different types of organically treated nanoclays, 
namely, Cloisite 10A, Cloisite 11B, and Cloisite 15A, were used. Nanoclays at 1%, 2% and 
3% by weight of asphalt binder were selected for blending with unaged/fresh asphalt binders. 
After different trials of temperature, time and rotational speed, a blending protocol was 
developed. Nanoclays were then blended with the unaged asphalt binders using a high shear 
mixer. The viscosity of the control and nanoclay-modified asphalt binder were evaluated. 
Viscosity tests were conducted from 135oC to 180oC in 15oC intervals. The viscosity values 
significantly increased for the nanoclay-modified binders compared to neat binders. The 
binder modified by nanoclay 2% Cloisite 10A showed the highest viscosity.  

For characterizing the viscous and elastic behavior of the neat binder and blended asphalt, 
dynamic shear rheometer (DSR) tests were performed for both unaged and the rolling thin 
film oven (RTFO) aged binders. For both unaged and RTFO aged binders, the values of the 
dynamic shear modulus (G*) were increased and the value of the phase angles (δ) were 
decreased for nanoclay-modified binders compared to the neat binders. Consequently, the 
rutting resistance (G*/sinδ) was also increased for nanoclay-modified binders. The maximum 
rutting resistance was expected when the neat binder was modified by 1% nanoclay Cloisite 
11B. It was also found that the nanoclay-modified asphalt binder was less susceptible to 
temperature compared to the neat binder.  

An optical contact analyzer (OCA) was used to evaluate the moisture susceptibility of the 
nanoclay-modified binders and aggregates (gravel and sandstone). The sessile drop method 
was followed to estimate the surface free energy (SFE) and the compatibility ratio (CR) of 
the modified binder samples and aggregates. The contact angle, the angle between the solid-
liquid interface which is a combined effect of cohesion, adhesion, and wettability, increased 
for nanoclay-modified asphalt binders. The SFE value which indicates the moisture 
resistance increased when Source 1 binder modified by nanoclay and decreased when Source 
2 binder modified by nanoclay. Based on CR results, gravel was found to perform better than 
sandstone when the binders were modified with nanoclays. An atomic force microscope 
(AFM) was used to evaluate morphological and nanomechanical properties (e.g., modulus, 
deformation, and adhesion) of neat and modified asphalt binders. The surface roughness 
increased, but the deformation values were found to decrease for the modified asphalt 
binders. The adhesion value, which indicates the moisture susceptibility, of the nanoclay-
modified binder, improved significantly compared to the neat binder. 
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IMPLEMENTATION STATEMENT 
The research team has shared findings with Arkansas Department of Transportation 
(ARDOT) engineers at their annual research symposium held in May 2018. The research 
team also participated in various workshops and conferences and delivered oral and poster 
presentations.  The research team also presented findings at the 2018 Tran-SET Conference, 
held on April 3-4, 2018 in New Orleans, LA, the 2018 Arkansas Academy of Science 
conference, held on April 5-6, 2018 in Jonesboro, AR, the 2018 Create@state Research Day 
Symposium, held on April 16-18, 2018 in Jonesboro, AR.  Major publications based on the 
findings of the current study are listed below: 

• Morshed, MMT., Hassan, M. N., and Hossain, Z. (2018). Use of Nanoclays as 
Alternatives of Polymers Toward Improving Performance of Asphalt Binders. 2018 
Tran-SET Conference, April 3-4, 2018, New Orleans, LA. 

• Hossain, Z., and Bairgi, B. (2018). Viability of the Use of Nanoclay-modified Asphalt 
Binders in Roofing Shingles, 2018 CRC Conference, New Orleans, April 3-4, 2018, 
New Orleans, LA. 

• Morshed, MMT., and Hossain, Z. (2018). Viscosity Temperature Susceptibility 
Analysis for Nanoclay Modified Asphalt Binders. 2018 Create@state Research Day 
Symposium, held in April 2018 at Arkansas State University, Jonesboro, AR. 

• Morshed, MMT., and Hossain, Z. (2018). Prospects of Nanoclay as a Pavement 
Construction Material. Arkansas Academy of Science 102nd Annual Meeting, held in 
April 2018 at Arkansas State University, Jonesboro, AR. 

The research team plans to share the findings at upcoming technology transfer events such as 
the 2018 ASCE Chapter meeting and the 2018 Oklahoma Research Day. The graduate 
student will publish the findings in the form of a Master’s thesis. The research team also 
plans to publish the findings of this study in other relevant transportation materials journals 
and symposiums. 
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1. INTRODUCTION 
With the increase of traffic volume in recent years, there have been substantial increases in 
traffic loads and tire pressures upon the road pavements. A combination of extreme weather 
events and increased loads has been pointed out as the primary cause of the pavement’s 
premature distresses such as rutting and cracking. Producers have come up with different asphalt 
modifiers for increasing rut resistance of asphalt at service temperatures as well as decreasing the 
stiffness at low temperatures to improve the asphalt resistance to thermal cracking. Among other 
polymers, styrene-butadiene-styrene (SBS) and styrene-butadiene-rubber (SBR) are widely being 
used to modify performance grade (PG) binders so that asphalt can sustain increased loads and 
extreme temperature events. In this study, nanoclay has been used as an alternative asphalt 
modifier. 

Nanoclay is economical and naturally abundant. Moreover, it is expected that the use of nanoclay 
instead of polymers could significantly reduce the cost of asphalt binders. Nanoclays possess an 
extraordinary potential for improving the performance of asphalt binders and mixes due to their 
nanoscale phenomena such as the quantum effects, high surface energy, spatial confinement, and 
a large fraction of surface atoms. A significant portion of the current usages of polymer-modified 
binders (PMBs) can potentially be replaced by nanoclay-modified binders.  

Nanoclays are layered silicates that are found naturally, and hence they are environmentally safe, 
economical, and sustainable. One of the most frequently used layered silicates is montmorillonite 
(MMT), which has a 2:1 layered structure with two silica tetrahedron layers sandwiching an 
alumina octahedron layer. These three layers together form one clay sheet that has a thickness of 
0.96nm. Thus, the individual clay sheets are classified as nanomaterial. Though the application 
of nanoclays in asphalt pavements is relatively new, it has the potential to be used for improving 
the mechanical, thermal, and barrier properties.  

1.1. Literature Review 
Several publications were reviewed for gathering existing information on the nanoclays and their 
impact on asphalt or any other similar petroleum products. The primary objective of this 
literature review is to gather all the information from the previous researches so that all efforts 
can be focused on further exploration of nanoclay modification of asphalt binders. Journals from 
different reputed publications including Transportation Research Records, Federal Highway 
Administration (FHWA) records, and projects of departments of transportation (DOTs) were 
considered for the literature review. Most of the pavements in the United States is flexible 
asphalt pavement. This type of pavement requires high maintenance costs. Considering the 
amount required during construction (only about 5% by weight), the quality of the asphalt binder 
plays an influential role on the flexible pavement performance. Parameters like surface 
properties and temperature susceptibility characteristics of asphalt have impacts on asphalt 
mixes. That’s why it is not new to try polymer additives with virgin binders for improved 
mechanical performance. Styrene-butadiene-styrene (SBS) has been considered for enhancing 
the mechanistic properties and functional characteristics, although it increases the overall cost of 
the binder (1). In December of 2017, the price of unmodified PG 64-22 asphalt was $355.00 per 
ton. Whereas, the cost of a polymer-modified binder ranges from 50-100% more than the neat 
binder (2). Per Arkansas department of transportation program management division, the price 
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per gallon of polymer-modified asphalt binders was $4.03 (approximately $1096.54 per ton) in 
2017 (3). 

Many researchers (e.g., (4) and (5)) have claimed that when HMA mix is dispersed at a 
nanoscopic level, nanoclays improve the performance of asphalt binders due to their nanoscale 
phenomena including quantum effects, structural features, high surface energy, spatial 
confinement, and large fraction of surface atoms (4,5). Moreover, nanoclays are cheaper than 
other modifiers as they are naturally abundant. So, nanoclays have the potential to replace the 
existing modifiers for improved mechanical and functional characteristics of asphalt pavements 
(6).  

Many researchers suggested different mixing protocols of nanoclay with asphalt binder. Most of 
the researchers used a high shear mixer for blending the nanoclay with the binder. You et al. (4) 
suggested a new blending protocol that used a rotation of 2500 rpm, a temperature of 160°C, and 
a mixing duration of 3 hours. They used X-ray diffraction (XRD) that indicates the nanoclay 
particles were uniformly dispersed within the modified mixture. Yao et al. (7) used another 
blending protocol that consists of a rotation of 4000 rpm, a temperature of 130°C, and a mixing 
duration of 2 hours. Zhang et al. (8) used two steps of mixing. At first, they mixed nanoclay with 
the binder at 160°C for 20 minutes at the rotation speed of 2000 rpm. Then, they increased the 
temperature to 170°C for 40 minutes with a rotational speed of 4500 rpm. Abdullah et al. (9) 
used a different blending protocol for different types of nanoclay. Melo and Triches (10) 
embedded using a high shear mixer with a rotation of 5000 rpm. 

Structurally nanoclays are layered silicates which have 2:1 layered structure with two silica 
tetrahedron layers sandwiching an alumina octahedron layer (11,12). Due to this large surface 
area and energy, nanoclays have the potential to improve the binder’s physical, mechanical, and 
rheological properties like fracture toughness, moduli, strength, heat resistance, gas permeability, 
flammability, and biodegradability. You et al. (4) also studied the effect of multiple nanoclays on 
a specific asphalt binder (PG 58-34). The complex shear modulus (G*) increased 66% and 125% 
for 2% and 4% nanoclay modifications, respectively.  Jahromi and Ahmadi (13) tried Cloisite 
15A and Nanofill15 as an asphalt binder modifier and observed increased stiffness, rutting 
resistance, indirect tensile strength, and a resilient modulus but a decreased fatigue performance.  

Many researchers have incorporated nanoparticles effectively in laboratory studies. Ghile (14) 
studied Cloisite and reported that nanoclay modification enhanced the mechanical properties 
such as creep and fatigue resistance. Nanoclay also works as filler reinforcements. Yu et al. (15) 
reported that montmorillonite modified asphalts had higher viscoelastic properties and rutting 
resistance. Polacco et al. (16) also examined the polymer-modified asphalts to find out the effect 
of the addition of clay. You et al. (4) studied two types of nanoclays (A and B) as modifiers of a 
performance grade binder PG 58-22 in Michigan and reported a significant increase of rutting 
resistance of nanoclay-modified binders. Jahromi and Khodaii (13) studied two types of 
nanoclays, namely, Cloisite 15A and Nanofill 15, and they also reported improved rutting 
resistance and stiffness of nanoclay-modified binders. Hossain et al. (5) evaluated the viscosity 
and rutting properties of Cloisite 15-modified asphalt binders. Zapién-Castillo et al. (17) 
investigated nanocomposite styrene-ethylene–butylene-styrene (SEBS) Cloisite 15A-modified 
asphalt binders and reported favorable test results. 
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The Superpave specifications for the performance of an asphalt binder mainly focus on its 
macro-scale workability, consistency and strength properties. An Atomic Force Microscope 
(AFM) can be used to evaluate such molecular level mechanistic properties, which can be used 
to predict the field performance of asphalt pavements (18).  

An AFM works based on the van der Waals attraction force, which is the intermolecular residual 
attractive or repulsive forces other than those arise from a covalent bond or electrostatic 
interaction. The AFM can capture nanoscopic level data that provides the morphology of the 
surface of the asphalt binders as well as the nanomechanical properties such as elastic modulus, 
hardness, adhesion, and energy dissipation. Multiple studies (19-21) have estimated mechanical 
properties of asphalt binders using different AFM systems. Masson et al. (21) analyzed 13 
asphalt binder samples to characterize the surface morphology, and they observed distinct 
morphological clusters, which were previously unseen or not reported by any other studies.  

Recently, dispersed phase, interstitial phase, and matrix are more commonly used by researchers 
(22-24) to identify different phases instead of Catana, Peri-, and Para-phase. Dourado et al. (20) 
used the AFM-based nanoindentation technique to evaluate selective mechanical properties (e.g., 
elastic modulus) at different places on the surfaces of different asphalt binder samples. Yu et al. 
(25) developed a systematic AFM-based test procedure to evaluate the adhesive properties of 
asphalt binders and reported that the adhesion in the “raised areas” of the morphological image is 
twice of that in the recessed areas. Although the nanoindentation method was used in previous 
studies to calculate the modulus and adhesion properties of the asphalt binders, this method has 
some limitations regarding specific loading parameters (26), the thickness of the testing material, 
difficulties in data acquisition (27), and the time-consuming analysis process. A relatively new 
method, PeakForce Quantitative Nanomechanical Mapping (PFQNM™), was used for the 
similar purpose by Nahar et al. (23) and Fisher et al. (24). The PFQNM™ method had many 
advantages over the nanoindentation method. 

Surface free energy (SFE) analysis of asphalt is one of the science-based approaches that have 
received significant attention from the pavement professionals and researchers around the globe. 
The SFE approach is based on surface science approach, which overcomes the limitation of 
conventional test methods such as the Tensile Strength Ratio (TSR) or Hamburg Wheel Test 
Device (HWTD) method. 

Some researchers at the Texas Transportation Institute (TTI) (28,29) introduced a parameter 
“compatibility ratio (CR)” in the surface free energy (SFE) theory.  The CR is the ratio of work 
of adhesion of an aggregate and the binder system in dry condition to the adhesion of the same 
system in the presence of water. For evaluating the SFE of asphalt binders, researchers used the 
Good-van Oss-Chaudhury theory, in which the SFE is divided into three components based on 
their intermolecular forces: (1) monopolar acidic component (Γ+), (2) monopolar basic 
component, (Γ−), and (3) a polar or Lifshitz-van de Waals (ΓLW)] component. And, the total SFR 
for a single phase is divided into a Lifshitz-van der Waals component (ΓLW) and an acid-base 
(AB) component (ΓAB), which can be written as shown in Equation 1. 

Γtotal =ΓLW + ΓAB  [1]  

Where the acid-base part of the free energy can be described as shown in Equation 2. 
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ΓAB = 2 √(Γ+Γ−)  [2] 

The Gibb’s free energy of adhesion (ΔGad) also consists of two components, as shown in 
Equation 3. 

ΔGad = ΔGLW
ad + ΔGAB

ad  [3] 

The individual components of Equation 3 are given by Equations 4 and 5. 

ΔGAB
ad = -2 {√(Γ+

iΓ−
j) + (√(Γ-

iΓ+
j)}  [4] 

ΔGLW ad= = -2 √(ΓLW
iΓLW

j)  [5] 

Combining these equations, the Young-Dupre equation for the work of adhesion can be found, as 
shown in Equation 6.  

Wa= - ΔGad dry= Γtotal
L (1+ cosθ) = 2{√(ΓLW

LΓLW
S)+ √(Γ+

LΓL-
S)+ √(Γ-

LΓ+
S)  [6] 

Where the L and S denote liquid and solid, respectively. This equation was used for further 
calculation of the SFE components of the asphalt binder with reference solvent by evaluating the 
contact angles using the modified asphalt binders. For measuring the three unknown free energy 
components of the asphalt binder, three reference solvents have been recommended by many 
researchers (Bhasin A. et al., 2006). In a similar way, the free energy of adhesion between the 
asphalt binder and aggregate in the presence of water is expressed as shown in Equation 7. 

