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ABSTRACT

Although the energy saving Warm Mix Asphalt (WMA) technology that produces 

asphalt mixes at lower temperatures are around for about a decade, there still exist some 

concerns that are hindering its wide spread implementation. The overall objective o f this 

study is to investigate if  the viscosity reductions at higher temperatures have any impacts 

on asphalt mix compaction and rutting performances. This study reveals that there exists 

a critical temperature for each asphalt binder below which viscosity will increase with 

addition o f Sasobit®. Therefore, compaction below the critical temperature can negatively 

impact density.

For PG 64-22, the critical temperature is 104 °C and for PG 76-22M, the critical 

temperature is about 101 °C. Another significant finding o f this study is that with the 

addition o f Sasobit®, asphalt binders become a shear-thinning liquid even at compaction 

temperature ranges. The shear rate dependency increases with an increase in percent o f  

Sasobit®. This indicates if  the actual shear rate during the compaction process is higher 

than 6.8 s '1, then the currently recommended viscosity as well as temperature is 

overestimated and compaction temperature can be reduced. On the other hand, if  the 

actual shear rate during the compaction process is lower than 6.8 s'1, then the currently 

recommended viscosity as well as temperature is underestimated and a higher 

compaction temperature should be used.



This study further reveals that an optimum amount o f Sasobit* exists between 2% 

and 4% based on phase angle and non-recoverable creep compliance analyses o f PG 64- 

22 and based on percent recovery of PG 76-22M. Currently used rutting factor G*/sin8 

fails to indicate any optimum amount. Phase angle values suggest if  rutting is performed 

at one grading higher temperature, an overdose o f Sasobit® will increase rutting potential. 

Creep and recovery tests at equal-stiffness temperature indicate that addition o f  Sasobit* 

increases rutting resistance at lower stress while it increases rutting potential at higher 

stress. APA rut depths indicate that Sasobit® mixes prepared at WMA temperatures 

performed better than HMA without Sasobit®. However, from aging evaluation of 

extracted asphalt binders it was revealed that reduced production temperatures reduces 

aging and may increase rutting susceptibility. Finally, from an exploratory study it was 

concluded that wax modified asphalt binders may be differentiated by its morphology 

using an AFM. Overall, this study provides fundamental findings with respect to 

rheology and performance which will help implement warm mix asphalt in the U.S.
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CHAPTER 1

INTRODUCTION

In 1970, the United States Clean Air Act was passed into law, the first Earth Day 

was held, and the U.S. industries started working to make the environment better. The 

asphalt industry became a leader in seeking innovations to promote a cleaner planet and 

better working conditions for the employees. The National Asphalt Pavement Association 

(NAPA) took the lead in a number o f initiatives that have made asphalt plants better 

neighbors in the community and enhanced working conditions for those involved in the 

production and construction o f asphalt pavements. A variety o f government regulations, 

economic factors and changes in public attitudes were closely followed by the asphalt 

industry. For example, to comply with the Clean Air Act o f 1970, emission control 

technologies were improved, and the current technology o f bag house filtration greatly 

reduced particulate emissions from asphalt plants. During 1970s, rising oil prices and 

tightened supply resulted the development o f new methods for reclaiming and recycling 

of asphalt pavements. Therefore, recycled asphalt pavement is now the most recycled 

material in the U.S. According to the public survey about impact o f asphalt plants on 

communities, it was necessary to develop NAPA’s Diamond Achievement 

Commendation. This refers to commitment towards better environment. In the year o f 

2002, NAPA identified new technologies in Europe which reduced the production and 

construction temperatures.
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In 2007, National Center for Asphalt Technology (NCAT) showed that lowering 

the plant mix temperature by 6 °C (10.8 °F) significantly reduced the production o f 

emissions from asphalt mixes (Lange and Stroup-Gardiner, 2007). Foil wed by a later 

study tour o f NAPA leaders, its partners began to pursue the research and development 

work necessary for implementation o f the Warm Mix Asphalt (WMA) (Prowell et al., 

2012; Bonaquist, 2011; D'Angelo et al., 2008).

WMA belongs to a group o f technologies which allows a significant reduction in 

the temperatures at which asphalt mixes are produced and placed. These several 

technologies provide complete aggregate coating at lower temperatures and act as 

compaction aids. However, better coating and compaction vary from one technology to 

another. Hot mix asphalt (HMA) is typically produced at temperatures from 138 °C to 

160 °C (280 °F to 320 °F) while WMA is produced at 100 °C to 138 °C (212 °F to 280 

°F) (Prowell, 2012).

The potential range of benefits o f WMA are energy savings due to lower 

production temperatures, improved compaction aid, the ability to pave in cool ambient 

temperatures, longer hauling distances, the ability to incorporate higher percentages o f 

RAP, longer paving seasons, reduced wear and tear o f  the plants, reduced oxidative aging 

o f asphalt binders and, thus, reduced cracking in the pavements, and ability o f opening 

the site to traffic sooner. Paving with WMA also provides the workers with a safer 

working environment (Hurley and Prowell, 2006; Prowell et al., 2012).

Currently, more than 20 WMA technologies are available in the market including 

some U.S. technologies. Many o f the WMA technologies involved either waxes or
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foamed asphalt. Waxes reduce the viscosity o f the asphalt binder and improve lubrication 

at higher production temperatures.

To this end, overall, this study investigates if  the viscosity reductions at higher 

temperatures have any impacts on asphalt mix compaction and rutting performances. In 

order to pursue this hypothesis the following investigations were performed.

First, dynamic viscosity (r|') o f  asphalt binders with and without a wax-based 

WMA additive, Sasobit® was measured at wider temperature ranges. Laboratory densities 

o f Superpave gyratory samples compacted at different temperatures, at different gyrations 

and at different asphalt contents were determined to evaluate the effect o f viscosity on 

density. Also, field densities after different compaction steps were analyzed to evaluate 

the effect o f Sasobit® on viscosity.

Second, as hot mix asphalt is prepared and compacted at different temperature 

ranges at different shear rates, it is imperative to know the influence o f shear rate on 

viscosity at those temperature ranges. Therefore, effect o f shear rate on asphalt binder has 

been studied in this regard.

Third, in order to address the concern that warm temperatures will increase rutting 

susceptibility because of reduced aging, different rutting factors of Sasobit® modified 

asphalt binders were determined and laboratory rutting test o f  the warm mix were 

performed. Evaluation o f aging o f extracted asphalt binders from mixes produced at 

different mixing temperatures were also performed.

Fourth, to understand the surface microstructure o f  Sasobit® modified asphalt 

binders, an atomic force microscope has been used. Also, the effectiveness o f using an 

atomic force microscope as a screening tool for asphalt binder has been briefly studied.
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1.1 Objectives

The overall objective of this study was to investigate the rheology o f asphalt 

binders modified with a wax-based warm mix additive and its relationships with asphalt 

mix, compaction and rutting. The specific objectives o f this research were as follows:

1. Effects o f Sasobit* modified asphalt binder on lower compaction 

temperatures,

2. Effects o f shear rate on viscosity o f  Sasobit8' modified asphalt binders,

3. Laboratory evaluation o f rutting factors and rutting performance o f Sasobit® 

modified asphalt binders, and

4. Evaluation o f atomic force microscope (AFM) as a screening tool for 

asphaltic materials.

1.2 Scope of the Research 

In this study, rheological testing o f asphalt binders modified with different 

percentages o f Sasobit® were performed using a DSR. Temperature sweep, frequency 

sweep, multiple stress creep and recovery, and steady state shear tests were performed in 

this regard. A wide range o f temperatures were used in the rheological testing by using 

different thermal liquids, by reducing the parallel plate gaps, strains, etc. Different 

innovative techniques were used for testing and data analyses in this regard. The DSR 

was used for viscosity measurements at visco-elastic state. Rheological behavior obtained 

was verified by mix performance. Densities o f the laboratory compacted samples and 

also field compacted samples were used in this purpose. For in-depth investigations, 

densities were varied by number o f gyrations and asphalt contents. In case o f field 

densities, data obtained at different compaction steps were analyzed.
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The DSR was used at rotational mode instead o f sinusoidal mode to obtain 

rotational viscosity and it was compared with dynamic viscosity. Different shear rates 

were used in the case o f rotational mode to analyze the effects of shear rate. Besides 

rutting factor G*/sin8. some other parameters that can be used as rutting factors were also 

analyzed such as, phase angle, percent recovery and non-recoverable creep compliance.

A multiple variable linear regression rut depth model was developed varying mixing 

temperature, air voids, etc. An asphalt pavement analyzer was used in this purpose. For 

evaluation o f aging, asphalt binders were extracted using a centrifuge and a rotary 

evaporator. Finally, an exploratory study has been performed using an atomic force 

microscope to distinguish between asphalt binders with and without wax modifications.

1.3 Organization o f the Dissertation 

This dissertation is divided into seven chapters. Chapter 1 contains an introduction 

to the problem and the objectives and scope o f the research. A detailed literature review 

o f related research is included in Chapter 2. The literature review includes background 

information about warm mix asphalt, some o f the advantages and disadvantages, and 

earlier laboratory and field studies on warm mix asphalt. Chapter 3 contains results and 

discussions on the effects o f  Sasobit® on lower compaction temperatures. Chapter 4 

contains investigations on the effect o f shear rate and the viscosity model. Chapter 5 

describes the effects o f Sasobit® on rutting performances and its relationship to asphalt 

rheology. Chapter 6 contains discussions about the exploratory study using atomic force 

microscope for asphalt binder characterization. Finally, conclusions and 

recommendations are given in Chapter 7.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

A number o f WMA technologies were developed since 1990. Earlier WMA 

processes involved either waxes or foamed asphalt. Table 2-1 summarizes the different 

warm mix technologies. Table 2-2 shows greenhouse gas reductions by different WMA 

technologies.

Table 2-1. WMA technologies (D’Angelo et al., 2008)

WMA process
Additive

Percent

Production 

Temperature at 

Plant

Approximate 

Production till 

2008

Sasobit* (Fischer- 

Tropsch Wax)

2.5% by weight 

is used in 

Germany and 1 - 

1.5% used in 

U.S.

20-30 °C less 

than HMA
> 10 million tons

Asphaltan-B® 

(Montan Wax)

2.5% by weight 

in Germany

20-30 °C less 

than HMA
Not Known

Licomont BS 100
3% by weight of 

binder

20-30 °C less 

than HMA

> 322,500 square 

meters since 1994

3E L T  ofEcoflex 2-3%
30-40 °C drop 

from HMA
Not Known

6
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T able 2-1 continued...

Aspha-Min ®
0.3% by weight 

o f total mix

20-30 °C less 

than HMA
300,000 tons

Ecomac® Not Known 45 °C > 100,000 tons

LEA, also EBE 

and EBT

0.2-0.5% by 

weight o f binder
< 1 0 0 °C

Seven commercial 

Projects

LEAB
0.1% by weight 

o f binder
90 °C Not known

LT Asphalt 0.5-1.0% 90 °C > 60,000 tons

WAM-Foam - 110-120°C > 17,000 tons

U.S. Technology

Evotherm® 1-3% 85-115 °C > 4,000 tons

Double-Barrel

Green®
0.25% 116-135 °C >10,000 tons

Advera® (Zeolite) Dilute surfactant
20-30 °C less 

Than HMA
Not known

Table 2-2. Greenhouse gas reductions for WMA (Gandhi, 2008)

Compounds %  Reductions

co2 30-40

so2 30-40

Volatile organic compounds 50

CO 10-30

NOx 60-70



2.1.1 Sasobit*

Sasobit* has been used most widely for WMA projects (Prowell et al., 2012). 

Sasobit* is a Fischer-Tropsch (FT) wax produced from coal gasification. Usually, it is 

obtained in pellet form and added at the rate o f 1.5% by weight of binder. Sasobit® is a 

product o f Sasol Wax, South Africa. It is a fine crystalline, long-chain aliphatic 

polyethylene hydrocarbon produced from coal gasification using the FT process (Sasol 

Wax, 2012). It is also known as “FT hard wax.” In the process of FT synthesis, coal or 

natural gas, methane, is oxidized partially to carbon monoxide (CO) and subsequently 

reacts with hydrogen (H2) under catalytic conditions producing a mix o f hydrocarbons 

which has the molecular chain length o f  carbon C5 to Cl 00 carbon atoms. The Sasobit® 

is obtained in the carbon chain length C45 to C l00. The longer carbon chains in the FT 

wax increase the melting point o f Sasobit®. Sasobit® is termed as an “asphalt flow 

improver” and causes a reduction in viscosity; thus mixing and compaction temperature 

reduction by 18-54 °C (32-97 °F) (Kristansdottir et al., 2007). Sasobit® is completely 

soluble in asphalt binder at a temperature higher than 120 °C (248 °F) and its congealing 

temperature o f about 102 °C (216 °F). Below the melting point temperature, Sasobit® has 

a crystalline network structure in the binder that causes stability (Hurley and Prowell, 

2005; Gandhi, 2008).

The effects o f Sasobit® in asphalt binders and HMA have been studied previously 

by several researchers (Kanitpong et al., 2007; Wasiuddin et al., 2007; Wasiuddin et al., 

2008; Hurley and Prowell, 2005). Sasobit® is known to improve the flow o f asphalt 

mixes (viscosity depressant) and reduce the mixing and compaction temperatures by 

about 18-54 °C (32-97 °F) (Kanitpong et al., 2007). Xiao et al., (2009) concluded that the 

addition o f 1.5% Sasobit® will generally allow for mixing and paving temperatures about



9

11 °C to 31 °C (20 °F to 55 °F) (depending on the mix) lower than those for conventional 

HMA. The maximum compaction temperature was at least 31 °C (55 °F) less than HMA 

mixes in a study by Sargand et al., 2011. The manufacturer recommendation o f  Sasobit* 

addition is not more than 3% and not less than 0.8% (Sasol Wax, 2012).

For the commercial applications in Europe, South Africa and Asia, Sasobit* is 

added directly onto the aggregate mix as solid prills (Figure 2-1) or as molten liquid 

through a dosing meter. In the United States, Sasobit® is blended with the binder at the 

terminal and is blown directly into the mixing chamber (Prowell et al., 2012). Sasobit® is 

commercially available in 25 kg bags and 600 kg super-sacks. One hundred and forty-two 

projects were being paved using Sasobit® which is equivalent to 2,716,254 square yards 

o f pavement since 1997 (Prowell et. al, 2012). Several projects were constructed in 18 

countries including the United States. A wide range o f aggregate types and mix types 

were used, such as dense graded mixes, stone mastic asphalt and Gussasphalt.

Figure 2-1. Sasobit® prills
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It was found that Sasobit* improved the compactability of mixes in both the 

Superpave gyratory and vibratory compactor, improved compaction was observed at 

temperatures as low as 88 °C (190 °F). But the addition of Sasobit* does not affect the 

resilient modulus o f an asphalt mix. In fact, it decreased the rutting potential o f  an asphalt 

mix as measured by the Asphalt Pavement Analyzer (APA) (Hurley and Prowell, 2005). 

Sasobit® additive is found to decrease the APA rut depths significantly, and these rut 

depths correlate well with the rutting factor G*/sin8. It was also observed that rutting 

resistance decrease with decreasing mixing and compaction temperatures (Wasiuddin et 

al., 2007). Sasobit® may have adversely affected the low end temperature properties o f 

the binder PG 76-22M due to waxy component; however the use o f Sasobit® additive had 

no significant effect in terms o f rut resistance and moisture susceptibility as found by 

Cooper, 2009. In the case o f fatigue cracking evaluation, data showed no significant 

difference between HMA mixes and Sasobit® mixes (Haggag et al., 2011). Sasobit® had a 

significant effect, however, on the pull-off tensile strength o f the binder under dry 

conditions (Mogawer et al., 2011). The addition o f Sasobit® significantly impacted the 

PG grading o f binders and reduced both mixing and compaction temperatures o f  mixes. 

The flow number Fn increased with an increase of Sasobit® which indicates better rutting 

resistance (Liu et al., 2011). Sasobit' mixes demonstrated acceptable moisture damage 

resistance as measured by the TSR (Tensile Strength Ratio) value (Sargand et al., 2009).
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2.1.2 Asphaltan B H

Asphaltan B * is a product o f Romonta GmbH, Amsdorf, Germany (Corrigan, 

2012; Kristansdottir, et al. 2007). It is a mix o f substances based on montan wax 

constituents and higher molecular weight hydrocarbons. It was created specifically for 

hot-rolled asphalt (a fine grained HMA for pavement surfacing).

Crude montan wax is found in Germany, Eastern Europe, and in the U.S. in 

lignite coal deposits. Lignite coal deposits were formed over geologic time by the 

transformation of fossilized vegetation.

The manufacturer recommends adding Asphaltan B® to asphalt at 2-4% by 

weight. It can also be added at the asphalt mixing plant or by the binder producer and to 

polymer modified binders. It has a melting point o f approximately 98 °C (210 °F).

Similar to F-T waxes, it improves asphalt flow at reduced temperatures, but the 

manufacturer does not specify how much the production temperature can be lowered. The 

manufacturer reports increased compactability, resistance to rutting and moisture 

resistance o f asphalt mix. Edwards et al. (2006) supports increased compactability by this 

product.

2.1.3 Aspha-Min®

Aspha-Min® is supplied by Eurovia Services GmbH, Germany (Aspha-Min®,

2012). It is a finely powdered synthetic zeolite (sodium aluminium silicate hydrate) and 

has been hydro-thermally crystallized. When Aspha-Min® is added to the binder as well 

as mix, water is released. This released water creates a foaming of the asphalt binder and, 

thereby, increases workability temporarily and increases aggregate coating at lower 

temperatures. Aspha-Min® is added typically at 0.3% by total weight o f  HMA mix. When
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it is heated above 85 °C (185 °F) to 182 °C (360 °F), it releases 21% water by mass. This 

released water microscopically foams the asphalt to aid coating of the aggregate. This 

foaming action acts as a temporary asphalt volume extender and mix lubricant, activating 

the aggregate particles to be rapidly coated and the mix to be workable and compactable 

at temperatures significantly lower than HMA (Federal Highway Administration, 2012).

According to Eurovia, Aspha-Min* can yield a reduction in mixing temperature 

greater than 50 °C (28 °F), thus saving 30% energy. Aspha-Min* is available in a very 

fine white powdered form in 50 lb or 100 lb bags (Kuennen, 2004). In a batch plant, it is 

added directly into the pugmill; in a drum mix plant, it is pneumatically fed into the drum 

via the RAP Collar (Barthel and Von Devivere, 2003).

According to Corrigan (2006), zeolites are framework silicates that have large 

vacant spaces in their structures allowing spaces for large cations such as sodium, 

potassium, barium, calcium and water molecule. In zeolites, the spaces are interconnected 

and form long, wide channels. These channels allow easy movement o f  the resident ions 

and molecules in and out o f the zeolite structure. Zeolites are characterized by their 

ability to lose and absorb water without damaging their crystalline structures (Corrigan, 

2006).

The addition o f Aspha-Min® does not affect the resilient modulus o f an asphalt mix 

nor it decreases the rutting potential o f an asphalt mix by APA.The lower mixing and 

compaction temperature may cause moisture damage (Hurley and Prowell, 2005). No 

significant changes in grading were observed with the addition o f Aspha-Min®, yet a 

smaller reduction in rut depths was observed (Wasiuddin et al., 2007). Aspha-Min® 

showed APA rutting characteristics similar to the control HMA mix (Xiao et al., 2010). 

Binders containing Aspha-Min® had minor or no changes compared to the base binders in



terms of flow properties, stiffness and response to creep. Results from the Gel permeation 

chromatography test showed Aspha-Min* had no significant effect on the binders (Biro et 

al., 2009).

2.1.4 Foamed Asphalt

Foamed asphalt is produced by the combination of hot asphalt binder with cold 

water. When there is a contact between the cold water and the hot asphalt binder, the mix 

turns into tiny steam bubbles trapped inside the asphalt binder. Thus, expansion in the 

volume o f the binder occurs, which ultimately improves the coating potential o f  the 

binder. WMA using foamed asphalt technology (WAM-foam) is a patented process 

which is jointly developed by Shell Global Solutions and KoloVeidekke in Norway. In 

this WAM-foam production process, two different kinds o f asphalt grades, soft asphalt 

binder and hard asphalt binder, are combined with the mineral aggregate.

At first, the aggregate is mixed with the softer binder, which is a fluid at lower 

temperatures, and after that, harder binder is foamed and mixed with the aggregate and 

softer binder. By this process, the asphalt mix is produced at temperatures between 100 

°C and 120 °C (212 °F and 250 °F) and compacted at 80 °C to 110 °C (175 °F to 230 °F) 

(Koenders, 2000).

Foamed asphalts were found to be more workable and easily compactable in 

comparison to HMA mixes. Furthermore, foamed asphalt mixes are not susceptible to 

moisture induced damage. Generally, foamed asphalt mixes tend to increase the rut depth 

in the APA test in comparison to HMA mixes (Ali, 2010).
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2.1.5 Evotherm ™

This process uses a chemical additive technology and a “Dispersed Asphalt 

Technology” (DAT) delivery system. It has been stated by the producer that by using this 

technology, a unique chemistry customized for aggregate compatibility is being delivered 

into a dispersed asphalt phase. During the production, the asphalt emulsion is mixed with 

the Evotherm™ chemical package and the produced emulsion is then mixed with the 

aggregate in the HMA plant.

It has been reported by the manufacturer that the chemistry provides good 

aggregate coating, workability, adhesion and improved compaction with no change in 

materials. However, the manufacturer reported a 55 °C (100 °F) reduction in production 

temperatures. It is the first chemical additive used in the U.S. and was introduced in 2005 

by MeadWestvaco (MeadWestvaco, 2007).

Evotherm® improved the compactibility of mixes in both the Superpave gyratory 

compactor and vibratory compactor. Improved compaction was noted at temperatures as 

low as 88 °C (190 °F); it did not affect the resilient modulus o f  an asphalt mix and also 

did not increase the rutting potential o f  an asphalt mix by APA. WMA with Evotherm® 

can be quickly opened to the traffic, but it may increase the potential for moisture damage 

(Hurley and Prowell, 2006).

2.1.6 Advera®

Advera® is a synthetic zeolite, similar to Aspha-Min®, and contains about 18% o f 

crystallized water by total weight according to the manufacturer. It works in gradually, 

releasing the water contained inside it. Advera® is a fine graded product (i.e. 100%
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passing sieve #200). Advera* is directly added to the pugmill in batch plants and through 

a fiber port in drum plants.

The manufacturer suggests that a reduction in asphalt mixes’ production 

temperatures o f 10 °C to 21 °C (50 °F to 70 °F) is expected. At temperatures less than 

80 °C, the addition o f Advera* zeolite tended to stiffen the mix (Tao and Mallick, 2009). 

Limited research has been done with Advera®'.

2.2 Rheological Study o f Wax-Based WMA 

Table 2-3 summarizes some important literature on rheological study o f wax- 

based WMA. However, the low temperature study performed by Edwards and Redelius 

(2006) has been discussed in Section 2.3.

Table 2-3. Literature review on rheological study of WMA

Author, year Materials Used Tests

Edwards and Redelius, 

2003

- Non-waxy asphalt binder

- Asphalt binder with 2%

(w/w) wax

- Asphalt binder with 4% 

wax

- Slack wax

- Temperature sweep

- Frequency Sweep

Results

Slack wax in asphalt gives significant negative effects by lowering the complex 

modulus at temperatures over about 40 °C. The slope o f the logarithm of the complex 

modulus can be considered as the rutting factor.
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Table 2-3 continued...

Author, year Materials Used Tests
Kim et al., 2010 - PG 76-22M

- Sasobit®

- Temperature sweep

Results
The addition of Sasobit*" decreased the viscosity o f PMA binders at 

135°C.PMAbinders containing Sasobit® had higher failure temperature.

Author, year Materials Used Tests
Biro et al., 2009 - PG 64-22

- Sasobit®

- Viscosity

- Frequency sweep

- Creep and recovery

Results
Binders follow Newtonian flow at 60 °C. The addition o f WMA additives significantly 

increases the viscosities o f  the binders at 60 °C. Aspha-Min® does not affect the flow 

properties o f the tested binders; whereas, the addition o f Sasobit® causes shear thinning 

flow characteristics in the binders at 60 °C. Sasobit® recrystallizes in the binders at 

midrange temperatures, increasing the viscosity and stiffness. In case o f  frequency 

sweep, Sasobit® increases the stiffness o f the binders. Aspha-Min® did not increase the 

stiffness of the binders as much as Sasobit®. Aspha-Min® also showed lower 

compliance values.
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2.3 Low Temperature Rheological Study 
of Wax-Based WMA

Edwards and Redelius (2006) conducted laboratory study on rheological effects of 

wax at low temperature. The effect o f wax or acid on the low temperature performance of 

asphalt was studied using DMA, BBR and force ductility measurements. Higher modulus 

at low temperatures makes the asphalt concrete sensitive to thermal and load induced 

cracking (Edwards and Redelius, 2006).

DMA results revealed that addition o f natural wax or slack wax has a stiffening 

effect down to at least -5 °C. This effect indicates lower resistance to thermal cracking. 

Addition o f slack wax decreased the stiffness o f the non-waxy asphalt at temperatures 

lower than -5 °C. BBR analysis at -15 °C, -20 °C and -25 °C showed similar results 

(Edwards and Redelius, 2006).

Addition of FT-paraffin, montan wax or polyethylene wax showed a stiffening 

effect at temperatures down to at least 5 °C. Addition of commercial waxes also, in some 

cases, resulted in stiffening effects at temperatures lower than 5 °C (Edwards and 

Redelius, 2006).