ΔGad wet= 2 ΓLW
w + 2√(ΓLW

aΓLW
A) -2√(ΓLW

aΓLW
w) -2√(ΓLW

AΓLW
w) +4 √(Γ+

wΓ-
w) +2 

√(Γ+
aΓ-

A) -2 √(Γ-
aΓ+

A) + 2√(Γ+
aΓ-

w) - 2√(Γ-
aΓ+

w)- 2√(Γ+
AΓ-

w) [7] 

The free energy cohesion (ΔGc), which is the creation of a unit area of crack within a material in 
a vacuum condition, can be determined by using Equation 8. 

ΔGc = 2Γtotal  [8] 

The effect of different additives on the cohesive strength and adhesive strength between asphalt 
binders and aggregates has also been studied by many researchers (e.g., 22, 26). From these 
studies, it can be implicated that the SFE and other surface properties depend on various factors 
such as the type of asphalt binder, type of aggregate, and type of additive used. 
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2. OBJECTIVES 
The primary objective of the proposed study is to assess the feasibility of using nanoclays as 
modifiers of base asphalt binders. Specific objectives of the proposed study are to:  

• Develop a suitable blending protocol to modify base asphalt binders with nanoclay; and  
• Examine performance properties (rutting, fatigue, and moisture resistance) of nanoclay-

modified asphalt binders. 

To fulfill the objectives of the project, the following tasks have been identified:  
• Collect required asphalt binders and nanoclays required for this research;  
• Blend nanoclays with selective base asphalt binders using a high shear mixer and 

examine their dispersion properties toward developing a suitable protocol. Investigate the 
effect of size, surface modification and dosages of nanoclays on critical properties of the 
asphalt binder;  

• Evaluate the role of nanoclays in altering the rheological properties of the asphalt binder;  
•  Study the effect of nanoclays on aging properties of the asphalt binder;  
•  Evaluate moisture susceptibility of the modified binders;  
•  Perform chemical analysis of nanoclay-modified binders; and  
•  Conduct life cycle cost analysis of different nanoclay-modified asphalt binders.   
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3. SCOPE 
Neat binders are usually modified by SBS and SBR to sustain increased load and extreme 
temperature events. Such modifications increase the overall cost of the binder. Alternatively, 
nanoclay is economical and naturally abundant. It is expected that the use of nanoclay instead of 
polymers will significantly reduce the cost of asphalt binders. However, the transportation 
agencies do not have sufficient performance data of nanoclay-modified asphalts. Thus, this study 
has attempted to gather performance data of nanoclay-modified asphalt binders. This 
experimental study is limited to the literature review and laboratory investigation of asphalt 
binders modified with commercial nanoclays. Besides Superpave tests and selective chemical 
tests, surface free energy (SFE) measurements and atomic force microscopy (AFM) analysis 
were undertaken. The chemical tests included SARA analysis and FTIR spectroscopy. Finally, a 
life cycle cost analysis has been performed to determine economic benefits of nanoclay-modified 
binders compared to polymer-modified binders.  
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4. METHODOLOGY 
4.1. Material Selection 
Two virgin PG 64-22 binder samples were collected from Ergon Inc. which was an industry 
partner for this study. One sample originated from a Canadian crude source, and the other binder 
sample was made from an Arabian crude source. Three types of organically treated nanoclay 
were used to modify the virgin binders: Cloisite 10A, Cloisite 11B, and Cloisite 15A. The virgin 
binders were modified using three different percentages of modifiers: 1%, 2%, and 3%. These 
nanoclays were collected from Southern Clay Products, Inc. Cloisite 15A and Cloisite 10A share 
very similar plate dimension (~13 microns), but they were treated with different types of 
modifiers. Cloisite 15A was modified with dimethyl, dihydrogenerated tallow, and quaternary 
ammonium salt. On the other hand, Cloisite 10A and Cloisite 11B were modified with a 
dimethyl, benzyl, hudrogenerated tallow, and quaternary ammonium salt. The average plate 
dimensions for Cloisite 10 A and Cloisite 11B are 13 and 37-microns, respectively. Table 1 
summarizes the details of the nanoclay systems used in the project. Both the effect of nanoclay 
size and type on the characteristics of nanoclay-modified asphalt binder were investigated during 
the project. To be more specific, mechanistic properties, including stiffness, strength resistance, 
and moisture barrier characteristics were considered for performance evaluation of nanoclay-
modified binders. There was also an effort to find out an optimum percentage of nanoclay for 
modification in this study. The percentages of nanoclay (1%, 2%, and 3%) were selected based 
on existing literature and manufacturer’s recommendations.  

Table 1. Nanoclay properties. 

Properties Nanoclay 1 
(Cloisite 15A) 

Nanoclay 2 
(Cloisite 10A) 

Nanoclay 3 
(Cloisite 11B) 

Organic Modifier 2M2HT 2MBHT 2MBHT 
Average Particle Size 13 13 37 

Density (g/cc) 1.66 1.9 2.0 
Inter-gallery Spacing 

(Angstrom) 
 

31.5 
 

19.2 
 

18.4 

4.2. Blending Protocol of Nanoclays and Asphalt Binder 
A high shear mixer was used to blend the nanoclay with asphalt binder. The high shear mixer 
(Figure 1) can be operated at different durations, rotational speeds, and temperatures. Nine 
different trials were conducted using different times (2h, 3h, and 4h), rpm (1500 and 2000) and 
temperatures (150℃ and 160℃). Rotational Viscosity (RV) test, Dynamic Shear Rheometer 
(DSR) test, and Atomic Force Microscope (AFM) tests were completed for each trial. From the 
DSR test, complex shear modulus and phase angle were calculated. The G*/sinδ results versus 
temperature were plotted. From the AFM test, the morphology, adhesion, DMT modulus, and 
deformation values of the samples were observed and compared for establishing the blending 
protocol. 
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Figure 1. High shear mixer. 

4.3. Rotational Viscosity (RV) Test 
A DV-II+ Pro rotational viscometer (Figure 2), manufactured by Brookfield Engineering Inc., 
was used to determine the viscosity of asphalt binders in the high-temperature range (135°C to 
180°C) following AASHTO T 316 (Ref). This test helped to determine the mixing and 
compaction of the nanoclay-modified asphalt binders. The RV test considered the torque 
required to maintain a constant rotational speed of a cylindrical spindle submerged in an asphalt 
binder sample at a constant temperature. The equivalent viscosity of this torque was given as the 
output in the rotational viscometer.  

For RV testing, the asphalt binder was heated to obtain a certain fluidity. An approximately 10-
gm sample was poured into the sample chamber. The chamber temperatures were set at different 
levels, 135°C to 180°C at 15°C increments, for measuring the viscosity of the asphalt binder 
sample. When the test temperature had reached the desired level, a time of 10 minutes was 
allowed for ensuring the stability of the chamber temperature. Then, the device was turned on 
and three separate readings were recorded at intervals of 1 minute. As per Superpave 
specifications, the rotational viscosity for an unaged asphalt binder should be no more than 3 
Pa.s at 135°C. The viscosity data obtained at three different temperatures for the unaged binders 
were analyzed for determining mixing and compaction temperatures.  
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Figure 2. Rotational viscometer. 

4.4. Rolling Thin Film Oven (RTFO) Aging 
The nanoclay-modified asphalt binders were aged by using a rolling thin film oven (RTFO) to 
simulate the short-term aging (Figure 3). The aging procedures were performed in accordance 
with AASHTO T 240 (Ref). The short-term aged samples were prepared for further testing as 
well as for simulating the long-term aging. At first, modified asphalt binders were heated so that 
the samples become fluid enough to pour into the RTFO bottles. Approximately 35 ± 0.5 g 
sample was taken from each modified binder and poured into the RTFO bottle. The bottles were 
properly labeled. The heating chamber of the RTFO was preheated at 163±1°C. After the 
preheating was completed, the bottles were mounted on the sample rack inside the hot chamber 
for aging purpose. The door was properly locked to reduce the heat loss as much as possible. The 
rotation speed of the sample rack was set at 15 rpm and the rate of air flow was 4 liters/min that 
was blowing directly into the bottles containing the asphalt binders. The aging operation 
continued for 85 minutes. It was the combination of airflow and heat that facilitated the oxidation 
of the asphalt binder. This oxidation consequentially simulated the short-term aging of asphalt 
binder. After 85 minutes of rotation in the combination of heat and airflow, the RTFO was turned 
off. The hot samples were then taken out of the bottles with a scraping tool and stored for further 
tests and PAV-aging.  
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Figure 3. Rolling thin film oven. 

4.5. Pressure Aging Vessel (PAV) Aging 
Pressure Aging Vessel (PAV) aging was done to simulate the long-term aging of the nanoclay-
modified asphalt samples (Figure 4). As asphalt binders remain exposed to the weather 
throughout entire service life, experiences a longer oxidation period which causes long-term 
aging. PAV aging can simulate about 7-10 years of field aging. Long-term aging makes a binder 
stiffer and more susceptible to low-temperature cracking. This is the reason when evaluating the 
performance of nanoclay-modified binders, the RTFO modified samples were taken under long-
term aging with PAV following the specifications of AASHTO R 28 (Ref). At first, the 
temperature was set at 100°C for running the entire aging process. After reaching the anticipated 
temperature, the RTFO aged samples were placed in a pan, which was later placed into the 
specially designed vertical rack and then placed inside the PV chamber for long-term aging. The 
air pressure was set at 2.10 MPa which was supplied from the outside cylinder. After achieving 
the required combination of temperature and pressure, aging continued for approximately 20 
hours. After the PAV aging, the chamber was depressurized, and the aged samples were taken 
out of the chamber and stored for further chemical and mechanical testing.  
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Figure 4. Pressure aging vessel (PAV). 

4.6. Dynamic Shear Rheometer (DSR) 
Dynamic Shear Rheometer tests were conducted on all nanoclay-modified asphalt binders for 
characterizing their viscoelastic properties (Figure 5 and 6). In this test method, two specific 
properties of a sample were tested: complex shear modulus (G*), which represents the total 
resistance offered by the asphalt binder under repeated shear loading, and phase angle, (δ), which 
represents the delay in the resulting shearing strain in an asphalt binder specimen in response to 
an applied shear stress. The Superpave rutting and fatigue factors depend on these parameters. 
This test was conducted by following the AASHTO T 315 method (Ref). Asphalt binders were 
sandwiched between two parallel plates geometry. Then shearing stress was applied on the 
asphalt binder at a loading rate of 10 rad/sec (corresponding to 55 mph vehicle speed). For 25-
mm diameter, parallel plates the intermediate gap was 1.00 mm. For 8.00-mm diameter plates, 
the gap was 2.00 mm. The Superpave specifications for the rutting and fatigue factors are 
presented in Table 2.  
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Figure 5. Dynamic shear rheometer (DSR). 

 
Figure 6. Dynamic shear rheometer setup. 

Table 2. Superpave specifications for DSR test. 

Binder Sample Value Test Temperature (oC) Specification 
Unaged binder G*/sinδ High Service ≥ 1.00 kPa (0.145 psi) 

RTFO-aged binder G*/sinδ High Service ≥ 2.20 kPa (0.319 psi) 
PAV-aged binder G*.sinδ Intermediate Service ≤ 5000 kPa (725 psi) 
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4.7. Sessile Drop 
An optical Contact Analyzer (OCA) was used to evaluate the moisture susceptibility of the 
nanoclay-modified binders. The sessile drop method was followed to estimate the SFE and CR 
of the modified binder samples. In this method, a droplet of a liquid with known surface energy 
was placed on a solid surface. The shape of the drop, contact angle, and surface energy of the 
liquid could be used to determine the surface energy of the solid. Moisture susceptibility could 
be estimated from the change in surface free energy. Moreover, the observation of the CR values 
of the selected binder-aggregate system contributed to deciding the suitable aggregates for a 
specific type of modified binder. For conducting the required tests, an OCA 15 device (Figure 7) 
from Future Digital Scientific was used along with three reference solvents: water, ethylene 
glycol, and formamide. 

In the Sessile drop experiment, static contact angles of asphalt binders for three reference liquids 
were measured, and the shape of the drop was analyzed by using the software connected to the 
OCA device (Figure 8). For one drop, more than 100 contact angles on each side of the drop 
were measured in this technique to get a very precise measurement. The volume of the drop was 
regulated, and the same drop volume was used for all the samples.  

For determining the contact angle of the asphalt binder, a very smooth and thin surface of asphalt 
was created on a thin glass slide. At first, the asphalt binders were heated at a temperature of 
163°C until they were fluid enough to spread over a solid surface. A glass slide of 57 mm x 70 
mm x 1.5 mm was wrapped on all four sides with scotch tape to the desired sample outline. The 
glass slide was cleansed by quickly run through a flame before coating with the tape for ensuring 
it was free from any particles or charges. With the help of a trimmer, a very small amount of 
asphalt binder was placed over one of the sides of the taped area. Another glass slide was quickly 
pressed and slid over the taped area of the asphalt drop to spread the asphalt binder evenly and 
smoothly over the surface of the glass slide. 

 
Figure 7. Optical contact analyzer (OCA). 
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Figure 8. Sessile drop measurement with a contact angle analyzer. 

4.8. Atomic Force Microscope (AFM) 
Atomic Force Microscope (AFM) is also used by many researchers for evaluating moisture 
susceptibility. The AFM is a scanning probe microscope that can measure local properties like 
height, friction, magnetism with the help of a probe. This device raster-scans over a small area of 
the samples and measures the local properties and store them as images. It uses molecular 
properties to characterize the morphological and nanomechanical properties of the nanoclay-
modified asphalt binders. The results from the AFM analysis were later compared with the 
sessile drop analysis to evaluate the nanoclay-modified asphalt binders. 

A Dimension Icon AFM, manufactured by, Bruker (Figure 9), was used to investigate the surface 
morphology and nanomechanical properties of the nanoclay-modified asphalt binders. During 
the project, the Peak-Force Quantitative Nanomechanical Mapping (PFQNM™) mode of the 
AFM was used to observe the properties of the nanoclay-modified asphalt binders. For preparing 
the samples, the heat cast approach (HCA) was followed because it provides a natural surface of 
the asphalt. In the HCA, a small amount of nanoclay-modified binder was placed on a 50.8 mm x 
76.2 mm glass plate. Then, the glass plate was placed in an oven at 160°C for approximately 15 
minutes. A uniform and smooth surface of the asphalt binders was developed over the thin glass 
plate during the time of heating. The prepared samples were considered as “Dry Specimens” and 
were stored in a humidity-controlled desiccator. The samples were tested after three days. 
Prepared samples were then tested using the AFM.  
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Figure 9. Atomic force microscope. 

4.9. SARA (Saturates, Aromatics, Resins, and Asphaltene) Analysis 
A larger part of the chemical analysis of this project was composed of SARA analyses of asphalt 
binders. All the nanoclay-modified asphalt binders were characterized in terms of the changes in 
their chemical compositions. The SARA analysis is an acronym for the chemical constituents of 
the asphalt binders: Saturate, Aromatic, Resin, and Asphaltene. The test was executed in 
accordance with ASTM D 4124-09: Standard Test Method for Separating Asphalt into Four 
Fractions (31). The fundamental principle of this test was “like dissolves like.” This principle 
implied that every constituent fraction had a certain degree of polarity for which it could only be 
moved with a solvent of similar polarity. The entire process was conducted through a sequential 
application of specific solvents and evaporating them to acquire the constituent fractions. The 
standard procedure was applied with a small adaptation in the laboratory.  