In case o f force ductility at 5 °C, maximum force was increased by the addition o f 

FT paraffin or montan wax to asphalt. Polyethylene wax or polyphosphoric acid does not 

show any increment in force. The effect o f wax and polyphosphoric acid at lower 

temperatures has been shown in Figure 2-2.
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Figure 2-2. Force ductility curve at 5 °C and DMA at temperatures below 5 °C 
(Edwards and Redelius, 2006)

2.4 Effects on Rutting Characteristics 

Studies conducted at the National Center for Asphalt Technology (NCAT) on 

WMA has shown that due to the reduced mixing temperature, the mixes show increased 

tendencies toward rutting and moisture susceptibility. This is because incomplete drying 

o f the aggregate at the time of mixing (Prowell et al., 2007; Hurley and Prowell, 2005). 

Research conducted by Xiao et al. (2010) showed that hydrated lime improved the 

indirect tensile strength (ITS) and tensile strength ratio values o f WMA mixes whether 

there was moisture in the aggregate or not. In a recent NCHRP study, Bonaquist (2011)
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studied rutting o f WMA based on flow number. Table 2-4 shows the minimum flow 

number criteria developed in NCHRJP 09-19 study (Witczak et al., 2002).

Table 2-4. Minimum flow number requirements

Traffle Level 

Million ESALs

Minimum Flow 

Number

< 3 —

3 to < 10 53

10 to < 30 190
IV o 740

In this NCHRP study, the flow number test was conducted using the asphalt 

mixture performance tester (AMPT). It was found that the flow numbers for WMA are 

significantly lower compare to the HMA. The average difference was approximately 40% 

and it was similar for all WMA processes. A relationship between the flow number (for a 

rut depth o f 0.5 in.) and the allowable traffic was developed;

pO.873

MESAL =  —----  2.1
6 .2 2 2 .

Where MESAL = Estimated traffic to 12 mm rutting, million equivalent single 

axle load, Fn = Flow number per NCHRP 09-33 test conditions, Cycles. Table 2-5 gives a 

summary about the allowable traffic from Equation 2.1 for all o f the mixes included in 

that NCHRP Study. Table 2-5 implies that it will be difficult for WMA mixes designed 

for 10 MESAL or greater to meet the flow number rutting resistance criteria according to 

Table 2-4.



Table 2-5. NCHRP 09-33 rutting resistance from flow number testing results (Bonaquist, 2011)

M ix
Gyration

Level

Design  

T raffic 

MESAL

RAP

HMA Advera® Evotherm™ Sasobit1*

MESA

L

Compaction  

Temp., °F
MESAL

Compaction  

Temp., °F
M ESAL

Compaction  

Temp., °F
M ESAL

Compaction  

Tem p., °F

1 50 <0.3 Yes 6.1 310 2.4 215 2.0 215 3.5 260

2 50 <0.3 No 2.2 310 1.0 260 1.8 260 1.6 215

3 75 <3 Yes 13.5 310 4.7 260 5.9 260 9.5 260

4 75 <3 No 2.8 310 2.6 215 2.2 260 1.6 215

5 100 <10 Yes 12.3 310 3.5 260 5.0 260 4.1 215

6 100 <10 No 4.9 310 3.9 215 3.9 215 5.9 260
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Xiao et al.. (2010) conducted another study for evaluation o f rutting resistance in 

WMAs containing moist aggregate. The objective o f that study was to investigate the 

influence o f WMA additive, hydrated lime and moisture content of aggregate on the 

rutting resistance o f the mixes using the APA. Dry and conditioned specimens were used 

in the study. Statistical significant analyses were done to know the effects on rutting 

characteristics.

In dry rut depth analysis, it was found that additional moisture and 1% lime 

decreased the rut depth o f the mix containing Sasobit® and the control mix. For all 

aggregate types, the mixes containing Sasobit® had the lowest rut depth value. In general, 

rut values from various aggregate sources were different irrespective o f the same WMA 

additive and moisture. With respect to the effect o f WMA additive, the mix containing 

Evotherm™ showed a higher rut depth compared to Sasobit®. Further, statistical analysis 

illustrated that the rut values were not different between control specimens and those 

containing the Aspha-Min® additive. This study also showed that irrespective o f the lime 

content, moisture percentage and aggregate source, Sasobit® exhibited the highest rut 

resistance compare to other WMA additives (Xiao et al., 2010).

Hossain et al., (2009) studied rutting potential o f Aspha-Min® (6% by weight o f 

total mix) and Sasobit® (1.5% by weight o f the asphalt binder) mixes using Superpave 

gyratory compactor (SGC) samples and an APA. A controlled temperature o f 40 °C was 

maintained in the air and in the water bath o f the APA. Rut depth measurements were 

taken after 500, 1000, 2000, 4000 and 8000 cycles. Figure 2-3 shows the APA rut depth 

data for samples with and without WMA additive. Table 2-6 summarizes the result.
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Figure 2-3. APA rut depth in mm in wet condition (Hossain et al., 2009)

Table 2-6. APA rut test results (Hossain et al., 2009)

Number of 

Cycles
Rut (mm)

Rut (mm) 6% 

Aspha-Min®

Rut (mm) 

1.5% Sasobit®

0 0 0 0
500 2.789 2.715 3.170
1000 3.473 3.950 4.620
1500 4.016 4.228 5.308
2000 4.404 4.709 5.733
3000 5.036 5.652 6.342

4000 5.566 6.551 6.811

5000 5.974 7.330 7.262
6000 6.353 8.067 7.688
7000 6.715 8.651 8.091
8000 7.134 9.262 8.493
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It indicates that there is an increase in rut depth for mix samples with 1.5% 

Sasobit" and 6% Aspha-Min". This increased rut depth is prominent at a very early stage 

(1000 cycles). After 8000 cycles, the APA rut depth o f the control mix is 6.5 mm while 

the rut depths of 1.5% Sasobit " and 6% Aspha-Min® mixes are 8 mm and 9 mm, 

respectively. Sasobit" or Aspha-Min® modified mix samples showed higher rutting 

potential than the control mix. This could be due to weakness in the aggregate structure, 

inadequate binder stiffness or moisture damage.

A study by Middleton and Forfylow (2009) on double barrel green WMA process 

evaluated the potential for rutting using the APA. Three sets o f duplicate samples were 

prepared in the laboratory with SGC at an air void content o f  7.0 ± 0.5%. The APA 

testing was conducted at 58 °C. The APA testing was also conducted with the specimens 

submerged in water at 58 °C to assess the effects o f  moisture damage. Table 2-7 provides 

a summary o f the APA rut test conducted by Middleton and Forfylow (2009). Mixes with 

less than 8 mm of rut depth were not considered susceptible to rutting. It was expected 

that mixes containing relatively higher proportions o f  RAP would be more resistant to 

rutting because o f the hardening effect o f the asphalt binder.
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Table 2-7. APA rut test results (Middleton and Forfylow, 2009)

Mix type
Average air void 

Content (%)

APA rut depth after 8,000 cycles 

(mm)

Dry result W et result

DBG Virgin 7.1 4.783 7.976

DBG 15% RAP 7.3 5.245 5.205

DBG 15% RAP and 

5% MSM 7.0 4.106 7.126

DBG 50% RAP 7.0 4.078 5.599

Cooper et al. (2010) conducted laboratory performance characteristics o f sulfer- 

modified WMA. Three mixes, two hot mix asphalt (HMA) and one WMA, were used. 

First HMA mix used an unmodified asphalt binder classified as PG 64-22, second HMA 

mix used a Styrene-Butadiene-Styrene elastomeric modified binder classified as PG 70- 

22, and third mix was a WMA that incorporated a sulfur-based additive and a PG 64-22 

binder. Rutting test was performed by using a Hamburg-type LWT (Loaded Wheel 

Tracker). A maximum allowable rut depth o f 6 mm after 20,000 passes at 50 °C was used 

as the criteria. In this study, the flow number test was also performed. The test was 

conducted at 54 °C and a stress level o f 207 kPa. Samples o f  100 mm in diameter and 

150 mm in height o f a 37.5 mm NMS (Nominal Maximum Size) mix were used.
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Figure 2-4 compares the rutting performance o f the three mixes evaluated by 

Cooper (2010). As shown in Figure 2-4, mix WC64CO (PG 64-22) had the largest rut 

depth at 20,000 cycles, followed by WC64SU (Sulfur modified WMA) and WC70CO 

(PG 70-22). In Figure 2-5, the flow number values indicate that sulfur-modified WMA 

mix (WC64SU) performed well in both conventional mixes, including the PMA mix.
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Figure 2-4. Rut depth analysis by LWT (Cooper, 2010)
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Figure 2-5. Rut depth analysis by flow number (Cooper, 2010)
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A study by the Virginia Transportation Research Council (VTRC) on rutting 

performance of WMA (Diefenderfer and Hearon, 2008) included mixes produced both in 

the plant and in the laboratory. HMA was produced in the laboratory using the plant 

production temperatures, and WMA was produced in the laboratory at temperatures o f 

110 °C (230 °F), 130 °C (265 °F), and 149 °C (300 °F). In all cases, the mixing and 

compaction temperatures were the same.

The Hamburg wheel-track test (AASHTO T324) was performed in modified 

APA. Samples were submerged in water at 50 °C (122 °F) while a 158 lb load was 

applied. The test was considered to be complete at 20,000 cycles or a displacement o f 

1.575 in. The results o f the tests performed on plant produced mixes are presented in 

Table 2-8.

Table 2-8. HWTT results for plant-produced mixes (Diefenderfer and Hearon, 2008)

Mix Type
Average air 

Voids %
Standard deviation

Rut depth at 

20,000 passes

Mix A HMA 7.6 0.5 2.11

Mix A WMA 7.8 0.2 2.13
Mix B HMA 7.4 0.5 2.44
Mix B WMA 7.1 0.3 2.07

The maximum allowed deformation at 20,000 cycles is not specified in the 

AASHTO procedure, but a maximum of 10 mm after 20,000 cycles is specified by the 

Colorado DOT. The measured rut depths o f the specimens were well below the 10 mm. 

Table 2-9 shows results o f laboratory produced samples. It was concluded in this study 

that the rutting potential o f  WMA decreased with increasing production temperatures.
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The rutting potential o f  WMA is, therefore, equal to or, in some cases, less than that o f  

HMA based on this study (Diefenderfer and Hearon, 2008).

Table 2-9. Results o f laboratory produced samples (Diefenderfer and Hearon, 2008)

Sample
Average air 

Voids (%)

Standard

Deviation

Rut depth at 

20,000 passes 

(mm)

Stripping 

Inflection 

Point (passes)

WMA 230 °F 7.3 0.1 11.8 11000

WMA 265 °F 7.1 0.2 6.2

WMA 300 °F 7.1 0.1 3.0 -

HMA 300 °F 7.0 0.1 6.2 17000
WMA 300 °F 

long-term aging 6.7 0.1 1.5 -

HMA 300 °F 

long term aging 7.1 0.1 2.2 -

Ali (2010) evaluated rutting potential o f  foam-based asphalt. Results shown in 

Figure 2-6 and Figure 2-7 indicate that, in general, the WMA-FA mixes tend to increase 

the rutting susceptibility in comparison to HMA mixes. This increase is mainly referred 

to as the softening o f the asphalt binder due to foaming. This increase in the rutting 

susceptibility is considered statistically significant.



28
0 .70

0.60

0.50

—  0.40  
£  a a
2  0 .30
3 ac

0.20

0.10

0.00

Gravel & PG 64  22 Gravel & PG 70 22M  Gravel & PG 64 22 Gravel & PG 7 0  22M

HM A W M A-FA

Figure 2-6. Rut depth results obtained for gravel mixes (Ali, 2010)
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Figure 2-7. Rut depth results obtained for limestone mixes (Ali, 2010)

According to this study (Ali, 2010), adjustments might be necessary to the asphalt 

foaming procedure in order to improve the performance of WMA-FA mixes. Figure 2-6 

and Figure 2-7 also show that the use o f gravel increase the rutting susceptibility o f 

WMA-FA mixes more than limestone mixes. Although the limestone mixes had higher 

asphalt binder contents, the limestone mixes have shown better rutting performance. This
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could be due to the greater interlock and rough surfaces. Ali (2010) concluded that, a 

detailed investigation is necessary in this regard (Ali, 2010).

Kim et al. (2010) conducted a study on rutting o f WMA and observed that 

Sasobit® increased the rutting resistance of asphalt binders from two different sources. 

However, the difference is statistically insignificant.

2.5 Summary on Rutting Characteristics 

According to Prowel et al. (2007), Xiao et al. (2010) and Hurley and Prowell 

(2005), lower mixing and compaction temperatures result in incomplete drying o f the 

aggregate in case of WMA. Xiao et al. (2010) concluded that WMA with gravel has 

higher rutting potential than WMA with limestone and also Sasobit® has the highest rut 

resistance compare to other additives. The NCHRP study (Bonaquist, 2011) showed 

WMA exhibited higher rut resistance than HMA and based on the flow number criteria, it 

will be difficult to prepare WMA mixes for 10 MESAL roads. Hossain et al. (2009) 

concluded that Sasobit® and Aspha-Min® had higher rutting potential in moist conditions. 

Wasiuddin et al. (2007) found significantly lower rut depth in the case o f  Sasobit® than 

that of Aspha-Min®. Cooper (2010) concluded that Sulfur modified WMA performed 

better in rutting performance.

The rutting potential o f WMA decreased with increasing production temperatures 

as observed by Diefenderfer and Hearon (2008). Also, foam based WMA showed higher 

rut value than HMA (Ali, 2010). It can be concluded from this literature review that 

Sasobit® may have a positive effect on rutting performance if  the rutting test is perfomed 

on dry samples.



CHAPTER 3

EFFECTS OF A WAX-BASED WARM MIX ADDITIVE 
(SASOBIT®) ON LOWER COMPACTION 

TEMPERATURES'

3.1 Introduction

In the compaction process, the volume o f air in an asphalt mix is reduced by the 

external forces. The removal o f air makes the mix to occupy a smaller space causing 

increment in the unit weight or density o f the mix. Compaction is a necessary factor in 

the design and production of asphalt mixes. The compaction temperature affects 

workability, which is related to the density o f the mix. The current Superpave procedure 

for the compaction temperature for asphalt mixes is defined as the range o f temperatures 

where an unaged asphalt binder has a kinematic viscosity o f 280 ± 30 m m V ; this was 

based on experience with unmodified asphalt binders. However, previous studies (Azari 

et al., 2003; Bahia, 2000; Stuart, 2000) showed that specimens could have the same 

volumetric properties over a very wide range o f compaction temperatures (Lee et al., 

2006).

1 The contents o f this chapter have been published in the Geo Frontiers Conference proceedings o f 2011. 
This portion has been formatted for the dissertation.
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A study on WMA conducted by Wasiuddin et al. (2007) reported that for asphalt 

binder PG 64-22, the three percentages o f  Sasobit8 such as 2%, 3% and 4% reduced the 

mixing and compaction temperatures as measured by rotational viscometer (Figure 3-1). 

The reduction in mixing temperature was 16 °C (29 °F) from 163 °C (325 °F) for all the 

three percentages o f Sasobit®. In the case o f binder PG 70-28, 2, 3 and 4% o f Sasobit® 

reduced the mixing temperature by 10 °C (18 °F), 12 °C (22 °F) and 13 °C (23 °F) 

respectively, from 163 °C (325 °F). A similar trend was observed for reduction in 

compaction temperature. However, Wasiuddin et al. (2007) did not investigate the effects

• dT)o f Sasobit at lower compaction temperature ranges.
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PG 70-28 + 3% Sasobit® 
PG 70-28 + 4%  Sasobit®
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■

10  -        —
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Figure 3-1. Rotational viscosity o f PG 64-22 and PG 70-28 (Wasiuddin et al, 2007)
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In the field, however, the compaction temperature usually ranges from 85 °C to 

155 °C (185 °F to 311 °F). Finish rolling takes place from 70 °C to 85 °C (158 °F to 185 

°F). In the current study, a Dynamic Shear Rheometer (DSR) was used to measure 

viscosity at lower compaction temperatures.

To this end, it has been observed previously that Sasobit* increased the stiffness 

o f asphalt binder at service temperatures and reduced the viscosity at mixing and higher 

compaction temperatures. In other words, Sasobit® increased the viscosity at service 

temperatures and reduced the viscosity at production temperatures. Result indicates that 

the viscosity curves o f asphalt binder and asphalt binder modified with Sasobit® will have 

a crossing point viscosity. A hypothetical viscosity model has been drawn in this study as 

shown in Figure 3-2. It is imperative that the temperature o f  the crossing point should be 

below the compaction temperatures o f asphalt mix. Therefore, this study was initiated to 

find the effect o f Sasobit® on lower compaction temperatures.

Pure asphalt binder

Binder with Sasobit1

Mixing temperature range

i Compaction temperature 

Range

Temperature

Figure 3-2. Viscosity vs. temperature for pure asphalt binder and asphalt binder with 
Sasobit®
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Figure 3-3 shows a DSR that was used to measure dynamic viscosity as defined 

by G'Vco (see Appendix A for details).

Figure 3-3. A dynamic shear rheometer

3.2 Objectives

The objective o f this dynamic viscosity study is to investigate the effects o f a wax- 

based warm mix additive on viscosity o f asphalt binders and density o f  mixes at lower 

compaction temperature. The specific objectives are as follows:

1. Evaluation o f G /sin8 at pavement service temperatures with and without the 

addition o f Sasobit®,

2. Evaluation o f dynamic viscosity using a DSR at lower compaction 

temperatures,

3. Evaluation o f effect o f Sasobit® on lab density o f asphalt mixes, and

4. Evaluation o f the effects o f Sasobit® on field density.
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3.3 Material Description 

Both the asphalt binders, PG 64-22 and PG 76-22M, used in this study were 

obtained from Ergon Refining, Inc., Vicksburg, Mississippi. PG 64-22 is an unmodified 

binder, and PG 76-22M is a polymer modified binder. The binder used for the mix design 

was PG 64-22 obtained from Lion Oil, Inc. Table 3-1 and Table 3-2 show the aggregate 

gradations and aggregate sources respectively.

Table 3-1. Aggregate gradation

Sieve size 

(mm) Gradation Specs

Coarse

Gravel

12%

Small

Gravel

53%

Coarse

Sand

18%

Fine

Sand

17%

19 100 100 100 100 100

12.5 90-100 54 99.12 100 100
9.5 90 2.66 83.59 100 100

4.75 - 44.02 100 100
2.36 28-58 21 91.9 100
0.6 - 12 55.3 99.4

0.15 - 3.1 5 40.4
0.075 2-10 0.1 2.3 2.4 28

Table 3-2. Material sources

Materials type Materials source, Code

Coarse Gravel Standard, AA97

Small Gravel Standard, AA97
Coarse Sand Bidenharn, A505

Fine Sand Richard’s
PG 64-22 Binder Lion Oil, 41BF

Figure 3-4 shows combined aggregate gradation. Appendix B shows the details o f 

the mix design performed.
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Figure 3-4. Combined aggregate gradation

3.4 Experimental Plan

3.4.1 Asphalt Binder Testing

Table 3-3 shows the test matrix for DSR testing o f asphalt binders. Four 

percentages (w/w) of Sasobit® namely, 0%, 1 %, 2% and 4% were used for this purpose.

Table 3-3. Experimental plan for rheological testing

Binder PG 64-22 PG 76-22M
% o f

Sasobit*
0 1 2 4 0 1 2 4

Number o f 

Samples
3 3 3 3 3 3 3 3

Test type Temperature sweep 

28 °C to 130 °C, 6 °C interval 28 °C

'emperature sweep 

to 130 °C, 6 °C interval

Maximum density line

0.15 0.6 2.36 4.75 9.5 12.5

•Combined
Aggregate

Upper Limit 
for 12.5 mm 
NM S

Lower Limit 
for 12.5 mm 
NM S
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3.4.2 Mix Testing

Table 3-4 shows test matrix for laboratory compacted samples prepared at 

different compaction temperatures. Two different gyration levels, two asphalt contents 

and one Sasobit*' percentage were used in this study.

Table 3-4, Experimental plan for mix design sample testing

First set, 4.8% AC, 115 Gyrations max

Sample type

0% SasobitR, 

85 °C 

Compaction

2% Sasobit®, 

85 °C 

Compaction

0% Sasobit®, 

120 °C 

Compaction

2% Sasobit®, 

120 °C 

Compaction

Number o f 

samples to be 

tested for density

4 4 4 4

Second set, 5% AC, 75 Gyrations max

Sample type

0% Sasobit®, 

85 °C 

Compaction

2% Sasobit®, 

85 °C 

Compaction

0% Sasobit®, 

130 °C 

Compaction

2% Sasobit®, 

130 °C 

Compaction

Number of 

samples to be 

tested for density

4 4 4 4
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3.5 Experimental Procedure

3.5.1 DSR Sample Preparation

A dynamic shear rheometer (AR 2000 Ex) with parallel metal plates was used 

according to AASHTO T315. There are two significant changes with respect to 

experimental procedure in this study. First, the circulation fluid was changed to a high 

temperature silicon fluid instead o f water. This is because the testing temperature was as 

high as 130 °C. Secondly, 0.5 mm instead o f 1 mm parallel plate gap was used. This is 

because at 130 °C the asphalt may come out of the parallel plates. Sasobit* was mixed to 

asphalt binders at 150 °C by using a spatula. After initial stirring of two minutes, the 

asphalt binder was heated in an oven for 10 minutes at 150 °C. This heating and stirring 

process was repeated for one hour. Figure 3-5 shows the sample on top o f lower metal 

plate o f a DSR.

Figure 3-5. Sample on metal plate o f  DSR
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3.5.2 Superpave Mix Design Sample 
Preparation

A 12.5 mm NMS (Nominal Maximum Size) Superpave asphalt mix was prepared 

according to the AASHTO specifications. Tables 3-5, 3-6 and 3-7 show the details o f  the 

mix produced.

Table 3-5. Aggregate test data

Fine Agg. A ngularity, % 4 6 M inim um  45

C oarse Agg. Angularity, % 100 M inim um  95

Flat or Elongated Particles <  1 M axim um . 10

Gse 2 .6

GSb 2 .5 5 4

Table 3-6. Density test result o f mix

N um ber o f  

G yrations

D ensity % o f

Gmm

Density

Required

N jni 7 88.8 90%  Max
Ndes 75 95 .8 96 .5  ±  1%

Nmax 115 9 6 .4 98%  Max

Table 3-7. Volumetric data

Optim um

AC%
G mb G m m

Density%  

o f G mm

D ensity

Req.

%

VM A

V M A

M in.

R eq.

%

V FA

%

VFA

Req.

D ust

Prop.

4 .8 2.321 2 .423 95 .8 96 .5+1 13.5 13 69.1 6 8-78 1.56
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3.6 Results and Discussions

3.6.1 Effects on Binder Stiffness.
G*/sin5

The complex shear modulus, G* is an indicator o f the stiffness or resistance o f 

asphalt to deformation under load. The G* and the phase angle, 5 defines the resistance to 

shear deformation o f the asphalt binder in the linear visco-elastic region. G*/sin5 is 

known as high temperature stiffness or rutting factor o f asphalt binder. Table 3-8 shows 

that an increase in percent o f Sasobit® increased the rutting factor o f  PG 64-22, thereby 

increasing the rutting resistance. Complex shear modulus, G* and elastic or storage 

modulus, G' show similar increasing trends. For any viscous material, there exists a phase 

difference between stress and strain. For a purely viscous materials strain lags stress by 

90°. For a visco-elastic material, such as asphalt binder, the phase lag is less than 90°. 

Table 3-8 also shows that phase angle reduced with an increase in percent o f Sasobit® for 

PG 64-22.

Table 3-8. Effect on binder stiffness

Sample type

Phase 

Angle, 5, 

Degree

Complex 

Shear 

Modulus, 

G*, kPa

High temperature 

Stiffness, G*/sin8, 

kPa
Elastic or Storage 

Modulus, G', Pa

64 °C
PG 64-22 84.4 3.1 3.1 3 02 .8

PG 64-22 + 1% 

Sasobit®
82.0 4.3 4 .4 6 02 .3

PG 64-22 + 2% 

Sasobit®
80.1 6.7 6.8 1148.1

PG 64-22 + 4% 

Sasobit®
78.6 6 .9 7.1 1375.3
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Table 3-8 continued...

76 °C

PG 64-22 87.4 0.7 0.75 34.4

PG 64-22 + 1% 

Sasobit®
84.8 1.1 1.08 96.5

PG 64-22 + 2% 

Sasobit®
83.6 1.5 1.54 170.5

PG 64-22 + 4% 

Sasobit®
81.5 1.5 1.47 213.3

76 °C

PG 76-22M 69.6 2.3 2.5 428.5

PG 76-22M+ 

1% Sasobit®
67.8 2.9 3.1 1082.3

PG 76-22M+ 

2% Sasobit®
67.5 3.3 3.6 1269.0

PG 76-22M+ 

4% Sasobit®
68.5 2.9 3.1 1072.8

For PG 76-22M at 76 °C, up to 2% Sasobit® increased the rutting factor G*/sin8 

and addition of 4% Sasobit® started reducing it. Similar trends can be observed for 

complex shear modulus, G* and elastic modulus, G'. In the case of phase angle, similar 

trend but in the other direction was observed; firstly, this suggests that rate o f  Sasobit® 

must be optimized. Secondly, this effect can be justified by the fact that the Sasobit® is an 

asphalt flow improver and it reduces viscosity at production temperatures. Addition o f 

excess Sasobit® may reduce stiffness properties. In this regard, rate effect can be 

explained by temperature effect and Table 3-8 shows the effect on stiffness values if the 

tests on PG 64-22 are done at 76 °C. It can be observed that changes o f PG 64-22 were
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similar to PG 76-22M at 76 °C with the addition of Sasobit'. Tables A-l to A-16 in 

Appendix A show detailed rheological data on these tests.