 
Figure 10. Sample preparation. 
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For the SARA analysis, the asphalt sample was put inside an oven to facilitate sufficient fluidity 
so that it could be poured. As per the standard, the asphalt sample could also be alternatively 
collected by chilling to facilitate fracturing the sample. For heating the asphalt binder sample, the 
oven temperature was carefully maintained so that it did not exceed more than 50°C above the 
anticipated softening point, which was 100°C for the asphalt binders. Heating to higher 
temperatures could cause unexpected aging in the asphalt binder sample. After reaching the 
sufficient fluidity, the asphalt binder was poured into a tared round-bottomed flask (neck size 
24/40) for sample preparation (Figure 10). An approximately 2.00±0.30 g sample was taken in 
for the refluxing operation.  

The sample was then allowed to cool to the room temperature. Then, n-Heptane was added to the 
round-bottomed flask at a ratio of 100 mL for each gram of the sample. A stirring magnet was 
added into the round bottom flask to ensure the proper mixing of asphalt binder sample into n-
heptane solvent. A Liebig condenser was required to fit with the neck of the round-bottomed 
flask. The opening of the Liebig condenser had to be compatible with a round-bottomed flask of 
24/40 neck. The flask was then fastened with a clamp stand and put in a heating bath containing 
sand. The particle size of the sand had to be minus US standard sieve No. 20 (0.841 mm) and it 
was very important for ensuring an ease in dipping the round-bottomed flask into the bath.  

The entire setup was arranged inside a fume hood. The hot plate/heating bath was turned on, and 
the temperature was set at 250°C. The stirring (at 350±50 rpm) had to be started once the sample 
started refluxing. During the heating, all the n-Heptane that could go upward due to the heat 
would come back because of the condenser. Thus, the temperature inside the round bottom flask 
could be maintained at the boiling point of n-Heptane (i.e. 98.42°C). The stirring action would be 
continued for 1 to 2 hours until no visual evidence of undissolved asphalt binder adhered to the 
flask. Once the entire sample was dissolved into the solution, stirring was continued for an 
additional 1 hour. Normally, 2 hours is sufficient for the complete dissolution, but for air blown 
asphalt or chemically-modified asphalt, the standard recommends extending the stirring time to 3 
hours. After the refluxing operation, the heater was turned off, and the solution could cool down 
to the room temperature with the stirring action on. The stirring action was continued for an 
additional 2 hours after cooling. After the cooling process, the condenser was removed, and the 
solution could settle for 2 hours prior to the filtering operation.  

 
Figure 11. Asphaltene separation. 
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A Buchner-style fritted glass funnel of medium porosity (ASTM 10-15 micrometer) was used for 
the filtering operation which separated the Asphaltene from the Maltene within the solvent 
(Figure 11). The refluxed asphalt sample was poured in and filtered through this funnel to 
separate the Asphaltene. The Asphaltenes are the solid fraction that could not pass through the 
porous disc on the funnel. Any solid residue that could not pass through at first trials were 
washed later with n-Heptane and poured again into the funnel. Suction was applied to a filtering 
flask to acceleration. Applying suction was important especially in cases of highly-aged or 
highly-modified binders where the filtering was much slower due to higher Asphaltene content. 
After the filtering was completed, the filter was weighed again to measure the accumulated the 
Asphaltene content. 

The collected liquid in the filtering flask was the Maltene containing the Saturate, Aromatic, and 
Resin fractions. A column of activated alumina was required for separating the Maltene 
fractions. The glass column was dried completely before any experimental use. The activated 
alumina was poured in and filled up to the bottom of the spherical top. A cotton plug was 
inserted on top of the filled alumina. The column was ensured to be totally vertical as the 
chromatography was assisted by the gravity. A tilted gesture could have affected the fraction 
reaching the bottom in an uneven manner and would have yielded a mixed elution. The column 
was wetted with a little n-Heptane prior to loading the Maltene onto it. The bottom valve was 
kept open and a conical flask was fitted underneath to collect the elution.  

 
Figure 12. Column chromatography. 

The first elution from the column chromatography was the Saturates that came with n-Heptane 
(Figure 12). Once the liquid in the top spherical portion got depleted upon complete adsorption 
on the column, toluene was added, and it initiated the movement of the Aromatics fraction. The 
movement of the Aromatics fraction could be traced by shining a UV light (365 nm) on the 
column. A fluorescent band could be seen moving downward leaving the black portion back. The 
fluorescent band was the Aromatics portion of the whole asphalt binder. The fluorescent band 
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helped to pinpoint the start and cutoff points for the collection of the Aromatics from Saturates 
and Resins. Once the toluene depleted in the top sphere, a 50:50 mixture of toluene and methanol 
was introduced on top. It initiated the movement of the Resins fractions. The movement of the 
fluorescent band was carefully observed to start collecting the Resins dissolved in 
trichloroethylene. The ultraviolet (UV) detector was shined for just a little while to avoid causing 
any unexpected UV-aging to the binder.  

The collected fractions were taken to a rotary evaporator for solvent-removal. The eluted 
fractions were not allowed to dry voluntarily as the solvents do not evaporate entirely through 
voluntary evaporation. Each eluted fraction was taken into separate round-bottomed flasks 
(Figure 13).  

 
Figure 13. Evaporation of solvents. 

The rotary evaporator lowered the atmospheric pressure inside the flasks through a vacuum 
pump and applied heat simultaneously. After a certain time, the solvent evaporation initiated. 
The temperature bath was kept constant at 79°C. The vacuum was applied gradually in a steady 
manner until the final set-point was achieved. For the Saturates dissolved in n-Heptane, the final 
pressure set-point was approximately 300±20 mbar. For the Aromatics dissolved in toluene, the 
pressure required approximately 200±20 mbar. For the Resins fractions dissolved in 
trichloroethylene, the pressure was set initially at 820 mbar and then gradually lowered down to 
200 mbar. The pressure was reduced in situations when there was no visual sign of evaporation 
happening. In every case, chloroform was added to remove any remaining solvent. The freed 
fractions were dried in an oven overnight for obtaining a stable and precise mass. 
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Figure 14. Separated SARA fractions. 

The separated fractions (Figure 14) were recorded for their dried masses and expressed as 
MSaturates, MAromatics, and MResins for the Saturates, Aromatics, and Resins fractions, respectively. 
The masses were expressed as percent fractions of the original sample that was taken. About 
90~99 % of the whole sample could be recovered through this column chromatography 
technique (Figure 15).  

 
Figure 15. SARA fractions stored.  
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5. FINDINGS 
5.1. Blending Protocol 
As mentioned earlier, nanoclays were blended with the unaged asphalt binders using a high shear 
mixer. Nine different trials were conducted using different times (2h, 3h, and 4h), rotations (1500 
and 2000), and temperatures (150°C and 160°C). RV, DSR, and AFM tests were completed for 
each trial. The naming convention can be seen in Appendix A of this report. The dynamic 
viscosity was determined at 135°C (Figure 16) and 150°C (Figure 17) with the help of the 
rotational viscometer. The viscosity for 2000 rpm, 150°C, and 2 hours have a very little variation 
with respect to time at a constant temperature compared to other trials (Figures 16 and 17). From 
the DSR test, complex shear modulus and phase angle were calculated. The rutting factor 
(G*/sinδ) versus temperature charts were plotted (Figure 18). Rotation 2000 rpm, temperature 
150°C, and blending time of 2 hours were selected because (G*/sinδ) value is in an acceptable 
range and have a very little variation with respect to temperature. Other trials have higher 
(G*/sinδ) values but these may be happened due to the aging effect. From AFM test, the 
morphology, adhesion, DMT modulus, and deformation values (Table 3) of the samples were 
observed and compared. For a rotation of 2000 rpm, a temperature of 150°C, and a blending time 
of 2 hours. The surface morphology and deformation values were nearly the same compared to 
the neat binder. From the output of these tests, a blending protocol (2h time, 2000 rpm, and 
150°C) was established to mix nanoclays with asphalt binders. 

 

Figure 16. Viscosity (mPa.s) vs. time (min) curve at temperature 135°C for modified binders. 
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Figure 17. Viscosity (mPa.s) vs. time (min) curve at temperature 150°C for modified binders. 

 
Figure 18. Rutting resistance (G*/sinδ) vs. temperature (°C) for modified binders. 



22 

Table 3. Value of the morphological and nanomechanical properties. 

Sample Name Surface 
Morphology (nm) 

DMT Modulus 
(MPa) 

Adhesion 
(nN) 

Deformation 
(nm) 

Neat Binder 5.36 122 20.5 3.19 
1500-150-2 9.14 305 17.9 22.3 
1500-150-3 5.31 178 21.2 4.55 
1500-160-2 5.32 251 37.4 4.09 
1500-160-3 6.13 152 20.2 3.25 
2000-150-2 4.81 124 19.1 2.93 
2000-150-3 5.15 156 28.4 3.81 
2000-160-2 5.23 115 14.8 3.09 
2000-160-3 12.6 122 17.6 3.09 

 

5.2. Rotational Viscosity 
For Source 2 (Marathon at Catlessburg) PG 64-22 binder modified by nanoclays, the viscosity 
values were also increased. For 1%, 2%, and 3% Cloisite 10A blended with asphalt binders, the 
viscosity values at 135°C increased by 187%, 140%, and 178%, respectively. At the same 
temperature, there were 162%, 162%, and 159% increase in viscosity when 1%, 2% and 3% 
Cloisite 11B was mixed with the Source 1 neat binder, respectively. For 1%, 2%, and 3% 
Cloisite 15A modified binders, viscosity values were increased by 102%, 111% and 114%, 
respectively at 135°C. Please see Appendix B for detail results of the RV tests. 

 
Figure 19. Viscosity (mPa.s) vs temperature (°C) curve for Source 2 modified binder. 



23 

5.3. Dynamic Shear Rheometer (DSR) 
The G* (in log scale) versus δ, known as the black curve, was plotted in Figure 18. It is observed 
that the black curves for modified asphalt binders have shifted from the position of the neat 
binder to left. The G* values for nanoclay-modified asphalt binders increased and δ values 
decreased with respect to those of the neat asphalt binder. At 64°C, the maximum G* and the 
minimum δ are found when the asphalt binder was blended with the 1% Cloisite 11B. The “A” 
value (viscosity parameter) for nanoclay-modified asphalt binder is decreased from that of the 
neat binder. The absolute value of another viscosity parameter (VTS) is also decreased from that 
of the neat binder. Therefore, the nanoclay-modified asphalt binder is less temperature 
susceptible compared to the neat binder. Rutting factor (G*/sinδ) was also increased for modified 
binders and maximum rutting resistance was observed for binder modified with the 1% Cloisite 
11B. 

For Source 2 binder modified with nanoclays, the G* values for nanoclay-modified asphalt 
binders increased, and δ values decreased with respect to those of the neat asphalt binder. 
Maximum G* values were found when nanoclay 1% Cloisite 10A mixed with a neat binder. 
Detail results of DSR test can be seen in Appendix C.  

 
Figure 20. Complex shear modulus (G*) vs. phase angle (δ) curve for Source 1 modified binder.  
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Figure 21. Complex shear modulus (G*) vs. phase angle (δ) curve for Source 2 modified binder. 

5.4. Sessile Drop Analysis  
An optical Contact Analyzer (OCA) was used to determine the contact angle on the surface of 
nanoclay-modified asphalt binders. It has been observed that, for binders from both the sources, 
contact angles were higher in case of water than the ethylene glycol and formamide. However, 
no comparison could be done between the contact angles for ethylene glycol and formamide.  

As discussed before, the surface free energy of any materials can be divided into the following 
components: acid component, base components, and Lifshitz-van der Waals components. As 
seen from Figure 262, in most cases for the asphalt binder from Source 1, the acid components 
for Cloisite 10A and Cloisite 11B modified binders were found to be lower than the unmodified 
binders. On the other hand, the Liftshitz-van der Waals components were found higher in the 
Cloisite 10A and Cloisite 11B modified binders than in the Cloisite 15A modified binders. 
Finally, the total surface free energies were found to be very close for all the modified and 
unmodified binders from Source 1.  On the other hand, the binder with the 3% Cloisite 10A was 
found to be the binder with the highest work of cohesion, which indicated the highest binder-to-
binder bond strength when Source 1 binder was modif ied (Figure 23).  
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Figure 22. Surface free energy components for Source 1 binders. 

 
Figure 23. Work of cohesion for the binders of Source 1. 

For the binders from Source 2 the acid components, base components, and Lifshitz-van der 
Waals components were found to be very similar (Figure 24). Therefore, there was no significant 
change in the total surface energy of the binders from Source 2. For the same reason, the work of 
cohesion values for the Source 2 binders was very close to each other, indicating that tested 
nanoclays were not expected to have any adverse effects on binder-to-binder bond strength when 
Source 2 binder is modified.  
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Figure 24. Surface free energy components for Source 2 binders. 

 
Figure 25. Work of cohesion for the binders of Source 2. 

For evaluating stripping resistance of aggregate-binder systems, two types of aggregates 
(sandstone and limestone gravel) were considered in this study. The aggregate samples were 
collected from Arkhola, AR. The different components of the surface free energy values of these 
aggregates are given in Table 4. 

Table 4. Different components of SFE for sandstone and gravel (30). 

Aggregate Type Γ ab Γ LW  Γ (base) Γ+ (acid) Γ total 
Sandstone 250.3 43.5 555.2 28.2 293.7 
Gravel 299.2 57.5 973 23 356.7 
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From further analysis, in the dry condition, it was found that the adhesive energy values for the 
Source 1 binders were found to be higher for the Cloisite 15A modified binders. It was also 
observed that the adhesive energy was higher for gravel (limestone) than the sandstone. It can be 
noted that limestone is basic in nature and sandstone is neutral in polarity. With acidic asphalt 
binder, it was expected that the limestone-binder system would have better adhesive bonds 
compared to the sandstone-binder system.  

 
Figure 26. Free energy for the Source 1 binders (dry). 

For Source 2 binders (Figure 27), the unmodified binders had higher adhesive energy in the case 
of sandstone than limestone. But for most cases of the modified Source 2 binders, the adhesive 
energy in the dry condition was found higher for gravel (limestone) rather than sandstone. The 
reason for having the more adhesive energy for Source 2 binders compared to Source 1 binders 
was that Source 2 binders were more acidic in nature, which facilitated higher bond strength with 
basic limestone. 
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Figure 27. Free energy for the Source 2 binders (dry). 

At the wet condition, the debonding energy (negative adhesion energy) becomes higher than the 
dry condition of the sandstone (Figures 28 and 29). But, the values reduced significantly for the 
binders with gravel. For the Source 2 binders, the debonding energy was found to be higher only 
in a few cases. Like the binder with 3% Cloisite modifiers, the debonding energy for sandstone 
was lower than gravel.  
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Figure 28. Free energy for the Source 1 binders (wet). 

 
Figure 29. Free energy for the Source 2 binders (wet). 

The compatibility ratio for the Source 1 binders remained below 1 with sandstone. But for 
gravel, the compatibility ratio is higher for the gravel which started from 2 to above 5 (Figure 
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30). This always signifies good bonding condition between the modified binder and gravel. It is 
considered that a compatibility ratio, CR > 1.5 is very good (A), CR from 0.75 to 1.5 is good (B), 
CR from 0.5 to 0.75 is poor (C), and CR < 0.5 is very poor (D). 

 
Figure 30. Compatibility ratio for Source 1 binders. 

For Source 2 binders, compatibility for the sandstone was found higher than the Source 1 (Figure 
31). Moreover, the compatibility ratio for gravel with Source 2 binders remained higher too than 
sandstone. It could be expected that the nanoclay-modified binders would always provide good 
bonding with limestone gravel. Tables 4 and 5 represent CR values of all the tested aggregate-
binder systems from this study. Please see Appendix E for additional results of the OCA tests. 
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Figure 31. Compatibility ratio for Source 2 binders. 

Table 5. Compatibility for Source 1 binders with sandstone and gravel. 

Binder type CR Values for 
Sandstone 

Sandstone CR Values 
for Gravel 

Gravel 

PG 64-22 0.95 B 2.45 A 
PG 64-22+1% Cloisite® 10A 0.81 B 2.04 A 
PG 64-22+2% Cloisite® 10A 0.76 B 2.56 A 
PG 64-22+3% Cloisite® 10A 0.83 B 2.96 A 
PG 64-22+1% Cloisite® 11B 0.78 B 5.38 A 
PG 64-22+2% Cloisite® 11B 0.78 B 3.88 A 
PG 64-22+3% Cloisite® 11B 0.77 B 5.78 A 
PG 64-22+1% Cloisite® 15A 0.63 C 5.25 A 
PG 64-22+2% Cloisite® 15A 0.83 B 5.22 A 
PG 64-22+3% Cloisite® 15A 0.69 C 5.11 A 
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Table 6. Compatibility for Source 2 binders with sandstone and gravel. 

Binder type CR Values 
for Sandstone 

Sandstone CR Values 
for Gravel 

Gravel 

PG 64-22 1.43 B 1.97 A 
PG 64-22+1% Cloisite® 10A 1.12 B 2.03 A 
PG 64-22+2% Cloisite® 10A 1.19 B 4.14 A 
PG 64-22+3% Cloisite® 10A 1.03 B 3.23 A 
PG 64-22+1% Cloisite® 11B 1.01 B 3.96 A 
PG 64-22+2% Cloisite® 11B 1.09 B 3.53 A 
PG 64-22+3% Cloisite® 11B 2.15 A 3.34 A 
PG 64-22+1% Cloisite® 15A 1.82 A 3.65 A 
PG 64-22+2% Cloisite® 15A 2.18 A 3.11 A 
PG 64-22+3% Cloisite® 15A 1.94 A 2.35 A 

 

5.5. Atomic Force Microscope (AFM) 
Morphological and nanomechanical properties such as surface roughness (Figure 32.a), DMT 
(Derjaguin–Muller–Toporov) modulus (Figure 32.b), adhesion (Figure 32.c), and deformation 
(Figure 35.d) parameters were measured for unmodified and nanoclay-modified asphalt binders 
and test data is shown in Table 7. The height sensor value was found to be maximum for the 
asphalt binder modified by 3% Cloisite 15A and minimum for asphalt binder modified by 1% 
Cloisite 15A. The DMT modulus was found to decrease for nanoclay-modified asphalt binders. 
Adhesion and deformation values were also found to decrease for nanoclay-modified asphalt 
binders. The minimum adhesion and deformation values were found for asphalt binder samples 
modified with 1% Cloisite 10A. 
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Figure 32. AFM test results (a) Surface roughness, (b) DMT modulus, (c) Adhesion, and (d) Deformation. 

Table 7. Value of the morphological and nanomechanical properties. 

Sample ID Average Value of 
Height Sensor 

(nm) 

Average Value of 
DMT Modulus 

(MPa) 

Average Value 
of Adhesion 

(nN) 

Average Value of 
Deformation 

(nm) 
S1 (Neat Binder) 7.79 3221 362 5.41 

S1+1% 10A 7.32 755 73.7 1.94 
S1+2% 10A 13.5 1768 222 2.8 
S1+3% 10A 6.52 2937 305 5.37 
S1+1% 11B 13.7 625 136 4.2 
S1+2% 11B 8.36 682 102 3.19 
S1+3% 11B 9.32 2081 196 4.41 
S1+1% 15A 6.5 694 176 4.21 
S1+2% 15A 9.46 1522 163 4.05 
S1+3% 15A 15.8 1234 261 3.55 
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Figure 33. Average value of height sensor for Source 1 modified binders. 

 
Figure 34. Average value of adhesion for Source 1 modified binder. 

 
Figure 35. Average value of deformation for Source 1 modified binder. 
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5.6. SARA Analysis  
SARA fractions of the unaged nanoclay-modified asphalt binders were conducted following the 
specification ASTM D4124-09 (31). The purpose of the chemical analysis was to observe any 
change due to the chemical modification. The outcomes of the chromatographic separation were 
reported as the SARA fractions of the nanoclay-modified asphalt binder. The percent SARA 
fractions for the unaged binders from both sources are reported in Figure 36 and 37. 

 
Figure 36. SARA fractions for Source 1 binders. 

 
Figure 37. SARA fractions for Source 2 binders. 

When an attempt was made to correlate the results of the SARA fractions with the mechanistic 
properties, it was found that the Asphaltene contents were highly correlated with the rutting 
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parameter (G*/sinδ), which were obtained from DSR test results. Using the DSR results, an 
inversely linear relationship was found between the percentage of the Asphaltene content and 
rutting parameter which means that with the increase of the Asphaltene contents, the rutting 
parameter would decrease. Among the binders from the Source 1, the sample with 3% 10A 
nanoclay modification showed the lowest rutting parameter and from Source 2, the binder with 
2% 10A nanoclay modification exhibited the lowest rutting parameters. The correlation between 
these two parameters is shown in Figure 38 and 39. Please see Appendix F for additional results 
of the SARA analysis. 

 
Figure 38. Correlation between asphaltene content and rutting parameters for Source 1 binders. 

 
Figure 39. Correlation between asphaltene content and rutting parameters for Source 2 binders. 

It was also observed that the Asphaltene contents have a significant impact on the viscosity of 
the binders also (Figures 40 and 41). With the increase of the Asphaltene contents of the 
nanoclay-modified asphalt binders, the viscosity at 135°C decreases gradually. From the Source 
1 binders, at 135°C, asphalt binder with 2% nanoclay showed higher viscosity than other 
modified binders. In the case of the binders from Source 2, modification with 1% 10A gives the 
highest value of viscosity at 135°C. So, it is quite clear that nanoclay 10A performs better as a 
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modifier than nanoclay 11B and nanoclay 15A while considering rutting parameters and 
viscosity. 

 

Figure 40. Correlation between asphaltene content and viscosity for Source 1 binders. 

 
Figure 41. Correlation between asphaltene content and viscosity for Source 2 binders. 

5.7. Cost Analysis 
5.7.1. Life Cycle Cost Analysis  
For the life cycle cost analysis of the project, LCCAExpress 2.0 has been used. A cost analysis 
was conducted for a road segment of 5 miles. The road was assumed to be a two-lane highway 
with 4 ft. shoulders on both sides. The operating speed was 55 mph. The analysis was conducted 
for a period of 40 years with a discount rate of 4%. The current consumer price index (CPI), 
which is a measure of a weighted average of prices of a basket of consumer goods and services 
was found to be 173.644. The total net present value (NPV) was estimated to be $5,333,889 
/mile. Unit prices of the various layers of the asphalt pavement were taken from the literature 
review. The unit prices of different layers of the asphalt pavement are given in Table 8.  
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Table 8. Costs of different unit prices in asphalt pavement. 

Sector Price   Unit 
HMA Wearing Course: 36 $/ton 
HMA Binder Course: 35 $/ton 
HMA Base Course: 35 $/ton 
Aggregate Base: 36.24 $/ton 
Asphalt Milling: 1.4 $/sy 
Asphalt Patching: 90 $/ton 
Miscellaneous: 0 $/mile 
Mobilization: 5 % of total construction cost 
Traffic Control: 5 % of total construction cost 

 

The life cycle cost analysis was done by dividing the life cycle into different stages. The initial 
stage was the complete construction of the pavement. It was considered that only periodic 
maintenance would be required to keep the pavement functioning throughout the whole life 
cycle. The cost associated with various stages of the pavement is given in Tables 8 and 9. 

Table 9. Net cost of the asphalt pavement. 

Activity Agency User Delay 
Initial Construction $2,252,623 $422 
1st Overlay $1,224,577 $314 
2nd Overlay $827,280 $235 
3rd Overlay $558,881 $175 
4th Overlay $469,231 $151 
Recurring Maintenance $- Not Applicable 
Other Activities $- Not Applicable 
Subtotal $5,332,592 $1,297 
Total NPV, $/mile  $5,333,889   

 

5.7.2. Material cost comparison 
One of the primary purposes of the nanoclay modification of asphalt was to find a cost-effective 
alternative binder for the pavement construction. Currently, Styrene-Butadiene-Styrene (SBS) 
polymer is predominately used to enhance the properties of the asphalt binder which increases 
the overall binder cost. Based on the information from several sources, cost per metric ton of PG 
64-22 binder was $532.50 in 2013 (30). For PG 70-28 and PG 76-28, the cost per metric ton is 
$798 and $1064 respectively. The unit cost per metric ton polymer-modified binder ranges from 
50-100% more than the neat asphalt binder which associates the increment of 10-20% more than 
the nanoclay-modified asphalt. One of the more advantageous facts about nanoclay is, it is 
naturally abundant. So, it could be expected that nanoclay-modified asphalt binders will be a 
cheaper alternative to polymer-modified asphalt binders. Comparing the cost of a 5-mile 
highway strip, it was found that using the nanoclay-modified asphalt binder may reduce the 
asphalt associate cost up to 35%. The result of the cost analysis is summarized in Table 11.  
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Table 10. Detail information of cycle cost analysis. 

 Initial 
Construction 

1st 
Overlay 

2nd 
Overlay 

3rd 
Overlay 

4th 
Overlay 

Year: 0 10 20 30 35 
HMA Wearing Course, in.: 1 1 1 1 2 
HMA Wearing Course, pcf: 145 145 145 145 145 
HMA Binder Course, in.: 2.5 2.5 2.5 2.5 2.5 
HMA Binder Course, pcf: 145 145 145 145 145 
HMA Base Course, in.: 6 0 0 0 0 
HMA Base Course, pcf: 145 145 145 145 145 
Aggregate Base, in.: 6 0 0 0 0 
Aggregate Base, pcf: 115 115 115 115 115 
Miscellaneous: 0 0 0 0 0 
Milling, sy: 88,000 0 0 0 0 
Patching, ton: 88,000 88,000 88,000 88,000 88,000 
Days to Complete: 5 5 5 5 5 

 

Table 11. Material cost comparison between SBS and nanoclay-modified PG 64-22 binders. 

Estimated cost for SBS-
modified binders 

Estimated cost for 
nanoclay-modified binders 

Material cost 
reduction 

$11,006.24 $39,872.00 35% 
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6. CONCLUSIONS 
Due to the nanoparticle addition and nanoscale dispersion, modified asphalt binders became one 
of the most promising materials. In this study, nanoclay-modified asphalt binders were tested in 
the laboratory. A high shear mixer was used for mixing nanoclay with neat binder to make good 
dispersion. Viscosity was found to increased significantly (up to 187%) due to use of different 
percentage compared to neat binder. Both unaged and RTFO-aged modified binder were used for 
the DSR test. The complex shear modulus increased, and the phase angle decreased significantly. 
Based on the findings of this limited study, rutting resistance was expected to increase 
significantly due to the addition of nanoclay. Morphological and nanomechanical analysis was 
conducted from atomic force microscope (AFM) test results. The adhesion and deformation 
values decreased. But, the surface roughness did not vary significantly. Based on the results, it 
could be said that Cloisite 10A and Cloisite 11B have high potential to become alternatives of 
polymers. But, further test results and field performance data are required to establish this idea. 
In the Sessile Drop test results, the work of cohesion values were found to be higher with respect 
to base binder. Also, a very good compatibility ratio was also observed for nanoclay modified 
binders with gravel. From the SARA analysis of the unaged nanoclay-modified asphalt binders, 
correlations were found between the SARA fractions and the mechanistic properties of the 
binder. From the regression analysis, it was observed that mechanical properties like viscosity, 
rutting parameter etc. are correlated with the asphaltene fractions of the modified asphalt binders. 
The percentage of asphaltene content increased and percentage of saturate content decreased due 
to the short-term (RTFO) and long-term (PAV) aging of nanoclay-modified asphalt binders. 
Based on life-cycle cost analysis, it is observed that nanoclay is expected to reduce the materials 
cost of asphalt up to 35% compared to the SBS-modified binders.  
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7. RECOMMENDATIONS 
The current study has been limited to selected laboratory testing of asphalt binders modified with 
three different types of nanoclays. Additional testing is required to have a better understanding of 
the performance of nanoclays-modified binders and mixes.  Thus, the following research 
initiatives can be undertaken:   

• Based on the limited laboratory test results and cost analyses, asphalt binder modified 
with certain nanoclays (2% Cloisite 10A and 1% Cloisite 11B) were found to be 
viable alternatives of SBS polymer in modifying asphalt binders.  

• For laboratory investigations, a high shear mixer is recommended for blending 
nanoclay with a binder. Blending protocol with rotation 2000 rpm, temperature 150°C 
and mixing duration 2 hours were suitable for mixing the nanoclay with binders. 

• A suitable blending protocol was developed for wet mixing the nanoclay with neat 
binders using a high shear mixture. Further investigation is needed to transfer the idea 
of laboratory mixing protocol in the field (refinery or mixing plant). It is still 
unknown whether dry mixing or wet mixing of nanoclays with neat binders will be 
the better choice.  The dry mixing refers to mix nanoclays in the asphalt mixing plant, 
whereas the wet mixing is to mix nanoclays with asphalt binders. 

• Mixture tests that estimate rutting, fatigue and low temperature cracking resistance 
reflecting the field condition are necessary for establishing a strong recommendation 
for nanoclay-modified binders. 

• A field demonstration project is highly recommended before putting nanoclay-
modified asphalt in practice.   
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APPENDIX A. NAMING CONVENTION 
Table A.1. Nomenclature for nanoclay modified binders. 