3.6.2 Effect o f Sasobit® at Compaction 
Temperatures on Viscosity

In the field, the compaction temperature usually ranges from 155 °C to 85 °C 

which includes breakdown and intermediate rolling. Finish rolling normally takes place 

within a temperature range o f 85 °C down to 70 °C. In this study, the results showed that 

the dynamic viscosity of asphalt binders reduced with an increase in percent o f Sasobit® 

at higher compaction temperatures, such as 130 °C. Table 3-9 shows that viscosity o f PG 

64-22 was 1.24 Pa s at 130 °C; whereas, viscosity o f  PG 64-22 with 1%, 2% and 4% 

Sasobit® were 1.08 Pa s, 1.00 Pa s and 0.73 Pa s, respectively. In case o f  PG 76-22M at 

130 °C, a similar reducing trend was observed with an increase in percent o f Sasobit®.

Table 3-9. Effect o f Sasobit® at higher compaction temperature (130 °C)

Asphalt binder type Dynamic Viscosity, ij' (Pa s) at 130 °C
PG 64-22 1.24

PG 64-22 + 1% Sasobit® 1.08
PG 64-22 + 2% Sasobit® 1.00
PG 64-22 + 4% Sasobit® 0.73

PG 76-22M 4.28

PG 76-22M + 1% Sasobit® 3.61

PG 76-22M + 2% Sasobit® 3.47

PG 76-22M + 4% Sasobit® 2.93
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However, this trend was reversed at lower compaction temperatures, such as 100 

°C. Table 3-10 shows that at lower compaction temperature such as 100 °C, viscosity 

increases with an increase in percent o f Sasobit4, thus posing a potential negative effect 

on field compaction as well as density. Table 3-10 also shows that at 100 °C, the 

viscosity o f PG 64-22 is 7.98 Pa s. This viscosity increases up to 10.74 Pa s for 2% 

Sasobit®. In case o f PG 76-22M, 2% Sasobit4 increased the viscosity from 30.04 Pa s to 

32.47 Pa s. This increase in viscosity with Sasobit® was not sudden as found in 

temperature sweep tests performed in this study.

Table 3-10. Effect of Sasobit4 at lower compaction temperature (100 °C)

Asphalt binder type Dynamic viscosity, if' (Pa s) at 100 °C

PG 64-22 7.98

PG 64-22 + 1% Sasobit® 7.76

PG 64-22 + 2% Sasobit® 10.74

PG 64-22 + 4% Sasobit® 10.33

PG 76-22M 30.94

PG 76-22M + 1% Sasobit® 30.29

PG 76-22M + 2% Sasobit® 32.47

PG 76-22M + 4% Sasobit® 30.82

Figure 3-6 to 3-9 and Figures 3-10 to 3-13 show the viscosity o f PG 64-22 and PG 

76-22M at a temperature range from 88 °C to 130 °C at 6 °C intervals.
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Figure 3-8. Dynamic viscosity for PG 64-22 2% Sasobit®
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Figure 3-13. Dynamic viscosity for PG 76-22M 4% Sasobit®

Figure 3-14 and Figure 3-15 show the combined results. It is clearly evident from 

* ®the figures that Sasobit reduced viscosity at higher compaction temperatures but it 

increased viscosity at lower compaction temperatures. There exists a reverse or critical 

point for each asphalt binder below which viscosity will increase with addition o f
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S asob it\ Therefore, compaction below the reverse point temperature can negatively 

impact density. For PG 64-22, the reverse point is 104 °C and for PG 76-22M, the reverse 

point is about 101 °C. These results indicate that for PG 64-22, a mix with Sasobit* will 

need comparatively more compaction effort below 104 °C and for PG 76-22M, this 

temperature is 101 °C.
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Figure 3-14. Combined data for PG 64-22 with and without Sasobit®
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Figure 3-15. Combined data for PG 76-22M with and without Sasobit®

3.6.3 Implications o f Viscosity 
Changes on Field Density

Cooper (2009) from Louisiana Transportation Research Center (LTRC)

conducted a field study using Sasobit®. A mix with PG 76-22M was used with and

without 1% Sasobit® in it. The HMA plant temperature was 166 °C for both PG 76-22M

and Sasobit® mixes; this was done to better compare the Sasobit* mixes with control PG

76-22M mixes. The field asphalt contents were 3.7% and 4.1%, respectively for PG 76-

22M and Sasobit® mixes. The breakdown and intermediate rolling were performed with
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vibration and a steel wheel finished roller was used in static mode only. Nuclear gauge 

density was measured at six locations in both PG 76-22M and Sasobit^ sections. Table 

3-11 shows the average nuclear gauge density o f six locations obtained by Cooper 

(2009).

Table 3-11. Nuclear gauge field density (average o f six locations from Cooper, 2009)

Nuclear gauge density (average of six locations) in percent

HMA with 

Sasobit® in PG 76-22M

HMA without 

Sasobit^ 

PG 76-22M

Directly behind screed 78.7 75.2
Roller 1 -  Pass 1 87.0 85.6
Roller 1 -  Pass 2 89.4 88.9
Roller 1 -  Pass 3 90.0 90.1
Roller 1 -  Pass 4 91.3 91.3
Roller 2 -  Pass 1 91.6 91.1
Roller 2 -  Pass 2 92.4 91.9
Roller 2 -  Pass 3 92.5 91.9
Roller 2 -  Pass 4 93.4 92.3

Roller 3 -  Pass 1 92.9 92.3

Roller 3 -  Pass 2 93.0 92.8
Roller 3 -  Pass 3 93.3 92.2
Roller 3 -  Pass 4 93.2 93.0

It can be seen that the average density o f six locations directly behind the screed 

were 78.7% and 75.2%, respectively, for PG 76-22M with 1% Sasobit® and PG 76-22M 

without Sasobit® while the densities after the finish roller were 93.2% and 93.0%, 

respectively. This indicates that Sasobit® indeed reduced the viscosity o f binder as well as 

the mix at higher compaction temperature as can be seen from the density directly behind



50

the screed. The Sasobit" mix had 3.5% more density than the PG 76-22M mix. As the 

compaction continues, the mixes cooled down and the beneficial effects o f  Sasobit® 

cannot be seen anymore. By the time the finisher roller completed, both mixes produced 

similar densities, 93.3% and 93.0% respectively for Sasobit® and PG 76-22M mixes. This 

evidence strongly justifies the findings o f this study that the beneficial effect o f Sasobit® 

in viscosity reduction can only be obtained at higher compaction temperatures. However, 

the 0.3% increase in density with Sasobit® may not be related to viscosity reduction by 

Sasobit® and may be related to the 0.4% higher asphalt content o f Sasobit® mixes. Table 

3-11 reveals the effect o f compaction temperature o f Sasobit® on field density. As 

temperature goes down Sasobit® reduced the density compare to the other mix.

3.6.4 Effect o f Sasobit® on Density
o f Gyratory Compacted 

Samples

At first, 12 gyratory compacted samples were prepared at optimum asphalt 

content o f 4.8% PG 64-22 and at maximum gyrations o f 115. Three samples o f PG 64-22 

and three samples o f PG 64-22 with 2% Sasobit® were compacted at 120 °C, which was 

higher than critical compaction temperature o f  104 °C. Another three samples o f PG 64- 

22 and three samples o f PG 64-22 with 2% Sasobit® were compacted at 85 °C which was 

lower than critical compaction temperature. Densities were determined following 

AASHTO T166 and the average density o f  three replicates was presented in Figure 3-16. 

The error bar in Figure 3-16 is based on standard deviation o f three samples. It is evident 

that 2% Sasobit® increased the density o f  gyratory compacted samples at higher 

compaction temperature, whereas, it reduced the density at lower compaction 

temperature. Therefore, the effects of Sasobit® on density are similar to the effects on
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viscosity as shown in previous sections. Table 3-12 shows the Gmb data o f  gyratory 

compacted samples.

Table 3-12. Gmb data o f gyratory compacted samples

First Set, 4.8% Asphalt Content, 115 Gyrations

0% Sasobit®, 85°C Gmb Average

Sample 1 2.31

2.31Sample 2 2.32

Sample 3 2.30

2% Sasobit®, 85 °C Average

Sample 1 2.30

2.30Sample 2 2.30

Sample 3 2.29

0% Sasobit®, 120 °C Average

Sample 1 2.32

2.32Sample 2 2.32

Sample 3 2.32

2% Sasobit®, 120 °C Average

Sample 1 2.32

2.32Sample 2 2.32

Sample 3 2.32

Second Set, 5% Asphalt Content, 75 Gyrations
0% Sasobit®, 85 °C Average

Sample 1 2.31

2.30Sample 2 2.3
Sample 3 2.31
2% Sasobit®, 85 °C Average

Sample 1 2.29

2.29Sample 2 2.31

Sample 3 2.29
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Table 3-12 continued...

0% Sasobit®, 130 °C Average

Sample 1 2.32

2.31Sample 2 2.31

Sample 3 2.31

2% Sasobit®, 130 °C Average

Sample 1 2.33

2.32Sample 2 2.32

Sample 3 2.32

As can be seen in Figure 3-16, the standard deviations for the first 12 samples 

were close to the differences in average densities. At this point, it was hypothesized that 

use of reduced compactive efforts (design gyrations o f 75 instead of maximum gyrations 

o f 115) and increased asphalt content (5% instead o f optimum asphalt content o f 4.8%) 

may help demonstrating the reflection o f viscosity changes in density. Therefore, the 

following 12 samples were prepared at 75 Gyrations and 5% asphalt content. Three 

samples o f PG 64-22 and three samples o f PG 64-22 with 2% Sasobit® were compacted 

at 130 °C. Another three samples o f PG 64-22 and three samples o f PG 64-22 with 2%

/RNSasobiG were compacted at 85 °C, which is lower than critical compaction temperature. 

It can be seen that the standard deviation values have reduced in this case. Table A-17 

and A -18 in Appendix A show detail density data.

The Superpave gyratory compactor provides the height of compacted samples. 

Densities o f samples were also calculated based on these heights for cross checking. The 

densities found in this method were 2.27 ± 0.006, 2.26 + 0.009, 2.28 ± 0.005 and 2.29 ±

0.005 gm/cc for 0% Sasobit® at 85 °C, 2% Sasobit® at 85 °C, 0% Sasobit® at 130 °C and
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2% Sasobit* at 130 °C samples, respectively. The standard deviations o f  gyratory height 

densities were higher than those obtained from AASHTO T166.
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Figure 3-16. Sample density chart

3.7 Conclusions

In this study, the dynamic viscosity, rj' at various compaction temperatures were 

analyzed with respect to gyratory compacted density and field density after different 

compaction steps. The following specific conclusions can be drawn from this study:

1. An increase in percent o f  Sasobit increased the rutting factor G*/sin8 o f PG 

64-22, thereby increasing the potential for rutting resistance. For PG 76-22M 

at 76 °C, up to 2% Sasobit® increased the rutting factor G*/sin5 and addition 

o f 4% Sasobit® started reducing it. Firstly, this finding suggests that rate o f 

Sasobit® addition need to be optimized. Secondly, this effect can be justified 

by the fact that the Sasobit® is an asphalt flow improver and it reduces 

viscosity at production temperatures. Addition o f excess Sasobit® may reduce
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stiffness properties. In this regard, rate effect can be explained by temperature 

effect and it can be observed that changes o f PG 64-22 is similar to PG 76- 

22M at 76 °C with the addition o f Sasobit®.

2. Sasobit reduces viscosity at higher compaction temperatures but it increases 

viscosity at lower compaction temperatures. There exists a critical temperature 

for each asphalt binder below which viscosity will increase with addition o f 

Sasobit®. Therefore, compaction below the critical temperature can negatively 

impact density. For PG 64-22, this critical temperature is 104 °C and for PG 

76-22M, the critical temperature is about 101 °C.

3. The gyratory compacted samples exhibit that Sasobit® added samples have 

higher densities than without Sasobit® samples at higher compaction 

temperature whereas, Sasobit® added samples have lower densities than 

without Sasobit® samples at lower compaction temperature.

4. Sasobit® indeed reduced the viscosity o f binder as well as the mix at higher 

compaction temperature as can be seen from the density directly behind the 

screed. Sasobit® mix as monitored in this study had 3.5% more density than 

the PG 76-22M mix without Sasobit®. As the compaction continues, the mixes 

cooled down and the beneficial effects o f Sasobit could not be seen anymore. 

By the time the finisher roller completed, both mixes produced similar 

densities, 93.3% and 93.0% respectively for Sasobit® and PG 76-22M mixes. 

This finding strongly justifies the findings o f this study that the beneficial 

effect o f  Sasobit in viscosity reduction can only be obtained at higher 

compaction temperatures.



CHAPTER 4

EFFECT OF SHEAR RATE ON VISCOSITY OF 
SASOBIT® MODIFIED ASPHALT BINDER2

4.1 Introduction

Hot mix asphalt is prepared and compacted at different temperature ranges and 

shear rates. Therefore, it is imperative to know the influence o f shear rate on viscosity at 

those temperature ranges. In a state highway agencies’ survey, the need for determining 

the right mixing and compaction temperatures has been reported (Khatri et al., 2001).