Sample Name Source Binder Nanoclay 
S1 PG 64-22 From Source 1* Without Modification 
S1+1% 10A Source 1 Modified by 1% Nanoclay Cloisite 10A 
S1+2% 10A Source 1 Modified by 2% Nanoclay Cloisite 10A 
S1+3% 10A Source 1 Modified by 3% Nanoclay Cloisite 10A 
S1+1% 11B Source 1 Modified by 1% Nanoclay Cloisite 11B 
S1+2% 11B Source 1 Modified by 2% Nanoclay Cloisite 11B 
S1+3% 11B Source 1 Modified by 3% Nanoclay Cloisite 11B 
S1+1% 15A Source 1 Modified by 1% Nanoclay Cloisite 15A 
S1+2% 15A Source 1 Modified by 2% Nanoclay Cloisite 15A 
S1+3% 15A Source 1 Modified by 3% Nanoclay Cloisite 15A 
S2 PG 64-22 From Source 2** Without Modification 
S2+1% 10A Source 2 Modified by 1% Nanoclay Cloisite 10A 
S2+2% 10A Source 2 Modified by 2% Nanoclay Cloisite 10A 
S2+3% 10A Source 2 Modified by 3% Nanoclay Cloisite 10A 
S2+1% 11B Source 2 Modified by 1% Nanoclay Cloisite 11B 
S2+2% 11B Source 2 Modified by 2% Nanoclay Cloisite 11B 
S2+3% 11B Source 2 Modified by 3% Nanoclay Cloisite 11B 
S2+1% 15A Source 2 Modified by 1% Nanoclay Cloisite 15A 
S2+2% 15A Source 2 Modified by 2% Nanoclay Cloisite 15A 
S2+3% 15A Source 2 Modified by 3% Nanoclay Cloisite 15A 

*Source 1 Binder collected from Ergon at Memphis 
**Source 2 Binder collected from Marathon at Catlessburg 

Table A.2. Naming convention for blending samples. 

Sample ID Rotation (rpm), Temperature (°C), Mixing Time (h) 
Neat Binder Neat Binder (Source 1) 
1500-150-2 1500 rpm, 150 °C, 2 h 
1500-150-3 1500 rpm, 150 °C, 3 h 
1500-160-2 1500 rpm, 160 °C, 2 h 
1500-160-3 1500 rpm, 160 °C, 3 h 
2000-150-2 2000 rpm, 150 °C, 2 h 
2000-150-3 2000 rpm, 150 °C, 3 h 
2000-160-2 2000 rpm, 160 °C, 2 h 
2000-160-3 2000 rpm, 160 °C, 3 h 
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APPENDIX B. ROTATIONAL VISCOSITY (RV) TESTS 
Table B.1. Rotational viscosity (RV) tests. 

Sample Temperature (°C) Reading 1 Reading 2 Reading 3 Average Standard 
Deviation 

S1 135 500 512.5 500 504.167 7.217 
S1 150 250 262.5 250 254.167 7.217 
S1 165 150 137.5 150 145.833 7.217 
S1 180 75 75 75 75 0.000 

S1+1% 10A 135 1375 1363 1363 1367.000 6.928 
S1+1% 10A 150 562.5 550 550 554.167 7.217 
S1+1% 10A 165 287.5 287.5 300 291.667 7.217 
S1+1% 10A 180 175 175 175 175 0.000 
S1+1% 10A 195 25 25 25 25 0 
S1+2% 10A 135 1750 1763 1763 1758.667 7.506 
S1+2% 10A 150 800 800 812.5 804.167 7.217 
S1+2% 10A 165 362.5 375 350 362.500 12.500 
S1+2% 10A 180 200 200 187.5 195.8333 7.217 
S1+2% 10A 195 25 25 25 25 0 
S1+3% 10A 135 1225 1237 1237 1233.000 6.928 
S1+3% 10A 150 550 550 562 554 6.928 
S1+3% 10A 165 250 262.5 262.5 258.3333 7.217 
S1+3% 10A 180 150 150 150 150 0 
S1+1% 11B 135 1400 1388 1388 1392.000 6.928 
S1+1% 11B 150 578.5 575 575 576.167 2.021 
S1+1% 11B 165 275 287.5 275 279.167 7.217 
S1+1% 11B 180 137.5 137.5 150 141.6667 7.217 

S1+2% 11B 135 1350 1337 1337 1341.333 7.506 
S1+2% 11B 150 600 600 587.5 595.833 7.217 
S1+2% 11B 165 300 300 287.5 295.833 7.217 
S1+2% 11B 180 162.5 150 162.5 158.3333 7.217 
S1+2% 11B 135 1300 1313 1300 1304.333 7.506 
S1+2% 11B 150 600 587.5 587.5 591.667 7.217 
S1+2% 11B 165 312.5 312.5 300 308.333 7.217 
S1+2% 11B 180 175 175 162.5 170.8333 7.217 
S1+1% 15A 135 1350 1350 1337 1345.667 7.506 
S1+1% 15A 150 550 562.5 550 554.167 7.217 
S1+1% 15A 165 287.5 275 287.5 283.333 7.217 
S1+1% 15A 180 137.5 137.5 150 141.6667 7.217 
S1+2% 15A 135 1438 1438 1450 1442.000 6.928 
S1+2% 15A 150 612.5 625 625 620.833 7.217 
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Sample Temperature (°C) Reading 1 Reading 2 Reading 3 Average Standard 
Deviation 

S1+2% 15A 165 312 312.5 312.5 312.333 0.289 
S1+2% 15A 180 162.5 162.5 150 158.3333 7.217 
S1+3% 15A 135 1275 1275 1263 1271.000 6.928 
S1+3% 15A 150 562.5 550 550 554.167 7.217 
S1+3% 15A 165 287.5 287.5 300 291.667 7.217 
S1+3% 15A 180 162.5 162.5 150 158.3333 7.217 

S2 135 437.5 450 450 445.833 7.217 
S2 150 200 212.5 212.5 208.333 7.217 
S2 165 112.5 112.5 112.5 112.500 0.000 
S2 180 62.5 62.5 62.5 62.5 0.000 

S2+1% 10A 135 1288 1288 1275 1283.667 7.506 
S2+1% 10A 150 550 537.5 537.5 541.667 7.217 
S2+1% 10A 165 300 287.5 300 295.833 7.217 
S2+1% 10A 180 150 150 162.5 154.1667 7.217 
S2+2% 10A 135 1050 1063 1075 1062.667 12.503 
S2+2% 10A 150 562.5 575 575 570.833 7.217 
S2+2% 10A 165 312.5 312.5 300 308.333 7.217 
S2+2% 10A 180 150 150 150 150 0.000 
S2+2% 10A 195 75 75 75 75.000 0.000 
S2+3% 10A 135 1237 1250 1250 1245.667 7.506 
S2+3% 10A 150 600 612.5 600 604.167 7.217 
S2+3% 10A 165 325 325 337.5 329.167 7.217 
S2+3% 10A 180 175 162.5 162.5 166.6667 7.217 
S2+1% 11B 135 1150 1188 1175 1171.000 19.313 
S2+1% 11B 150 475 487.5 475 479.167 7.217 
S2+1% 11B 165 262.5 262.5 250 258.333 7.217 
S2+1% 11B 180 125 125 125 125 0.000 
S2+2% 11B 135 1175 1175 1163 1171.000 6.928 
S2+2% 11B 150 487.5 500 487.5 491.667 7.217 
S2+2% 11B 165 250 250 250 250.000 0.000 
S2+2% 11B 180 137.5 137.5 137.5 137.5 0.000 
S2+3% 11B 135 1150 1163 1163 1158.667 7.506 
S2+3% 11B 150 512.5 512.5 525 516.667 7.217 
S2+3% 11B 165 262.5 275 262.5 266.667 7.217 
S2+3% 11B 180 162.5 162.5 162.5 162.5 0.000 
S2+1% 15A 135 912.5 900 900 904.167 7.217 
S2+1% 15A 150 400 387.5 400 395.833 7.217 
S2+1% 15A 165 212.5 212.5 212.5 212.500 0.000 
S2+1% 15A 180 100 112.5 112.5 108.3333 7.217 
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Sample Temperature (°C) Reading 1 Reading 2 Reading 3 Average Standard 
Deviation 

S2+2% 15A 135 950 950 937.5 945.833 7.217 
S2+2% 15A 150 425 425 412.5 420.833 7.217 
S2+2% 15A 165 200 212.5 212.5 208.333 7.217 
S2+2% 15A 180 100 112.5 112.5 108.3333 7.217 
S2+3% 15A 135 950 962.5 962.5 958.333 7.217 
S2+3% 15A 150 412.5 425 400 412.500 12.500 
S2+3% 15A 165 212.5 225 212.5 216.667 7.217 
S2+3% 15A 180 125 125 125 125 0.000 

 

Table B.2. Compaction and mixing temperature. 

Sample Compaction 
Temperature Low 

Compaction 
Temperature High 

Mixing 
Temperature Low 

Mixing 
Temperature High 

S1 Low High Low High 
S1 145 150 158 165 

S1+1% 10A 162 166 170 174 
S1+2% 10A 165 169 172 176 
S1+3% 10A 160 164 170 175 
S1+1% 11B 162 167 173 179 
S1+2% 11B 164 169 175 180 
S1+3% 11B 165 170 177 180 
S1+1% 15A 163 168 174 179 
S1+2% 15A 165 170 176 180 
S1+3% 15A 163 168 175 180 
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APPENDIX C. DYNAMIC SHEAR RHEOMETER (DSR) TEST 
RESULTS 

Table C.1. Dynamic shear rheometer (DSR) test results: unaged binders. 

Sample 
Name 

Temp. 
(C) 

G* 
(kPa) 

Avg. Phase Angle, 
δ 

Avg. G*/sinδ 
(kPa) 

Avg. St 
Deviation 

S1 64 1.55 1.58 85.8 85.7 1.560 1.590 0.0436 
  1.64  85.7  1.640   
  1.57  85.8  1.570   
 67 1.07 1.10 86.5 86.4 1.080 1.110 0.0361 
  1.15  86.4  1.150   
  1.1  86.5  1.100   
 70 0.752 0.77 87.2 87.1 0.753 0.778 0.0293 
  0.809  87  0.810   
  0.769  87.2  0.770   
S1+1%10A 76 2.15 2.14 81.5 81.4 2.174 2.171 0.0055 
  2.15  81.5  2.174   
  2.14  81.4  2.164   
 79 1.51 1.51 82.6 82.5 1.523 1.523 0.0103 
  1.5  82.6  1.513   
  1.52  82.5  1.533   
 82 1.07 1.07 83.7 83.7 1.077 1.077 0.0000 
  1.07  83.7  1.077   
  1.07  83.7  1.077   
S1+2%10A 76 2.75 2.74 80.4 80.4 2.789 2.785 0.0063 
  2.74  80.5  2.778   
  2.75  80.4  2.789   
 79 1.95 1.95 81.6 81.6 1.971 1.971 0.0000 
  1.95  81.6  1.971   

 
  1.95  81.6  1.971   
 82 1.38 1.38 82.8 82.8 1.391 1.398 0.0058 
  1.39  82.8  1.401   
  1.39  82.8  1.401   
S1+3%10A 76 1.63 1.64 83 83.1 1.642 1.652 0.0096 
  1.64  83.2  1.652   
  1.65  83.3  1.661   
 79 1.17 1.17 84.2 84.2 1.176 1.176 0.0000 
  1.17  84.2  1.176   
  1.17  84.2  1.176   
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Sample 
Name 

Temp. 
(C) 

G* 
(kPa) 

Avg. Phase Angle, 
δ 

Avg. G*/sinδ 
(kPa) 

Avg. St 
Deviation 

 82 0.86 0.86 85 8 0.863 0.863 0.0000 
  0.86  85  0.863   
  0.86  85  0.863   
S1+1%11B 76 2.8 2.79 79.3 79.3 2.850 2.846 0.0170 
  2.78  79.5  2.827   
S1+1%11B 76 2.81 2.79 79.2 79.3 2.861 2.846 0.0170 
 79 1.95 1.94 80.6 80.7 1.977 1.969 0.0223 
  1.92  81  1.944   
  1.96  80.6  1.987   
 82 1.38 1.37 81.8 81.7 1.394 1.391 0.0259 
  1.4  81.6  1.415   
  1.35  81.9  1.364   
S1+2% 11B 76 2.22 2.21 81.5 81.5 2.245 2.238 0.0214 
  2.19  81.6  2.214   
  2.23  81.5  2.255   
 79 1.56 1.55 82.7 82.7 1.573 1.566 0.0118 
  1.54  82.8  1.552   
  1.56  82.7  1.573   
 82 1.1 1.09 83.9 83.8 1.106 1.103 0.0057 
  1.09  83.8  1.096   
  1.1  83.9  1.106   
S1+3% 11B 73 2.93 2.93 81.2 81.1 2.965 2.972 0.0215 
  2.96  81.1  2.996   
  2.92  81.2  2.955   
 76 2.04 2.04 82.4 82.4 2.058 2.061 0.0159 
  2.06  82.3  2.079   
  2.03  82.5  2.048   
 79 1.45 1.45 83.5 83.5 1.459 1.459 0.0101 
  1.46  83.5  1.469   
  1.44  83.5  1.449   
 82 1.03 1.03 84.5 84.5 1.035 1.038 0.0153 
  1.05  84.5  1.055   
  1.02  84.5  1.025   
S1+1% 15A 76 2.36 2.35 79.8 79.8 2.398 2.391 0.0219 
  2.37  79.7  2.409   
  2.33  79.9  2.367   
 79 1.65 1.64 81.1 81.1 1.670 1.667 0.0259 
  1.67  81  1.691   
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Sample 
Name 

Temp. 
(C) 

G* 
(kPa) 

Avg. Phase Angle, 
δ 

Avg. G*/sinδ 
(kPa) 

Avg. St 
Deviation 

  1.62  81.2  1.639   
 82 1.17 1.16 82.1 82.1 1.181 1.178 0.0156 
  1.18  82.1  1.191   
  1.15  82.2  1.161   
S1+2% 15A 76 2.37 2.36 79.5 79.4 2.410 2.400 0.0098 
S1+2% 15A 76 2.35 2.36 79.4 79.4 2.391 2.400 0.0098 
  2.36  79.5  2.400   
 79 1.66 1.65 80.7 80.7 1.682 1.675 0.0059 
  1.65  80.7  1.672   
  1.65  80.7  1.672   
 82 1.17 1.16 81.7 81.7 1.182 1.179 0.0058 
  1.16  81.7  1.172   
  1.17  81.7  1.182   
S1+3% 15A 73 2.97 2.96 79.8 79.8 3.018 3.014 0.0064 
  2.97  79.8  3.018   
  2.96  79.9  3.007   
 76 2.07 2.06 81.1 81.1 2.095 2.088 0.0120 
  2.07  81.1  2.095   
  2.05  81.2  2.074   
 79 1.46 1.45 82.2 82.2 1.474 1.463 0.0179 
  1.46  82.2  1.474   
  1.43  82.4  1.443   
 82 1.04 1.03 83.2 83.2 1.047 1.037 0.0177 
  1.04  83.2  1.047   
  1.01  83.4  1.017   
S2 61 2.44 2.38 86.1 86.2 2.446 2.392 0.0685 
  2.41  86.2  2.415   
  2.31  86.3  2.315   
 64 1.66 1.62 86.8 86.8 1.663 1.622 0.0460 
  1.63  86.9  1.632   
  1.57  86.9  1.572   
 67 1.14 1.11 87.4 87.4 1.141 1.114 0.0379 
  1.13  87.5  1.131   
  1.07  87.5  1.071   
S2+1% 10A 76 2.29 2.28 82.5 82.5 2.310 2.303 0.0058 
  2.28  82.5  2.300   
  2.28  82.5  2.300   
 79 1.59 1.59 83.7 83.7 1.600 1.600 0.0000 
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Sample 
Name 

Temp. 
(C) 

G* 
(kPa) 