This is needed because almost all the contractors use extremely high temperatures to 

reach viscosity levels with modified asphalt binders. In most cases, the level o f viscosity 

o f approximately 0.3-0.5 Pa s is achieved at extremely high temperatures. This high 

temperature may degrade the binder properties. The contractors and state agencies require 

suitable temperatures for viscosity and compaction. Suppliers follow trial and error 

method to recommend temperatures to contractors. Superpave binder and mix volumetric 

procedures do not provide any specific recommendations in cases o f binders with high 

viscosities (Khatri et al., 2001).

2 The contents o f this chapter have been published in the International Journal o f Pavement Research and 
Technology, Vol. 5, No. 6, pp. 369-378, November 2012. This portion has been formatted for the 
dissertation.
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There are three alternatives which could be used to achieve required compaction 

of modified asphalt in the field and in the laboratory (Khatri et al., 2001):

1. Using high temperatures for field and laboratory compaction. High temperatures 

can have adverse effects such as volatilization and degradation o f binders,

2. Increasing compaction effort to overcome higher viscosity. This compaction 

effort will add cost and time, ultimately increases cost o f the product, and

3. Increasing asphalt content will result in easier compaction but higher asphalt 

content can increase cost and it can result in excessive rutting.

Therefore, it is critical to optimize the WMA process. Generally, it has been

believed that compaction in the field results in shear rates that are higher than the low 

shear rates used in the viscosity testing procedure (Kennedy et al., 2000). Asphalt binders 

exist in thin films in the asphalt mix, a small amount o f movement may cause a very high 

shear rate (Khatri and Bahia, 2001; Yildirim et al., 2000). Therefore, it has been an 

interest to find the effect o f  shear rate in the case o f  asphalt modified by warm mix 

additives. This chapter focuses on studying shear rate dependency o f  viscosity o f 

Sasobit* modified asphalt binders.

4.2 Objectives

Compaction temperatures can be determined by estimating the relation between 

viscosity and temperature. Previous studies showed that most modified asphalt binders 

show pseudo plastic characteristic (Khatri and Bahia, 2001; Yildirim et al., 2000). For 

these materials, viscosity depends on shear rate (Levy, 1962). Therefore, for modified 

asphalt binders, the effect o f shear rate should be considered during viscosity
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measurements to calculate the compaction temperatures. The specific objectives o f  the 

shear rate study were to:

1. Develop viscosity model and to find the effect o f SasobitK on model parameters,

2. Effect o f Sasobit* on zero shear viscosity,

3. Evaluate the steady state rotational viscosity using a DSR at lower compaction 

temperatures, and

4. Evaluate the effect o f  shear rate on steady state viscosity of asphalt binders.

4.3 Material Description 

Both the asphalt binders, PG 64-22 and PG 76-22M, used in this study were 

obtained from Ergon Refining, Inc., Vicksburg, Mississippi. PG 64-22 is an unmodified 

binder and PG 76-22M is a PMA binder. Sasobit is obtained from Sasol Wax, North 

America Corp.

4.4 Experimental Plan 

Three selected percentages o f Sasobit1*, 1%, 2% and 4% were added to both the 

binders for rheological testing using a DSR consisting of parallel metal plates according 

to AASHTO T315. Metal plates o f 25 mm diameter were used. The gap between the 

upper and lower plates was 0.5 mm instead o f 1 mm. For effect of shear rate on steady 

state viscosity, three temperatures, namely 64 °C, 100 °C and 124 °C for PG 64-22 and 

three temperatures, 76 °C, 100 °C and 124 °C were used for PG 76-22M. Shear rates 

were used in the range between 0.0025 s’1 to 250 s’1. Table 4-1 shows the experimental 

plan for the shear rate study.



Table 4-1. Experimental plan for shear rate study
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Binder type % of Sasobit* Temperature
PG 64-22 0 1 2 4

64, 100 and 124 °CNumber o f 

Samples tested 3 3 3

Binder type % of Sasobit*

PG 76-22M 0 1 2 4 Temperature
Number o f 

Samples tested 3 3 3 3 64, 100 and 124 °C

Shear Rate : 0.0025 s '1 -  250 s '1

4.5 Results and Discussions

4.5.1 Effects o f Shear Rate on Viscosity

In this study, shear sweep was performed under steady state rotational mode at 

various temperatures. Figure 4-1 shows that the viscosity o f PG 64-22 does not vary with 

shear rate at 124 °C indicating that PG 64-22 is a Newtonian liquid. Figure 4-1 also 

shows that PG 64-22 behaves as a Newtonian liquid even at 100 °C. Flowever, at 64 °C 

the behavior o f PG 64-22 is complex under various shear rates. At lower shear rates, it 

behaves like a Newtonian fluid and at higher shear rates it becomes a shear thinning 

liquid meaning viscosity decreases as shear rate increases.

As indicated earlier, the behavior of asphalt binders is different in case o f  polymer 

modifications. Polymer-modified asphalt binders, such as PG 76-22M used in this study, 

exhibit shear rate dependency even at production temperatures where unknown shear 

rates are utilized and shear rate dependency is o f practical interests. Figure 4-1 shows that 

at 124 °C, the viscosity o f PG 76-22M does not change with change in shear rates. At 100 

°C and at 76 °C, PG 76-22M becomes shear thinning. Therefore, PMA binders are non-
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Newtonian at some production (compaction) temperatures, and it is a shear-thinning 

(pseudo plastic) liquid where liquid will display a decreasing viscosity with an increasing 

shear rate.

10000
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0.01 100

— PG 64-T64 

- * - P G  64-T100 

-s lr -P G  64-T124 

■PG 76-T76 

■PG 76-T100 

—♦ —PG 76-T124

Shear Rate ( s '1)

Figure 4-1. Effect o f temperature on shear rate at 64 °C, 100 °C and 124 °C

However, shear rate dependency reduces as temperature increases. Figure 4-2 

shows that adding Sasobit® to PG 64-22 at 64 °C changes PG 64-22 from Newtonian to 

shear thinning liquid at all ranges o f shear rate.
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F igure 4-2. Effect o f shear rate at 64 °C on PG 64-22 with Sasobit®

The shear rate dependency increased as the percent o f Sasobit® increased. Similar 

effects o f Sasobit® were observed at 100 °C in reduced level, and shear rate dependency 

with the addition o f Sasobit® was almost negligible at 124 °C as evident from Figure 4-3 

and Figure 4-4.
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Figure 4-3. Effect o f shear rate at 100 °C on PG 64-22 with Sasobit®
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Figure 4-4. Effect o f shear rate at 124 °C on PG 64-22 with Sasobit®

These figures also show that the shear rate dependency in general, reduces as 

temperature increases. Also, the rate o f change o f viscosity becomes higher with higher 

shear rates and lower at lower shear rates. The rate o f  change o f viscosity become very 

high at shear rates o f approximately 200 s '1 (as shown in Figure 4-2) and the rate of 

change was negligible at low shear rates around 0.01 s '1 indicating that the viscosity 

reached a constant value and it did not increase noticeably if  the shear rate was further 

lowered.

As observed earlier, PG 76-22M is primarily a shear thinning liquid without the 

addition o f Sasobit®. Addition o f 1 %, 2% and 4% Sasobit® reduces viscosity but the 

shear thinning behavior does not change (See Figures 4-5, 4-6 and 4-7). However, shear 

rate dependency reduces as temperature increases.
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Figure 4-5. Effect o f shear rate at 76 °C on PG 76-22M with Sasobit®
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Figure 4-6. Effect o f shear rate at 100 °C on PG 76-22M with Sasobit®
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Figure 4-7. Effect o f shear rate at 124 °C on PG 76-22M with Sasobit®

Unlike PG 64- 22, PG 76-22M with 1% and 2% Sasobit® showed shear rate 

dependency even at 124 °C. Similar to PG 64-22, PG 76-22M with and without Sasobit® 

also showed that shear rate dependency is higher at higher shear rates.

Superpave requires use o f rotational viscometer for viscosity measurements for 

mixing and compaction temperatures. The recommended 20 rpm in RV type Brookfield 

viscometer corresponds to 6.8 s '1. In this study, parallel plate steady state rotational 

loading was applied. In case o f PG 64-22 with and without Sasobit®, the rate o f change of 

viscosity is small at shear rate o f 6.8 s '1, as can be seen in Figure 4-3 and Figure 4-4 for 

100 °C and 124 °C, respectively. In case of PG 76-22M, the rate of change o f viscosity 

with respect to shear rate at 100 °C and 124 °C was significant with rate o f change being 

higher at 100 °C as can be seen in Figure 4-5 and Figure 4-6. This indicates if  the actual 

shear rate during the compaction process is higher than 6.8 s '1, then the currently 

recommended viscosity as well as temperature is overestimated and compaction
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temperature can be reduced. On the other hand, if the actual shear rate during the 

compaction process is lower than 6.8 s '1, then the currently recommended viscosity as 

well as temperature is underestimated and a higher compaction temperature should be 

used. In the following paragraph, the actual shear rate during the compaction process will 

be discussed based on existing literature.

Khatri et al. (2001), reported that during the critical part of the compaction 

process the zero shear viscosity is the most important factor controlling the densification 

for a given aggregate source and structure. The concept of using low shear viscosity is 

validated by the rate o f change o f linear strain rate, which shows that for almost half the 

compaction period the mix experiences very low shear rate in the Superpave gyratory 

compactor. Based on this finding, a procedure to estimate zero shear viscosity using the 

existing rotational viscometer was developed and zero shear viscosity was proposed for 

use.

In contrast, Yildirim et al. (2000) argued that the binder coating on the aggregate 

is very thin, around 10 microns range, and just a very small movement might cause a very 

high shear rate on the binder. Yildirim et al. (2000) used equiviscous method and 

hypothesized that mix with unmodified and modified binders will produce similar Gmb at 

equal viscosity but at different temperatures. With known viscosity and the temperature, 

they found the shear rate using a Superpave gyratory compactor and viscosity-shear rate 

relationship and observed a very high shear rate and, therefore, proposed reduced mixing 

and compaction temperatures. In the present study, as discussed previously, it was found 

that Sasobit® changed PG 64-22 from Newtonian to shear thinning fluid. It also increased 

the shear rate dependency o f PG 76-22M. This indicates that the viscosity as well as
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temperature reductions due to the addition o f Sasobit*", is greater than what might be 

obtained using rotational viscometer at 6.8 s '1 as used currently.

4.5.2 Viscosity Model

Sybiliski (1996) proposed a simple equation to model non-Newtonian behavior o f 

polymer-modified asphalt binders which is a simplified version of the CROSS model.

The CROSS model describes a flow curve of shear-thinning liquid in the form o f a four- 

parameter equation:

7 ~  rig _  1
T]0 -r ia  \ + (K y)m 4A

After rewriting

% ^ L = ( K r Y  4,2
•>

where qo = zero shear viscosity, qa = viscosity at infinite or very high shear rate,

K = constant, material parameter, y =shear rate and m = constant, material parameter.

The value o f qa is sometimes hard to measure for high-viscosity, liquid and in the case of 

high-viscosity liquid, it can be assumed that q »  qa. Therefore, the following simplified 

equation has been proposed.

rh Z H  = (Ky)"' 4.3

At high service temperatures, such as 64 °C for PG 64-22 and 76 °C for PG 76- 

22M, the asphalt binder is a high-viscous liquid. Therefore, the viscosity o f PG 64-22 and 

PG 76-22M with and without Sasobit* at 64 °C and 76 °C, respectively were fitted with 

the simplified CROSS model as proposed by Sybilski (1996). Table 4-2 shows the 

coefficient o f determination, R2 values for simplified CROSS model fit. It can be seen
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that both the binders with and without Sasobit® fit the model very well with the 

coefficient o f determination varying between 0.86 and 0.94 for PG 64-22 and between

0.88 and 0.97 for PG 76-22M.

The material parameter, K which is related to viscosity and called consistency by 

Sybilski (1996), increased with increased viscosity. It can be seen from Table 4-2 that K 

values increase as the percent o f Sasobit® increased. The other material parameter, m is a 

shear compliance factor. The higher the m value, the lower is the shear compliance.

Table 4-2 shows no general trend o f increasing or decreasing m values.

4.5.3 Zero Shear Viscosity

Anderson et al. (2002) and Sybilski (1996) correlated zero shear viscosity with 

rutting o f asphalt pavement. Table 4-2 shows the zero shear viscosity o f  asphalt binders 

with and without Sasobit®. Here, it can be seen that the zero shear viscosity o f both the 

asphalt binders increases as percent o f Sasobit® increases. The zero shear viscosities were 

determined at 64 °C for PG 64-22 and at 76 °C for PG 76-22M.

Table 4-2. Zero shear viscosity and CROSS model parameters

Binder Temp.
Zero shear 

Viscosity, Pa s
K in

CROSS 

Model Fit, 

R2

PG 64-22 278.1 0.02 0.83 0.94

PG 64-22 + 1% 

Sasobit®

64 °C

1116 0.45 0.80 0.93

PG 64-22 + 2% 

Sasobit®
2770 1.45 0.88 0.91

PG 64-22 + 4% 

Sasobit*
6374 5.47 0.89 0.86
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Table 4-2 continued...

PG 76-22M 742.3 0.40 0.83 0.93

PG 76-22 M + 1% 

Sasobit4

76 °C

1070 0.45 0.80 0.97

PG 76-22M + 2% 

Sasobit4
1576 0.60 0.93 0.88

PG 74-22M + 4% 

Sasobit4
2668 2.76 0.84 0.93

As discussed earlier, G*/sin§ is known to be the rutting factor for asphalt binders. 

Table 4-3 shows that G*/sin8 o f PG 64-22 with and without Sasobit® at 64 °C and 34 °C. 

In case o f PG 76-22M with and without Sasobit®, the G*/sinS were reported at 76 °C and 

34 °C. For asphalt binders PG 64-22 with and without Sasobit®, the R2 values between 

zero shear viscosity and G*/sin8 at 64 °C and between zero shear viscosity and G*/sin8 at 

34 °C were 0.63 and 0.53, respectively. In case o f PG 76-22M with and without Sasobit®, 

the R values between zero shear viscosity and G*/sin8 at 76 °C and between zero shear 

viscosity and G*/sin8 at 34 °C were 0.26 and 0.58, respectively. The correlation is, 

therefore, better in case o f  PG 64-22 binders. For both the binders, the correlation was 

better for G*/sin8 at 34 °C.



Table 4-3. Correlation between zero shear viscosity and G*/sin8

Binder
Zero shear viscosity 

At 64 °C, Pa s

G*/sin8 at 

64 °C

G*/sin5 at 

34 °C

R2 (Zero shear 

viscosity vs. G*/sin8 at 

64 °C)

R" (Zero shear 

Viscosity vs. G*/sin5 

at 34 °C)

PG 64-22 278.1 3.12 234.55

0.63 0.53
PG 64-22 + 1% Sasobit® 1116 3.95 264.25

PG 64-22 + 2% Sasobit® 2770 6.88 547.75

PG 64-22 + 4% Sasobit® 6374 6.52 480.65

Zero shear viscosity 

At 76 °C, Pa s

G*/sin5 at 

76 °C

G*/sin6 at 

34 °C

R2 (Zero shear 

viscosity vs. G*/sin8 at 

76 °C)

R2 (Zero shear 

Viscosity vs. G*/sin8 

at 34 °C)

PG 76-22M 742.3 2.45 245.9

0.26 0.58
PG 76-22M + 1% Sasobit® 1070 3.07 332.45

PG 76-22M + 2% Sasobit® 1576 3.54 495.95

PG 74-22M + 4% Sasobit* 2668 3.13 457.15

ONoo
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4.5.4 Steady State Viscosity and
Dynamic Viscosity

Table 4-4 shows a comparison between steady state viscosity measured in 

rotational mode and dynamic viscosity measured in sinusoidal mode, using parallel plate 

DSR. It can be seen that at all temperatures, dynamic viscosity was higher than steady 

state viscosity. It can be assumed here that complex viscosity will even be greater than 

steady state viscosity.

Table 4-4 also shows that at higher temperature such as, 124 °C, the steady state 

and dynamic viscosity were comparable, e.g., for PG 64-22 without Sasobit* at 64 °C, 

the steady state and dynamic viscosity are 34.95 Pa s and 309.3 Pa s, respectively; 

whereas, at 124 °C, the corresponding viscosity were 0.95 Pa s and 1.69 Pa s.

The coefficient o f determination between steady state and dynamic viscosity has 

been determined and shown in Table 4-4. It was evident that for PG 76-22M, the 

correlation was in general better than PG 64-22. Another observation is that at 100 °C, 

both the binders show lowest coefficient o f determination because at 100 °C and nearby 

temperatures, there exists a critical temperature as discussed in previous chapter. Overall, 

based on the comparison between steady state and dynamic viscosity it can be concluded 

that the viscosity from the two methods are better comparable at higher temperature, such 

as 124 °C. Because of the critical temperature at around 100 °C, the coefficient o f 

determination values are below 0.95, except in one case.



Table 4-4. Steady state (rotational) viscosity and dynamic (sinusoidal) viscosity

Binder

Temperature 64 °C Temperature 100 °C Temperature 124 °C

Steady state 

Viscosity Pa s

Dynamic 

Viscosity Pa s

Steady state 

Viscosity Pa s

Dynamic 

Viscosity Pa s

Steady state 

Viscosity Pa s

Dynamic 

Viscosity 

Pa s

PG 64-22 34.95 309.3 3.32 7.98 0.95 1.69

PG 64-22 + 1% Sasobit® 14.3 387.95 5.53 7.76 1.29 1.5

PG 64-22 + 2% Sasobit® 8.34 657.2 4.81 10.74 1.27 1.33

PG 64-22 + 4% Sasobit® 10.39 625.4 2.47 10.33 0.68 0.96

R2 Value 0.71 0.08 0.28

Temperature 76 °C Temperature 100 °C Temperature 124 °C

PG 76-22M 3.05 216.05 7.78 30.94 4.02 6.04

PG 76-22M + 1% Sasobit® 16.02 263 10.51 30.29 3.33 5.17

PG 76-22M + 2% Sasobit® 21.63 302.4 6.66 32.47 2.73 4.91

PG 76-22M + 4% Sasobit® 4.42 270.95 7.22 30.82 2.33 4.08

R2 Value 0.59 0.57 0.95
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4.6 Conclusions

The following specific conclusions can be obtained from the investigation o f 

shear rate dependency o f viscosity o f Sasobit* modified asphalt binders.

1. PG 64-22 is a Newtonian fluid at 124 °C and 100 °C. At 64 °C it is 

Newtonian at low to medium shear rates. Polymer modified binders such 

as PG 76-22M used in this study, exhibited shear-thinning behavior even 

at asphalt compaction temperature, 124 °C, where shear rate dependency 

and viscosity is o f practical interests. Similar trends were observed at 

100 °C and at 76 °C except that the shear rate dependency increased with 

reduced temperatures.

2. With the addition o f Sasobit®, PG 64-22 at 64 °C becomes a shear- 

thinning liquid from Newtonian liquid. The shear rate dependency 

increased with an increase in the percent o f Sasobit®. Similar effects o f 

Sasobit® were observed at 100 °C in reduced level and shear rate 

dependency with the addition o f Sasobit® is almost negligible at 124 °C. 

The shear rate dependency in general reduces as temperature increases. 

Also, the rate o f change o f viscosity is higher at higher shear rates and 

lower at lower shear rates. For PG 76-22M, the shear rate dependency 

increased with an increase in percent o f Sasobit® at all the three 

temperatures, 76 °C, 100 °C and 124 °C. This indicates if  the actual shear 

rate during the compaction process is higher than 6.8 s '1, then the 

currently recommended viscosity as well as temperature is overestimated 

and compaction temperature can be reduced. On the other hand, if  the
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actual shear rate during the compaction process is lower than 6.8 s '1, then 

the currently recommended viscosity as well as temperature is 

underestimated and a higher compaction temperature should be used.

3. The coefficient o f determination, R2 values for simplified CROSS model 

fit showed that both the binders with and without Sasobit® fit the model 

very well with coefficient o f determination varying between 0.86 and

0.94 for PG 64-22 and between 0.88 and 0.97 for PG 76-22M.

4. The zero shear viscosity were determined at 64 °C for PG 64-22 and at 

76 °C for PG 76-22M. The correlation between zero shear viscosity and 

G*/sin5 was better in case o f PG 64-22 binders. For both the binders, the 

correlation was better between zero shear viscosity and G*/sin5 at 34 °C.

5. At all the temperatures used in this study, dynamic viscosities were higher 

than steady state viscosity. Overall, on the comparison between steady 

state and dynamic viscosity, it can be concluded that the viscosity from 

the two methods were better comparable at higher temperature, such as 

124 °C and the coefficient o f determination values were below 0.95 

except in one case.



CHAPTER 5

LABORATORY EVALUATION OF RUTTING 
PERFORMACNE OF SASOBIT® MODIFIED 

WARM MIX ASPHALT

5.1 Introduction

Based on the comprehensive literature study on the rutting o f WMA, it was found 

that one o f the biggest concerns regarding WMA performance is that it may be rutting 

susceptible. The cause behind the concerns is that asphalt binder may not age (hardening 

due to oxidation at higher temperature) at warm temperatures and therefore, may remain 

softer than hot mix asphalt and cause rutting. Consequently, this study has been 

conducted to understand the rutting susceptibility o f Sasobit® modified WMA.

5.2 Objectives

The overall objective o f  this study was to evaluate rutting performance o f Sasobit® 

modified WMA. The specific objectives are as follows:

1. Develop dynamic modulus master curves and evaluate overall rheological 

behavior o f Sasobit® modified asphalt binders,

2. Evaluate asphalt binder’s rutting factors with and without Sasobit® 

modifications from temperature sweep tests and MSCR tests,

73
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3. Develop a multiple variable regression model o f  rutting and evaluate rutting 

performance of Sasobit “ modified WMA, and

4. Evaluation of aging o f extracted asphalt binders from mixes prepared at hot 

and warm mix temperatures.

5.3 Materials and Test Matrix

A neat asphalt binder, PG 64-22 and a polymer modified asphalt binder, PG 76- 

22M were obtained from Lion Oil, Inc. and Ergon Refining, Inc., respectively. Sasobit® 

and asphalt mix used for this study have same properties and sources as in Chapter 3. 

Table 5-1 shows the test matrix for dynamic modulus master curve. A total o f  24 samples 

with and without Sasobit* were tested each at 10 °C, 25 °C, 46 °C, 70 °C and 94 °C at 

the frequency range from 0.1 to 100 rad/sec.

Table 5-1. Test matrix for dynamic modulus master curve

A sphalt Binders % Sasobit®
No. o f  

Sam ples
Tem perature

F requency

R ange

PG 64-22

0 3 10°C , 25 °C, 46  

°C, 70 °C and 94

°C

0.1-100

rad/sec
1 3
2 3
4 3

No. o f  PG 64-22 

samples Tested
12

PG 76-22M

0 3 10 °C, 25 °C, 46 

°C, 70 °C and 94

°C

0.1-100

rad/sec
1 3
2 3
4 3

No. o f  PG 76-22M  

samples Tested
12

Total No. o f  samples 

Tested
24
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Table 5-2 shows the test matrix for rutting factor. G*/sin5. For PG 64-22, tests 

were performed at 64 °C and 70 °C and for PG 76-22M, 70 °C, 76 °C and 82 °C were 

used.

Table 5-2, Test matrix for rutting Parameter G*/sin8

Asphalt binders
%

Sasobit"^

No. of 

Sample
Temperature Rutting factor

PG 64-22

0 3

64 °C 

70 °C

G*/sin5 

(at 10 rad/sec and 

12% strain)

1 3

2 3

4 3

No. o f PG 64-22 

samples Tested
12

PG 76-22M

0 3
70 °C 

76 °C 

82 °C

G*/sin8 

(at 10 rad/sec and 

12% strain)

1 3

2 3

4 3

No. o f PG 76-22M 

samples Tested
12

Total No. o f samples 

Tested
24

Table 5-3 shows the test matrix for rutting parameter percent recovery and Jnr. 

MSCR tests were performed according to AASHTO TP70 at 64 °C, 70 °C and 1 kPa 

stiffness temperatures for PG 64-22 and at 70 °C, 76 °C and 1 kPa stiffness temperatures 

for PG 76-22M. The 1 kPa stiffness temperatures were determined from the temperature 

sweep tests performed according to Table 5-2.



Table 5-3. Test matrix for MSCR test

Asphalt binder % Sasobit®
No. of 

Sample
Temperature Creep stress Rutting factor

PG 64-22

0 3
64 °C, 66 °C (1 kPa Stiffness 

Temperature), 70 °C 0.1 kPa and 3.2 kPa 

(at 1 kPa Stiffness 

Temperature, Creep Test 

was Performed at 

0.1 kPa, 0.2 kPa, 0.5 kPa 

and 3.2 kPa Stresses)

% Recovery, Non- 

Recoverable Creep 

Compliance

1 3
64 °C, 68 °C (1 kPa Stiffness 

Temperature), 70 °C

2 3
64 °C, 70 °C, 73 °C(1 kPa 

Stiffness Temperature)

4 3
64 °C, 70 °C, 78 °C (1 kPa 

Stiffness Temperature)

No. of PG 64-22 

Samples Tested is
12



Table 5-3 continued.

PG 76-22

0 3
70 °C, 76 °C, 76.8 °C 

(1 kPa Stiffness Temperature), 82 °C

0.1 kPa and 3.2 

kPa

(at 1 kPa stiffness 

Temperature, 

Creep test was 

Performed at 

0.1 kPa, 0.2 kPa, 

0.5 kPa and 3.2 

kPa stresses)

% Recovery, non- 

Recoverable creep 

Compliance

1 3
70 °C, 76 °C, 78.7 °C 

(1 kPa Stiffness Temperature), 82 °C

2 3
70 °C, 76 °C, 81.2 °C 

(1 kPa Stiffness Temperature), 82 °C

4 3
70 °C, 76 °C, 82 °C (1 kPa Stiffness 

Temperature)

No. of PG 76-22 samples 

Tested
12

Total No. of samples 

Tested
24
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In Table 5-4, it can be seen that 10 sets each having six asphalt mix samples were 

tested for rutting performances. Percent air voids, percent asphalt contents, percent 

Sasobit8', mixing temperatures and compaction temperatures were varied for rutting 

evaluation o f Sasobit® modified WMA. For evaluation of aging, extraction and recovery 

were performed using a centrifuge and a rotary evaporator according to ASTM D 5404 

followed by ASTM D 2172 (Test Method A).