Avg. Phase Angle, 
δ 

Avg. G*/sinδ 
(kPa) 

Avg. St 
Deviation 

  1.59  83.7  1.600   
  1.59  83.7  1.600   
 82 1.12 1.11 84.8 84.8 1.125 1.121 0.0058 
  1.11  84.8  1.115   
  1.12  84.8  1.125   
S2+2% 10A 70 2.71 2.7 83.5 83.5 2.728 2.717 0.0371 
  2.66  83.7  2.676   
  2.73  83.4  2.748   
 73 1.86 1.85 84.6 84.6 1.868 1.858 0.0465 
  1.8  84.8  1.807   
  1.89  84.5  1.899   
 76 1.3 1.29 85.5 85.5 1.304 1.297 0.0407 
  1.25  85.6  1.254   
  1.33  85.4  1.334   
 79 0.921 0.92 86.3 86.2 0.923 0.927 0.0279 
  0.9  86.3  0.902   
  0.955  86.2  0.957   
S2+3% 10A 70 2.88 2.87 83.5 83.5 2.899 2.895 0.0256 
  2.9  83.5  2.919   
  2.85  83.6  2.868   
 73 1.99 1.98 84.5 84.5 1.999 1.996 0.0153 
  2  84.5  2.009   
  1.97  84.5  1.979   
 76 1.4 1.39 85.4 85.4 1.405 1.398 0.0210 
  1.41  85.4  1.415   
  1.37  85.5  1.374   
 79 0.997 0.99 86.2 86.2 0.999 0.998 0.0151 
  1.01  86.2  1.012   
  0.98  86.2  0.982   
S2+1% 11B 73 2.47 2.47 82.9 82.9 2.489 2.492 0….. 
  2.45  83  2.468   
  2.5  82.8  2.520   
 76 1.7 1.69 84 84.0 1.709 1.706 0.0256 
  1.67  84.1  1.679   
  1.72  83.9  1.730   
 79 1.18 1.17 85 85.0 1.185 1.181 0.0254 
  1.15  85.1  1.154   
  1.2  85  1.205   
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Sample 
Name 

Temp. 
(C) 

G* 
(kPa) 

Avg. Phase Angle, 
δ 

Avg. G*/sinδ 
(kPa) 

Avg. St 
Deviation 

 82 0.832 0.831 86 86.0 0.834 0.833 0.0196 
  0.811  86  0.813   
  0.85  86  0.852   
S2+2% 11B 73 2.65 2.64 82.9 82.9 2.670 2.667 0.0157 
  2.66  82.9  2.681   
S2+2% 11B 73 2.63 2.64 83 82.9 2.650 2.667 0.0157 
 76 1.82 1.81 84.1 84.1 1.830 1.826 0.0155 
  1.83  84.1  1.840   
  1.8  84.2  1.809   
 79 1.27 1.26 85.1 85.1 1.275 1.268 0.0116 
  1.27  85.1  1.275   
  1.25  85.1  1.255   
 82 0.895 0.89 86 86 0.897 0.892 0.0087 
  0.895  86  0.897   
  0.88  86  0.882   
S2+3% 11B 73 2.5 2.49 83.5 83.5 2.516 2.513 0.0058 
  2.49  83.5  2.506   
  2.5  83.5  2.516   
 76 1.74 1.73 84.5 84.5 1.748 1.745 0.0153 
  1.72  84.5  1.728   
  1.75  84.5  1.758   
 79 1.22 1.21 85.5 85.4 1.224 1.220 0.0154 
  1.2  85.5  1.204   
  1.23  85.4  1.234   
 82 0.872 0.865 86.3 86.3 0.874 0.867 0.0131 
  0.85  86.4  0.852   
  0.873  86.3  0.875   
S2+1% 15A 73 2.1 2.10 83.3 83.2 2.114 2.118 0.0061 
  2.1  83.3  2.114   
  2.11  83.2  2.125   
 76 1.45 1.45 84.3 84.27 1.457 1.461 0.0060 
  1.45  84.3  1.457   
  1.46  84.2  1.468   
 79 1.01 1.01 85.3 85.2 1.013 1.017 0.0059 
  1.01  85.3  1.013   
  1.02  85.2  1.024   
 82 0.712 0.71 86.2 86.2 0.714 0.716 0.0046 
  0.712  86.2  0.714   



54 

Sample 
Name 

Temp. 
(C) 

G* 
(kPa) 

Avg. Phase Angle, 
δ 

Avg. G*/sinδ 
(kPa) 

Avg. St 
Deviation 

  0.72  86.2  0.722   
S2+2% 15A 73 2.11 2.10 83.4 83.4 2.124 2.121 0.0156 
  2.12  83.4  2.134   
  2.09  83.5  2.104   
 76 1.46 1.45 84.5 84.5 1.467 1.463 0.0155 
S2+2% 15A 76 1.47 1.45 84.5 84.5 1.477 1.463 0.0155 
  1.44  84.6  1.446   
 79 1.02 1.02 85.4 85.4 1.023 1.023 0.0100 
  1.03  85.4  1.033   
  1.01  85.4  1.013   
 82 0.724 0.72 86.2 86.2 0.726 0.726 0.0065 
  0.731  86.2  0.733   
  0.718  86.2  0.720   
S2+3% 15A 70 2.89 2.91 82.6 82.5 2.914 2.938 0.0261 
  2.91  82.5  2.935   
  2.94  82.4  2.966   
 73 1.99 2.00 83.5 83.4 2.003 2.020 0.0212 
  2  83.5  2.013   
  2.03  83.4  2.044   
 76 1.38 1.39 84.5 84.8 1.386 1.399 0.0143 
  1.39  84.5  1.396   
  1.41  85.4  1.415   
 79 0.978 0.97 85.3 85.2 0.981 0.983 0.0022 
  0.979  85.3  0.982   
  0.982  85.2  0.985   
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Table C.2. Table dynamic shear rheometer (DSR) test results RTFO: aged binders. 

Temp. 
(C) 

G* 
(kPa) 

Avg. Phase 
Angle, δ 

Avg. G*/sinδ 
(kPa) 

Avg. St 
Deviation 

64 4.59 4.45 80.1 80.33 4.660 4.517 0.1240  
4.38 

 
80.6 

 
4.440 

  
 

4.39 
 

80.3 
 

4.450 
  

67 3.13 3.04 81.4 81.6 3.160 3.070 0.0781  
3 

 
81.8 

 
3.030 

  
 

2.99 
 

81.6 
 

3.020 
  

70 2.15 2.09 82.6 82.8 2.170 2.113 0.0493  
2.07 

 
83 

 
2.090 

  
 

2.06 
 

82.8 
 

2.080 
  

S1+1%  10A       
76 4.04 4.24 77.8 77.367 4.133 4.346 0.2425  

4.19 
 

77.4 
 

4.293 
  

 
4.49 

 
76.9 

 
4.610 

  

79 2.82 2.97 79.3 79.167 2.870 3.028 0.174  
2.95 

 
79.8 

 
2.997 

  
 

3.15 
 

78.4 
 

3.216 
  

82 1.99 2.10 80.7 80.3 2.017 2.137 0.130  
2.09 

 
80.3 

 
2.120 

  
 

2.24 
 

79.9 
 

2.275 
  

S1+2% 10A       
76 4.89 5.03 76.6 76.367 5.027 5.176 0.323  

4.82 
 

76.6 
 

4.955 
  

 
5.38 

 
75.9 

 
5.547 

  

79 3.45 3.55 78.1 77.867 3.526 3.635 0.234  
3.4 

 
78.1 

 
3.475 

  
 

3.81 
 

77.4  3.904   
82 2.46 2.53 79.5 79.233 2.502 2.576 0.163  

2.42 
 

79.4 
 

2.462 
  

 
2.71 

 
78.8 

 
2.763 

  

S1+3% 10A       
73 4.05 3.96 79.3 79.467 4.122 4.035 0.115  

3.84 
 

79.6 
 

3.904 
  

 
4.01 

 
79.5 

 
4.078 

  

76 2.84 2.79 80.5 80.367 2.879 2.833 0.049  
2.74 

 
80.1 

 
2.781 

  
 

2.8 
 

80.5 
 

2.839 
  

79 2.04 1.99 81.7 81.8 2.062 2.017 0.038 
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Temp. 
(C) 

G* 
(kPa) 

Avg. Phase 
Angle, δ 

Avg. G*/sinδ 
(kPa) 

Avg. St 
Deviation  

1.97 
 

81.9 
 

1.990 
  

 
1.98 

 
81.8 

 
2.000 

  

S1+1% 11B       
76 5.38 5.33 75.2 75.133 5.565 5.518 0.041  

5.3 
 

75 
 

5.487 
  

 
5.32 

 
75.2 

 
5.503 

  

79 3.77 3.75 76.8 76.9 3.872 3.854 0.041  
3.78 

 
76.8 

 
3.883 

  
 

3.71 
 

77.1 
 

3.806 
  

82 2.65 2.61 78.4 78.733 2.705 2.668 0.032  
2.6 

 
78.9 

 
2.650 

  
 

2.6 
 

78.9 
 

2.650 
  

S1+2% 11B       
76 3.66 3.65 78.9 78.833 3.730 3.721 0.060  

3.7 
 

78.5  3.776    
3.59 

 
79.1 

 
3.656 

  

79 2.56 2.53 80.3 80.433 2.597 2.572 0.0348  
2.5 

 
80.7 

 
2.533 

  
 

2.55 
 

80.3 
 

2.587 
  

82 1.89 1.82 81.6 81.833 1.910 1.842 0.0629  
1.81 

 
81.7 

 
1.829 

  
 

1.77 
 

82.2 
 

1.787 
  

S1+3% 11B       
76 3.2 3.25 80.5 80.2 3.244 3.305 0.054  

3.27 
 

80.1 
 

3.319 
  

 
3.3 

 
80 

 
3.351 

  

79 2.3 2.27 81.5 81.633 2.326 2.298 0.039  
2.29 

 
81.5 

 
2.315 

  
 

2.23 
 

81.9 
 

2.252 
  

82 1.62 1.61 82.7 82.7 1.633 1.627 0.012  
1.62 

 
82.7 

 
1.633 

  
 

1.6 
 

82.7 
 

1.613 
  

S1+1% 15A       
76 4.29 4.62 76.3 75.867 4.416 4.765 0.312  

4.71 
 

75.8 
 

4.858 
  

 
4.86 

 
75.5 

 
5.020 

  

79 3 3.23 78 77.533 3.067 3.312 0.218  
3.3 

 
77.5 

 
3.380 
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Temp. 
(C) 

G* 
(kPa) 

Avg. Phase 
Angle, δ 

Avg. G*/sinδ 
(kPa) 

Avg. St 
Deviation  

3.4 
 

77.1 
 

3.488 
  

82 2.11 2.27 79.5 79.067 2.146 2.319 0.153  
2.33 

 
79 

 
2.374    

2.39 
 

78.7 
 

2.437 
  

S1+2% 15A       
76 4.22 4.20 77.1 77.3 4.329 4.312 0.061  

4.15 
 

77.9 
 

4.244 
  

 
4.25 

 
76.9 

 
4.364 

  

79 2.95 2.96 78.7 78.633 3.008 3.027 0.138  
3.1 

 
77.7 

 
3.173 

  
 

2.85 
 

79.5 
 

2.899 
  

82 2.09 2.07 80.1 79.967 2.122 2.103 0.099  
1.97 

 
81 

 
1.995 

  
 

2.15 
 

78.8 
 

2.192 
  

S1+3% 15A       
76 3.59 3.55 78.7 78.567 3.661 3.629 0.128  

3.43 
 

79.5 
 

3.488 
  

 
3.65 

 
77.5 

 
3.739 

  

79 2.51 2.49 80.2 80.267 2.547 2.533 0.024  
2.51 

 
80.1 

 
2.548 

  
 

2.47 
 

80.5 
 

2.504 
  

82 1.77 1.79 81.5 81.333 1.790 1.811 0.107  
1.9 

 
80.2 

 
1.928 

  
 

1.7 
 

82.3 
 

1.715 
  

S2        
64 3.94 3.84 83.2 83.267 3.968 3.867 0.092  

3.76 
 

83.3 
 

3.786 
  

 
3.82 

 
83.3 

 
3.846 

  

67 2.54 2.58333333 84.3 84.267 2.553 2.596 0.0599  
2.65 

 
84.2 

 
2.664 

  
 

2.56 
 

84.3 
 

2.573 
  

70 1.75 1.77 85.2 85.2 1.756 1.776 0.034  
1.81 

 
85.1 

 
1.817 

  
 

1.75 
 

85.3 
 

1.756 
  

S2+1% 10A       
76 3.72 3.92666667 79.8 79.367 3.780 3.995 0.189  

4 
 

79.2 
 

4.072 
  

 
4.06 

 
79.1 

 
4.135 
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Temp. 
(C) 

G* 
(kPa) 

Avg. Phase 
Angle, δ 

Avg. G*/sinδ 
(kPa) 

Avg. St 
Deviation 

79 2.58 2.71 81.3 80.867 2.610 2.745 0.1196  
2.75 

 
80.7 

 
2.787 

  
 

2.8 
 

80.6 
 

2.838 
  

82 1.8 1.89 82.6 82.2 1.815 1.908 0.084  
1.91 

 
82.1 

 
1.928 

  
 

1.96 
 

81.9 
 

1.980 
  

S2+2% 10A       
70 4.28 4.58 81.5 81.2 4.328 4.641 0.278  

4.8 
 

81 
 

4.860 
  

 
4.68 

 
81.1 

 
4.737 

  

73 2.93 3.12 82.8 82.467 2.953 3.151 0.173  
3.25 

 
82.3 

 
3.280 

  
 

3.19 
 

82.3 
 

3.219 
  

76 2.04 2.16 83.8 83.567 2.052 2.177 0.109  
2.24 

 
83.4 

 
2.255 

  
 

2.21 
 

83.5 
 

2.224   
79 

 
1.55 

 
84.5 

 
1.562 0.021  

1.57 
 

84.5 
 

1.577 
  

 
1.54 

 
84.5 

 
1.547 

  

S2+3%  10A       
70 4.51 4.51 81.6 81.533 4.559 4.567 0.114  

4.63 
 

81.2 
 

4.685 
  

 
4.41 

 
81.8 

 
4.456 

  

73 3.07 3.07 82.8 82.8 3.094 3.098 0.087  
3.16 

 
82.6 

 
3.187 

  
 

2.99 
 

83 
 

3.012 
  

76 2.13 2.14 83.9 83.767 2.142 2.159 0.058  
2.21 

 
83.5 

 
2.224 

  
 

2.1 
 

83.9 
 

2.112 
  

S2+1% 11B       
73 3.74 3.71 80.7 80.733 3.790 3.759 0.054  

3.65 
 

80.9 
 

3.697 
  

 
3.74 

 
80.6 

 
3.791 

  

76 2.56 2.54 82 82.067 2.585 2.568 0.038  
2.5 

 
82.2 

 
2.523 

  
 

2.57 
 

82 
 

2.595 
  

79 1.77 1.76 83.3 83.3 1.782 1.779 0.025  
1.74 

 
83.4 

 
1.752 

  



59 

Temp. 
(C) 

G* 
(kPa) 

Avg. Phase 
Angle, δ 

Avg. G*/sinδ 
(kPa) 

Avg. St 
Deviation  

1.79 
 

83.2 
 

1.803 
  

S2+2% 11B       
73 3.72 3.77 81.1 81.1 3.765 3.816 0.044  

3.8 
 

81.1 
 

3.846    
3.79 

 
81.1 

 
3.836 

  

76 2.55 2.59 82.4 82.4 2.573 2.613 0.036  
2.62 

 
82.4 

 
2.643 

  
 

2.6 
 

82.4 
 

2.623 
  

79 1.76 1.79 83.6 83.6 1.771 1.808 0.035  
1.83 

 
83.6 

 
1.841 

  
 

1.8 
 

83.6 
 

1.811 
  

S2+3% 11B       
73 3.77 3.67 81.6 81.8 3.811 3.708 0.091  

3.6 
 

81.9 
 

3.636 
  

 
3.64 

 
81.9 

 
3.677 

  

76 2.58 2.52 82.9 83.067 2.600 2.545 0.051  
2.48 

 
83.2 

 
2.498 

  
 

2.52 
 

83.1 
 

2.538 
  

79 1.8 1.76 84.1 84.167 1.810 1.776 0.0354  
1.73 

 
84.2 

 
1.739 

  
 

1.77 
 

84.2 
 

1.779 
  

S2+1% 15A       
73 3.42 3.38 81 81.033 3.463 3.429 0.036  

3.35 
 

81.1 
 

3.391 
  

 
3.39 

 
81 

 
3.432 

  

76 2.34 2.32 82.3 82.367 2.361 2.341 0.0204  
2.3 

 
82.4 

 
2.320 

  
 

2.32 
 

82.4 
 

2.341 
  

79 1.63 1.61 83.5 83.567 1.641 1.624 0.0154  
1.6 

 
83.6 

 
1.610    

1.61 
 

83.6 
 

1.620 
  

S2+2% 15A       
70 4.56 4.69 80.5 80.333 4.623 4.758 0.133  

4.69 
 

80.3 
 

4.758 
  

 
4.82 

 
80.2 

 
4.891 

  

73 3.1 3.18 81.9 81.733 3.131 3.220 0.087  
3.19 

 
81.7 

 
3.224 

  
 

3.27 
 

81.6 
 

3.305 
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Temp. 
(C) 

G* 
(kPa) 

Avg. Phase 
Angle, δ 

Avg. G*/sinδ 
(kPa) 

Avg. St 
Deviation 

76 2.13 2.19 83.1 82.967 2.146 2.207 0.061  
2.19 

 
83 

 
2.206 

  
 

2.25 
 

82.8 
 

2.268 
  

79 
 

1.55 
 

84.05 
 

1.558 0.028  
1.53 

 
84.1 

 
1.538 

  
 

1.57 
 

84 
 

1.579 
  

S2+3% 15A       
70 4.46 4.53 80.8 80.7 4.518 4.590 0.098  

4.49 
 

80.7 
 

4.550 
  

 
4.64 

 
80.6 

 
4.703 

  

73 3.03 3.08 82.2 82.067 3.058 3.113 0.069  
3.06 

 
82.1 

 
3.089 

  
 

3.16 
 

81.9 
 

3.192 
  

76 2.08 2.12 83.4 83.267 2.094 2.135 0.046  
2.11 

 
83.3 

 
2.125 

  

 2.17  83.1  2.186   
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APPENDIX D. A AND VTS CALCULATION FROM DSR RESULTS 
Table D.1. Table A and VTS calculation from DSR results. 

Temp. Phase 
Angle 

Complex 
Shear 

Modulus 

Visc. Temperature T 
(Rankine) 

Log T 
(R) 

Log 
(Log(η)) 

S1+1% 10A   A = 21.68 VTS = -7.62   
61 74.2 14.6 1760.72 601.47 2.78 0.51 
64 75.7 9.9 1153.73 606.87 2.78 0.49 
67 77.2 6.69 756.09 612.27 2.79 0.46 
70 78.8 4.5 494.11 617.67 2.79 0.43 
73 80.2 3.09 331.90 623.07 2.79 0.40 
76 81.5 2.15 226.86 628.47 2.80 0.37 
79 82.6 1.51 157.27 633.87 2.80 0.34 
82 83.7 1.07 110.20 639.27 2.81 0.31 

S1+2% 10A   A = 20.56 VTS = -7.21 
  

61 72.8 18.2 2273.50 601.47 2.78 0.53 
64 74.5 12.1 1448.86 606.87 2.78 0.50 
67 76 8.19 948.34 612.27 2.79 0.47 
70 77.5 5.69 639.40 617.67 2.79 0.45 
73 79 3.94 431.18 623.07 2.79 0.42 
76 80.4 2.75 294.52 628.47 2.80 0.39 
79 81.6 1.95 205.50 633.87 2.80 0.36 
82 82.8 1.39 144.46 639.27 2.81 0.33 

S1+3% 10A   A = 20.82 VTS = -7.32 
  

61 77.5 9.71 1091.14 601.47 2.78 0.48 
64 78.8 6.62 726.89 606.87 2.78 0.46 
67 80 4.52 486.93 612.27 2.79 0.43 
70 81.2 3.14 332.61 617.67 2.79 0.40 
73 82.3 2.21 230.95 623.07 2.79 0.37 
76 83.2 1.64 169.73 628.47 2.80 0.35 
79 84.2 1.17 119.96 633.87 2.80 0.32 
82 85 0.86 87.61 639.27 2.81 0.29 

S1+1% 11B   A = 20.94 VTS = -7.34 
  

61 71.5 18.6 2407.51 601.47 2.78 0.53 
64 73.1 12.6 1561.72 606.87 2.78 0.50 
67 74.7 8.54 1017.81 612.27 2.79 0.48 
70 76.2 5.94 684.93 617.67 2.79 0.45 
73 77.8 4.06 453.70 623.07 2.79 0.42 
76 79.3 2.8 304.93 628.47 2.80 0.40 
79 80.6 1.95 208.25 633.87 2.80 0.37 
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Temp. Phase 
Angle 

Complex 
Shear 

Modulus 

Visc. Temperature T 
(Rankine) 

Log T 
(R) 

Log 
(Log(η)) 

82 81.8 1.38 145.07 639.27 2.81 0.33 
S1+2% 11B   A = 21.65 VTS = -7.60 

  

61 74 15.2 1841.96 601.47 2.78 0.51 
64 75.6 10.2 1191.28 606.87 2.78 0.49 
67 77.1 6.89 780.20 612.27 2.79 0.46 
70 78.7 4.66 512.54 617.67 2.79 0.43 
73 80.2 3.2 343.71 623.07 2.79 0.40 
76 81.5 2.22 234.25 628.47 2.80 0.37 
79 82.7 1.56 162.30 633.87 2.80 0.34 
82 83.9 1.1 113.08 639.27 2.81 0.31 

S1+3% 11B   A = 21.50 VTS = -7.55 
  

61 75.4 13.7 1607.09 601.47 2.78 0.51 
64 76.9 9.23 1049.27 606.87 2.78 0.48 
67 78.4 6.21 686.55 612.27 2.79 0.45 
70 79.9 4.22 455.30 617.67 2.79 0.42 
73 81.2 2.93 310.37 623.07 2.79 0.40 
76 82.4 2.04 212.94 628.47 2.80 0.37 
79 83.5 1.45 149.62 633.87 2.80 0.34 
82 84.5 1.03 105.34 639.27 2.81 0.31 

S1+1% 15A   A = 21.55 VTS = -7.57 
  

61 72.1 15.9 2023.86 601.47 2.78 0.52 
64 73.6 10.8 1321.74 606.87 2.78 0.49 
67 75.2 7.42 874.29 612.27 2.79 0.47 
70 76.9 4.95 562.72 617.67 2.79 0.44 
73 78.4 3.42 378.10 623.07 2.79 0.41 
76 79.8 2.36 255.01 628.47 2.80 0.38 
79 81.1 1.65 175.01 633.87 2.80 0.35 
82 82.1 1.17 122.55 639.27 2.81 0.32 

S1+2% 15A   A = 21.51 VTS = -7.55 
  

61 72 16 2042.20 601.47 2.78 0.52 
64 73.5 10.8 1325.05 606.87 2.78 0.49 
67 75.1 7.41 875.08 612.27 2.79 0.47 
70 76.7 4.99 569.53 617.67 2.79 0.44 
73 78.2 3.42 379.43 623.07 2.79 0.41 
76 79.5 2.37 257.28 628.47 2.80 0.38 
79 80.7 1.66 177.03 633.87 2.80 0.35 
82 81.7 1.17 123.15 639.27 2.81 0.32 

S1+3% 15A   A = 21.63 VTS = -7.60 
  

61 73.8 13.8 1680.52 601.47 2.78 0.51 
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Temp. Phase 
Angle 

Complex 
Shear 

Modulus 

Visc. Temperature T 
(Rankine) 

Log T 
(R) 

Log 
(Log(η)) 

64 75.3 9.37 1101.60 606.87 2.78 0.48 
67 76.9 6.39 726.42 612.27 2.79 0.46 
70 78.4 4.31 476.50 617.67 2.79 0.43 
73 79.8 2.97 320.92 623.07 2.79 0.40 
76 81.1 2.07 219.56 628.47 2.80 0.37 
79 82.2 1.46 152.75 633.87 2.80 0.34 
82 83.2 1.04 107.63 639.27 2.81 0.31 

S1   A = 23.76 VTS = -8.41 
  

61 84.8 2.44 248.94 601.47 2.78 0.38 
64 85.6 1.68 170.43 606.87 2.78 0.35 
67 86.3 1.16 117.18 612.27 2.79 0.32 
70 87 0.82 82.55 617.67 2.79 0.28 

S2   A = 23.76 VTS = -8.41 
  

61 84.8 2.44 248.94 601.47 2.78 0.38 
64 85.6 1.66 168.40 606.87 2.78 0.35 
67 86.3 1.14 115.16 612.27 2.79 0.31 

S2+1% 10A   A = 22.09 VTS = -7.76 
  

61 75 16.8 1988.49 601.47 2.78 0.52 
64 76.6 11.2 1280.88 606.87 2.78 0.49 
67 78.2 7.44 825.43 612.27 2.79 0.46 
70 79.8 4.95 534.87 617.67 2.79 0.44 
73 81.2 3.35 354.86 623.07 2.79 0.41 
76 82.5 2.29 238.77 628.47 2.80 0.38 
79 83.7 1.59 163.75 633.87 2.80 0.35 
82 84.8 1.12 114.27 639.27 2.81 0.31 

S2+2% 10A   A = 22.69 VTS = -7.99 
  

61 79.9 9.09 980.73 601.47 2.78 0.48 
64 81.1 6.03 639.59 606.87 2.78 0.45 
67 82.4 4.05 422.75 612.27 2.79 0.42 
70 83.5 2.71 279.63 617.67 2.79 0.39 
73 84.6 1.86 190.07 623.07 2.79 0.36 
76 85.5 1.3 131.97 628.47 2.80 0.33 
79 86.3 0.921 93.04 633.87 2.80 0.29 

S2+3% 10A   A = 22.21 VTS = -7.82 
  

61 79.8 9.64 1041.65 601.47 2.78 0.48 
64 81.1 6.37 675.65 606.87 2.78 0.45 
67 82.3 4.29 448.32 612.27 2.79 0.42 
70 83.5 2.88 297.17 617.67 2.79 0.39 
73 84.5 1.99 203.52 623.07 2.79 0.36 
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Temp. Phase 
Angle 

Complex 
Shear 

Modulus 

Visc. Temperature T 
(Rankine) 

Log T 
(R) 

Log 
(Log(η)) 

76 85.4 1.4 142.21 628.47 2.80 0.33 
79 86.2 0.997 100.77 633.87 2.80 0.30 

S2+1% 11B   A = 20.94 VTS = -7.34 
  

61 77.2 12.4 1401.41 601.47 2.78 0.50 
64 78.7 8.28 910.69 606.87 2.78 0.47 
67 80.2 5.46 586.46 612.27 2.79 0.44 
70 81.6 3.64 383.60 617.67 2.79 0.41 
73 82.9 2.47 256.42 623.07 2.79 0.38 
76 84 1.7 174.60 628.47 2.80 0.35 
79 85 1.18 120.21 633.87 2.80 0.32 
82 86 0.832 84.19 639.27 2.81 0.28 

S2+2% 11B   A = 21.65 VTS = -7.60 
  

61 77.6 13.4 1502.98 601.47 2.78 0.50 
64 78.8 8.89 976.14 606.87 2.78 0.48 
67 80.2 5.89 632.64 612.27 2.79 0.45 
70 81.7 3.9 410.49 617.67 2.79 0.42 
73 82.9 2.65 275.11 623.07 2.79 0.39 
76 84.1 1.82 186.76 628.47 2.80 0.36 
79 85.1 1.27 129.28 633.87 2.80 0.32 
82 86 0.895 90.57 639.27 2.81 0.29 

S2+3% 11B   A = 21.50 VTS = -7.55 
  

61 78.2 12.5 1386.81 601.47 2.78 0.50 
64 79.6 8.26 895.29 606.87 2.78 0.47 
67 81 5.48 582.03 612.27 2.79 0.44 
70 82.3 3.65 381.44 617.67 2.79 0.41 
73 83.5 2.5 257.96 623.07 2.79 0.38 
76 84.5 1.74 177.95 628.47 2.80 0.35 
79 85.5 1.22 123.85 633.87 2.80 0.32 
82 86.3 0.872 88.09 639.27 2.81 0.29 

S2+1% 15A   A = 21.55 VTS = -7.57 
  

61 77.8 10.4 1162.18 601.47 2.78 0.49 
64 79.3 6.91 752.52 606.87 2.78 0.46 
67 80.7 4.63 493.77 612.27 2.79 0.43 
70 82.1 3.07 321.57 617.67 2.79 0.40 
73 83.3 2.1 217.12 623.07 2.79 0.37 
76 84.3 1.45 148.54 628.47 2.80 0.34 
79 85.3 1.01 102.67 633.87 2.80 0.30 
82 86.2 0.712 71.97 639.27 2.81 0.27 

S2+2% 15A   A = 21.51 VTS = -7.55 
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Temp. Phase 
Angle 

Complex 
Shear 

Modulus 

Visc. Temperature T 
(Rankine) 

Log T 
(R) 

Log 
(Log(η)) 

61 78.1 10.3 1144.77 601.47 2.78 0.49 
64 79.5 6.92 751.22 606.87 2.78 0.46 
67 80.9 4.6 489.22 612.27 2.79 0.43 
70 82.3 3.09 322.91 617.67 2.79 0.40 
73 83.4 2.11 217.93 623.07 2.79 0.37 
76 84.5 1.46 149.31 628.47 2.80 0.34 
79 85.4 1.02 103.61 633.87 2.80 0.30 
82 86.2 0.724 73.18 639.27 2.81 0.27 

S2+3% 15A   A = 21.63 VTS = -7.60 
  

61 78.5 9.66 1066.12 601.47 2.78 0.48 
64 79.9 6.42 692.66 606.87 2.78 0.45 
67 81.2 4.35 460.78 612.27 2.79 0.43 
70 82.5 2.91 303.42 617.67 2.79 0.39 
73 83.5 2 206.37 623.07 2.79 0.36 
76 84.5 1.39 142.15 628.47 2.80 0.33 
79 85.3 0.979 99.52 633.87 2.80 0.30 
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APPENDIX E. SESSILE DROP EXPERIMENT 
Table E.1. Contact angles for asphalt binders from Source 1. 

 
Binder Type 

Avg. 
Angle w/ 
Glycerin 

Std. 
Deviation 

w/ Glycerin 

Avg. 
Angle w/ 

Water 

Std. 
Deviation 
w/ Water 

Avg. Angle 
w/ 

Formamide 

Std. Deviation 
w/ 

Formamide 
PG 64-22 100.72 0.15 80.45 0.17 75.79 0.26 
PG 64-
22+1%Cloissite®10A 

102.51 0.16 81.97 0.19 85.58 0.25 

PG 64-22+2%Cloisite® 
10A 

103.42 0.23 80.47 0.15 81.25 0.23 

PG 64-22+3%Cloisite® 
10A 

100.10 0.17 80.47 0.18 79.90 0.27 

PG 64-22+1%Cloisite® 
11B 

102.28 0.17 81.68 0.21 84.54 0.25 

PG 64-22+2%Cloisite® 
11B 

101.48 0.15 81.28 0.15 79.77 0.24 

PG 64-22+3%Cloisite® 
11B 

100.94 0.36 81.96 0.15 80.07 0.24 

PG 64-22+1%Cloisite® 
15A 

99.77 0.82 80.44 0.38 82.38 0.23 

PG 64-22+2%Cloisite® 
15A 

98.93 0.20 81.68 0.18 80.84 0.23 

PG 64-22+3%Cloisite® 
15A 

101.47 0.19 80.74 0.17 80.68 0.23 
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Table E.2. Contact angles for asphalt binders from Source 2. 

 
 

Binder Type 

Avg. 
Angle w/ 
Glycerin 

Std. 
Deviation 

w/ Glycerin 

Avg. 
Angle w/ 

Water 

Std. 
Deviation 
w/ Water 

Avg. Angle 
w/ 

Formamide 

Std. 
Deviation w/ 
Formamide 

PG 64-22 97.32 0.88 81.95 0.87 80.53 0.48 

PG 64-
22+1%Cloisite®10A 

97.88 0.20 76.96 0.38 78.55 0.23 

PG 64-22+2%Cloisite® 
10A 

97.50 0.23 77.41 0.44 79.87 0.22 

PG 64-22+3%Cloisite® 
10A 

97.72 0.23 77.77 0.18 75.80 0.24 

PG 64-22+1%Cloisite® 
11B 

97.90 0.24 75.60 0.36 77.96 0.23 

PG 64-22+2%Cloisite® 
11B 

97.96 0.21 77.51 0.38 78.29 0.24 

PG 64-22+3%Cloisite® 
11B 

99.45 0.21 77.89 0.15 80.59 0.20 

PG 64-22+1%Cloisite® 
15A 

97.14 0.35 76.60 0.48 77.77 0.22 

PG 64-22+2%Cloisite® 
15A 

98.68 0.21 76.85 0.19 79.26 0.22 

PG 64-22+3%Cloisite® 
15A 

98.49 0.21 78.86 0.32 78.94 0.21 

 

Table E.3. Contact angles for asphalt binders from Source 2. 

Binder Type Aging Γlw ГL
- Γ+ Γab Γ Γ+/ГL- 

PG 64-22 Un-aged 7.27 2.17 3.62 5.61 12.88 1.67 
PG 64-22+1% Cloisite® 10A Un-aged 10.00 1.83 1.88 3.71 13.71 1.03 
PG 64-22+2% Cloisite® 10A Un-aged 10.11 1.69 1.68 3.37 13.48 0.99 
PG 64-22+3% Cloisite® 10A Un-aged 10.25 2.24 2.21 4.45 14.70 0.99 
PG 64-22+1% Cloisite® 11B Un-aged 10.09 1.93 1.82 3.75 13.84 0.94 
PG 64-22+2% Cloisite® 11B Un-aged 9.86 2.41 1.74 4.10 13.96 0.72 
PG 64-22+3% Cloisite® 11B Un-aged 7.31 2.11 3.57 5.49 12.80 1.69 
PG 64-22+1% Cloisite® 15A Un-aged 7.42 2.34 3.75 5.92 13.34 1.60 
PG 64-22+2% Cloisite® 15A Un-aged 7.51 2.51 3.88 6.24 13.75 1.55 
PG 64-22+3% Cloisite® 15A Un-aged 7.20 2.02 3.51 5.33 12.53 1.74 
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Table E.4. Cohesive energy for Source 1 binders. 

Asphalt Sample Cohesive Energy 
PG 64-22 25.75 
PG 64-22+1% Cloisite® 10A 27.42 
PG 64-22+2% Cloisite® 10A 26.96 
PG 64-22+3% Cloisite® 10A 29.40 
PG 64-22+1% Cloisite® 11B 27.68 
PG 64-22+2% Cloisite® 11B 27.91 
PG 64-22+3% Cloisite® 11B 25.60 
PG 64-22+1% Cloisite® 15A 26.69 
PG 64-22+2% Cloisite® 15A 27.50 
PG 64-22+3%Cloisite ® 15A 25.75 

 

Table E.5. Cohesive energy for modified asphalt binder sample of Source 1. 

Binder Type Aging Γlw ГL
- Γ+ Γab Γ Γ+/ГL- 

PG 64-22 Un-aged 10.27 2.75 2.78 5.53 15.80 1.01 
PG 64-22+1% Cloisite® 10A Un-aged 10.24 2.64 2.68 5.32 15.56 1.02 
PG 64-22+2% Cloisite® 10A Un-aged 10.27 2.71 2.75 5.46 15.73 1.01 
PG 64-22+3% Cloisite® 10A Un-aged 10.25 2.67 2.71 5.38 15.63 1.01 
PG 64-22+1% Cloisite® 11B Un-aged 10.23 2.64 2.67 5.31 15.54 1.01 
PG 64-22+2% Cloisite® 11B Un-aged 10.23 2.63 2.66 5.29 15.52 1.01 
PG 64-22+3% Cloisite® 11B Un-aged 10.11 2.36 2.40 4.76 14.87 1.02 
PG 64-22+1% Cloisite® 15A Un-aged 10.29 2.78 2.82 5.60 15.89 1.01 
PG 64-22+2% Cloisite® 15A Un-aged 10.15 2.50 2.54 5.04 15.19 1.02 
PG 64-22+3% Cloisite® 15A Un-aged 10.17 2.54 2.57 5.11 15.28 1.01 
 

Table E.6. Cohesive energy for modified asphalt binder sample of Source 2. 

Asphalt Sample Cohesive Energy 
PG 64-22 31.60 
PG 64-22+1% Cloisite® 10A 31.12 
PG 64-22+2% Cloisite® 10A 31.46 
PG 64-22+3% Cloisite® 10A 31.26 
PG 64-22+1% Cloisite® 11B 31.08 
PG 64-22+2% Cloisite® 11B 31.04 
PG 64-22+3% Cloisite® 11B 29.74 
PG 64-22+1% Cloisite® 15A 31.78 
PG 64-22+2% Cloisite® 15A 30.38 
PG 64-22++3% Cloisite® 15A 30.56 
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Table E.7. Source 1 binder properties with sandstone. 

Sample Delta G (Dry) Dry Wet Dry/Wet Dry/Wet 
PG 64-22 125.22868 125.2 -131.2 0.9542683 0.95 
PG 64-22+1% Cloisite® 10A 120.69582 120.7 -148.3 0.8138908 0.81 
PG 64-22+2% Cloisite® 10A 116.83051 116.8 -154.0 0.7584416 0.76 
PG 64-22+3% Cloisite® 10A 128.18406 128.2 -154.0 0.8324675 0.83 
PG 64-22+1% Cloisite® 11B 120.23099 120.2 -154.0 0.7805195 0.78 
PG 64-22+2% Cloisite® 11B 120.07072 120.1 -154.0 0.7798701 0.78 
PG 64-22+3% Cloisite® 11B 140.13253 140.1 -181.0 0.7740331 0.77 
PG 64-22+1% Cloisite® 15A 143.43608 143.4 -226.6 0.6328332 0.63 
PG 64-22+2% Cloisite® 15A 145.80147 145.8 -175.9 0.82888 0.83 
PG 64-22+3% Cloisite® 15A 138.77916 138.8 -201.8 0.6878097 0.69 
 

Table E.8. Source 2 binder properties with sandstone. 

Sample Delta G (Dry) Dry Wet Dry/Wet Dry/Wet 
PG 64-22 140.87400 140.9 -57.4 2.4547038 2.45 
PG 64-22+1% Cloisite® 10A 120.69582 120.7 -59.3 2.0354132 2.04 
PG 64-22+2% Cloisite® 10A 141.55189 141.6 -55.3 2.5605787 2.56 
PG 64-22+3% Cloisite® 10A 155.65288 155.7 -52.6 2.960076 2.96 
PG 64-22+1% Cloisite® 11B 145.66198 145.7 -27.1 5.3763838 5.38 
PG 64-22+2% Cloisite® 11B 144.80434 144.8 -37.3 3.8820375 3.88 
PG 64-22+3% Cloisite® 11B 172.81103 172.8 -29.9 5.7792642 5.78 
PG 64-22+1% Cloisite® 15A 176.79321 176.8 -33.7 5.2462908 5.25 
PG 64-22+2% Cloisite® 15A 179.64281 179.6 -34.4 5.2209302 5.22 
PG 64-22+3% Cloisite® 15A 171.20623 171.2 -33.5 5.1104478 5.11 
 

Table E.9. Source 1 binder properties with gravel. 

Sample Delta G (Dry) Dry Wet Dry/Wet Dry/Wet 
PG 64-22 168.52549 168.5 -118.0 1.4279661 1.43 
PG 64-22+1% Cloisite® 10A 166.24512 166.2 -148.7 1.1176866 1.12 
PG 64-22+2% Cloisite® 10A 137.90520 137.9 -115.7 1.1918755 1.19 
PG 64-22+3% Cloisite® 10A 137.16407 137.2 -132.6 1.0346908 1.03 
PG 64-22+1% Cloisite® 11B 136.45041 136.5 -134.5 1.0148699 1.01 
PG 64-22+2% Cloisite® 11B 136.27336 136.3 -125.4 1.0869219 1.09 
PG 64-22+3% Cloisite® 11B 131.26429 131.3 -61.1 2.1489362 2.15 
PG 64-22+1% Cloisite® 15A 139.15908 139.2 -76.6 1.8172324 1.82 
PG 64-22+2% Cloisite® 15A 133.92332 133.9 -61.3 2.1843393 2.18 
PG 64-22+3% Cloisite® 15A 134.54075 134.5 -69.2 1.9436416 1.94 
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Table E.10 Source 2 binder properties with gravel. 

Sample Delta G (Dry) Dry Wet Dry/Wet Dry/Wet 
PG 64-22 138.45887 138.5 -70.4 1.9673295 1.97 
PG 64-22+1% Cloisite® 10A 136.61510 136.6 -67.3 2.0297177 2.03 
PG 64-22+2% Cloisite® 10A 167.84661 167.8 -40.5 4.1432099 4.14 
PG 64-22+3% Cloisite® 10A 166.92715 166.9 -51.7 3.2282398 3.23 
PG 64-22+1% Cloisite® 11B 166.03070 166.0 -41.9 3.9618138 3.96 
PG 64-22+2% Cloisite® 11B 165.81008 165.8 -47.0 3.5276596 3.53 
PG 64-22+3% Cloisite® 11B 159.60417 159.6 -47.8 3.3389121 3.34 
PG 64-22+1% Cloisite® 15A 169.40497 169.4 -46.4 3.6508621 3.65 
PG 64-22+2% Cloisite® 15A 162.90917 162.9 -52.4 3.1087786 3.11 
PG 64-22+3% Cloisite® 15A 163.66304 163.7 -69.6 2.3520115 2.35 
 

Table E.11. Compatibility ratio for Source 1 binders. 

Binder Type Sandstone Gravel 
PG 64-22 0.95 2.45 
PG 64-22+1% Cloisite® 10A 0.81 2.04 
PG 64-22+2% Cloisite® 10A 0.76 2.56 
PG 64-22+3% Cloisite® 10A 0.83 2.96 
PG 64-22+1% Cloisite® 11B 0.78 5.38 
PG 64-22+2% Cloisite® 11B 0.78 3.88 
PG 64-22+3% Cloisite® 11B 0.77 5.78 
PG 64-22+1% Cloisite® 15A 0.63 5.25 
PG 64-22+2% Cloisite® 15A 0.83 5.22 
PG 64-22+3% Cloisite® 15A 0.69 5.11 

 

Table E.12. Compatibility ratio for Source 2 binders. 

Binder Type Sandstone Gravel 
PG 64-22 1.43 1.97 
PG 64-22+1% Cloisite® 10A 1.12 2.03 
PG 64-22+2% Cloisite® 10A 1.19 4.14 
PG 64-22+3% Cloisite® 10A 1.03 3.23 
PG 64-22+1% Cloisite® 11B 1.01 3.96 
PG 64-22+2% Cloisite® 11B 1.09 3.53 
PG 64-22+3% Cloisite® 11B 2.15 3.34 
PG 64-22+1% Cloisite® 15A 1.82 3.65 
PG 64-22+2% Cloisite® 15A 2.18 3.11 
PG 64-22+3% Cloisite® 15A 1.94 2.35 
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APPENDIX F. SARA ANALYSIS TEST RESULTS 
Table F.1. SARA analysis for unaged binders. 

Sample Saturates (%) Aromatics Resin Asphaltenes % Recovered Date 
S1 10 38.3 31.8 19.9   
S1+1% 10A 11.9 26.5 31.1 30.5 96.5 5/28/2018 
S1+2% 10A 8.1 37.3 34.3 20.3 93 5/28/2018 
S1+3% 10A 6.1 28.7 30.8 34.4 90.8 1/2/2018 
S1+1% 11B 10.7 37.4 33.5 18.4 98 5/23/2018 
S1+2% 11B 8.1 35.1 26.2 30.6 99 1/8/2018 
S1+3% 11B 5.6 30.3 33.9 30.2 94.7 5/23/2018 
S1+1% 15A 5.7 33.9 30 30.4 98.7 1/3/2018 
S1+2% 15A 9.4 27.2 38.6 24.8 96.2 5/25/2018 
S1+3% 15A 9.8 33.1 29.5 27.6 94.8 1/5/2018 
S2 6.8 43.6 36.3 13.2   
S2+1%10A 7.4 38.3 34.7 19.6 99.1 5/10/2018 
S2+2%10A 5.6 28.3 30.9 35.2 94.7 5/13/2015 
S2+3%10A 11.5 24.7 35.1 28.7 97.9 5/14/2018 
S2+1% 11B 7.7 36.8 32.6 22.9 98.9 5/15/2018 
S2+2% 11B 5 36.5 33.1 25.4 95.1 5/16/2018 
S2+3% 11B 4.6 31.9 36.9 26.6 92.4 5/17/2018 
S2+1% 15A 15.2 29.3 25.3 30.2 99 5/22/2018 
S2+2% 15A 2.6 31.2 35.9 30.3 98.3 5/23/2018 
S2+3%15A 10.2 25.6 29.1 35.1 93.02 5/21/2018 
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