Table 5-4. Test matrix for rutting performance

No. of No. of % Air
%

Asphalt

Content

% Mixing Compaction

Mix Set Samples Voids Sasobit® Temperature Temperature

Set 1 6 7.33 4.8 0 163 °C 150 °C

Set 2 6 7.53 4.8 2 163 °C 150 °C

Set 3 6 10.41 4.8 0 163 °C 150 °C

Set 4 6 9.97 4.8 2 163 °C 150 °C

Set 5 6 7.67 5.3 0 163 °C 150 °C
Set 6 6 7.97 5.3 2 163 °C 150 °C

Set 7 6 7.16 4.8 0 143 °C 110°C

Set 8 6 7.49 4.8 2 143 °C 110°C

Set 9 6 7.74 4.8 2 133 °C 110°C

Set 10 6 7.47 4.8 0 133 °C 110°C

Total no. o f mix samples tested for rutting is 60 (10 Sets X 6 samples in each set)
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5.4 Rheological Evaluation o f  Sasobit* Modified Asphalt 
Binders with Dynamic Modulus Master Curves

Dynamic modulus master curves reflect overall rheological behavior o f  the 

asphalt binders. In this study, four master curves were constructed for PG 64-22 with 

0%, 1 %, 2% and 4% Sasobit* and four master curves were plotted for PG 76-22M with 

0%, 1%, 2% and 4%  Sasobit®. For each o f the eight master curves, three asphalt binder 

samples were tested. Figures 5-1 to 5-4 describes how one master curve was constructed 

from three replicates; for example, in the case o f PG 64-22 with 1% Sasobit*. At first, 

frequency sweep results from three individual samples were plotted in Figure 5-1. The 

average dynamic modulus from these three replicates was calculated and plotted in 

Figure 5-2. Time-temperature shift factor, a j (—tr/tro) using time-temperature 

superposition principle was determined and was plotted against temperature in Figure 5-

3. Figure 5-4 shows how a master curve was obtained from polynomial fitting o f 

frequency sweep data. The reference temperature for all the master curves was 25 °C.

.00E+08
10C-1

.00E+07
10C-2

.00E+06 10C-3

.00E+05
25C-2

.00E+04

.00E+O3 ♦ —46C-

46C-2.00E+02

46C-3

70C-
■00E+00 70C-2

100
70C-3Frequency in rad/s

Figure 5-1. Dynamic modulus values o f three replicates o f PG 64-22 with 0% Sasobit®
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Figure 5-2. Average dynamic modulus values o f three replicates o f PG 64-22 with 0% 
Sasobit®
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Figure 5-3. Relationship between time-temperature shift factor and temperature for 
PG 64-22 with 0% Sasobit®
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y = -0.0019x4 - 0.0233x3 + 0.0089x2 + 0.9602x + 4.9605 
R2 = 0.9956

O10C

□25C

46C

X70C

94C

Reduced log (Frequency) in rad/s

Figure 5-4. Dynamic modulus master curve for PG 64-22 with 0% Sasobit®

Figure 5-5 shows the four master curves o f PG 64-22 with 0%, 1%, 2% and 4% 

Sasobit®. It can be observed that at lower frequency (higher temperature), Sasobit® 

increased dynamic modulus or stiffness o f asphalt binder. The rate o f increase in dynamic 

modulus depends on the increase in percent o f Sasobit®. However, at higher frequency 

(lower temperature) all asphalt binders with and without Sasobit® tend to move towards a 

unique stiffness value. It is known that all asphalt binder exhibits about 1 GPa o f stiffness 

at glass transition temperature.



82

c

0%

4%

8 6 4 •2 0 2 4 6
Reduced Log (Frequency) in rad/sec

Figure 5-5. Dynamic modulus master curves o f PG 64-22 with and without Sasobit®

Similarly, four master curves o f  PG 76-22M with 0%, 1%, 2% and 4% Sasobit 

were plotted in Figure 5-6. The overall rheological behavior o f  Sasobit® modified PG 76- 

22M was similar to PG 64-22 except that PG 76-22M had higher stiffness due to polymer 

modifications as can be seen in Figure 5-7.

e

76-0%
76-1%
76-2%
76-4%

68 ■4 ■2 0 2 4
Reduced Log (Frequency) in rad/sec

Figure 5-6. Dynamic modulus master curves o f  PG 76-22M with and without Sasobit®
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Based on overall rheological behavior in Figure 5-7, it can be concluded that 

Sasobit" increased stiffness o f asphalt binders and may have potential for reduced rutting 

o f asphalt mixes. In next two sections, rutting factors o f Sasobit1 modified asphalt 

binders will be determined to evaluate more on rutting potential.

*
u
~5toJ

P G 6 4 -2

8 6 •4 ■2 0 2 4 6
Reduced Log (Frequency) in rad/sec

Figure 5-7. Dynamic modulus master curves o f  PG 64-22 and PG 76-22M with and 
without Sasobit®

5.5 Evaluation o f Sasobit® Modified Asphalt Binder’s 
Rutting Factor G*/Sin5 from Temperature 

Sweep Test

Table 5-5 shows the average values o f G*/sin5, G* and phase angle o f PG 64-22 

with and without different percentages o f Sasobit®. Two temperatures, 64 °C and 70 °C, 

were used for this purpose. Superpave uses G*/sin6 as the rutting potential o f an asphalt 

binder. It can be observed in Table 5-5 that rutting factor G*/sin6 at 64 °C increased with 

an increase in percent o f Sasobit®. At 64 °C, G*/sinS values were 2.5, 4.1, 7.4 and 12.2
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kPa, respectively for 0%, 1%, 2% and 4% Sasobit41. This finding indicates that Sasobit® 

has a rutting resistance potential if  prepared at hot mix temperatures. A similar trend is 

observed at 70 °C.

Table 5-5. Average values o f G*/sin5, G* and phase angle o f  PG 64-22 with and without 
Sasobit44

PG 64-22 a t 64 °C

Percent

Sasobit"

Phase 

Angle, 5 

(degree)

St. dev. of 

Phase 

Angle

G* (Pa)
St. dev. of

G*

G*/sin8

kPa

St. dev. of

G*/sin8

0% 85.7 0.1 2491.7 82.6 2.5 0.1

1% 82.1 0.2 4032.0 334.0 4.1 0.3

2% 79.7 0.4 7308.0 319.8 7.4 0.3

4% 76.6 1.1 11866.7 1099.7 12.2 1.2

PG 64-22 a t 70 °C

Percent

Sasobit®

Phase 

Angle, 8 

(degree)

St. dev. of 

Phase 

Angle

G* (Pa)
St. dev. of

G*

G*/sin8

(kPa)

St. dev. of 

G*/sin8

0% 87.0 0.0 1168.7 9.8 1.2 0.01

1% 85.3 0.2 1616.0 123.0 1.6 0.1

2% 82.9 0.2 2847.3 114.0 2.9 0.1

4% 80.7 0.6 4005.3 274.6 4.1 0.3

Table 5-5 also shows that phase angle, 5 decreased with an increase in percent of 

Sasobiff At 64 °C, the phase angle values were 85.7, 82.1, 79.7 and 76.6 degrees 

respectively for 0%, 1%, 2% and 4%  Sasobit®. Reduced phase angle is often referred to 

as “increased elastic recovery” or “rutting resistance.” Therefore, both G*/sin8 and phase 

angle indicated increased rutting resistance for Sasobit® modified asphalt binder. At 70 

°C, a similar reduction trend in phase angle was observed. In Table 5-5, with respect to
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standard deviation, it can be noted that both G*/sin5 and phase angle values were 

repeatable.

Table 5-6 shows the average values o f G*/sin8, G* and phase angle o f  PG 76- 

22M with and without different percentages o f Sasobit*. In this case, three temperatures 

70 °C, 76 °C, and 82 °C were used to evaluate rutting factor. It can be observed that in all 

three temperatures, G*/sin8 increased with an increase in percent o f Sasobit*.

Table 5-6. Average values o f G*/sin8, G* and phase angle o f PG 76-22M

PG 76-22M at 70 °C

Percent

Sasobit*

Phase 

Angle, 8 

(degree)

St. dev. of 

Phase 

Angle

G* (Pa)
St. dev. of

G*

G*/sin8

kPa

St. dev. of 

G*/sin8

0% 65.3 0.1 3717.0 131.4 4.1 0.1

1% 63.3 0.4 4301.7 63.1 4.8 0.1

2% 58.7 0.2 5111.7 130.2 6.0 0.2

4% 58.1 0.7 9200.7 321.9 10.8 0.4

PG 76-22M at 76 °C

Percent

Sasobit®

Phase 

Angle, 6 

(degree)

St. dev. of 

Phase 

Angle

G* (Pa)
St. dev. of

G*

G*/sin8

kPa

St. dev. of

G*/sin8

0% 68.1 0.1 2164.0 105.4 2.3 0.1

1% 65.8 0.2 2469.0 42.6 2.7 0.04

2% 59.6 0.3 2941.3 66.7 3.4 0.1

4% 60.0 0.8 4517.3 147.5 5.2 0.2
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Table 5-6 continued...

PG 76-22M at 12 °C

Percent

Sasobit“

Phase 

Angle, 8 

(degree)

St. dev. of 

Phase 

Angle

G* (Pa)
St. dev. of

G*

G*/sin8

(kPa)

St. dev. of 

G*/sin8

0% 71.4 0.2 1257.7 46.1 1.3 0.05

1% 68.7 0.2 1460.0 41.6 1.6 0.04

2% 60.4 0.3 1763.0 33.2 2.0 0.04

4% 62.2 1.0 2605.3 106.2 2.9 0.1

PG 76-22M is polymer modified and a different behavior is observed in case o f

if)phase angle at higher temperatures. At 70 °C and 76 °C, Sasobit reduced the phase angle 

as was observed for PG 64-22. However, for PG 76-22M at 82 °C, 1% and 2%, Sasobit® 

reduced the phase angle and 4% Sasobit® increased the phase angle. Therefore, there is 

an optimum percent o f Sasobit® that must be used for better or reduced phase angle. A 

percent o f Sasobit® more than that optimum will increase the phase angle and reduce 

rutting resistance. Based on phase angle evaluation o f PG 76-22M, it can be observed that 

an optimum Sasobit® percent lies between 2% and 4%. However, increase in the percent 

o f Sasobit® from 2% to 4% still increased the G* value from 1.76 kPa to 2.61 kPa and 

G*/sin8 from 2.0 to 2.9 kPa.

5.6 Evaluation o f Percent Recovery and Jn; as Rutting 
Factors Using MSCR Test for Sasobit®

Modified Asphalt Binders

Percent recovery after creep stress in MSCR test is an indicator o f recoverable 

deformation in asphalt pavements. Table 5-7 shows the average percent recovery o f PG 

64-22 with and without Sasobit® after 0.1 kPa and 3.2 kPa creep stresses. It can be 

observed that the addition o f Sasobit® increased the percent recovery significantly. The
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percent recovery o f PG 64-22 without Sasobit" was 1.8 at 0.1 kPa creep stress. The 

percent recovery increased to 15.0, 26.5 and 34.9 for 1%, 2% and 4% Sasobit4, 

respectively. For 3.2 kPa creep stress, similar trend can be observed. Table 5-7 shows the 

standard deviation values for average percent recovery of three samples. Better 

repeatability with respect to standard deviation can be noticed in case o f percent recovery 

o f 3.2 kPa creep stress than that o f 0.1 kPa creep stress. The MSCR test was also 

performed at 70 °C and a similar trend with respect to increase in percent recovery was 

observed.

Table 5-7. Average percent recovery o f PG 64-22 with and without Sasobit®

PG  64-22

Percent

Sasobit®

Temperature

(°C)

Avg. percent recovery Standard deviation

Creep stress Creep stress

0.1 kPa 3.2 kPa 0.1 kPa 3.2 kPa

0%
64 1.8 0.4 0.49 0.01

70 0.4 -0.5 0.58 0.01

1%
64 15.0 2.6 1.52 0.18

70 3.5 -0.1 1.54 0.12

2%
64 26.5 5.1 3.51 0.35

70 10.5 1.0 0.94 0.09

4%
64 34.9 11.7 18.1 1.9

70 29.2 2.4 2.42 0.31

It is believed that, Jnr is an indicator o f permanent deformation in asphalt 

pavement and can be used as rutting factor. Several DOTs, such as LA DOTD, have 

ongoing projects for implementation o f Jnr in state specifications. Table 5-8 shows the 

effects of Sasobit® on average Jnr o f PG 64-22. Jnr measures the non-recoverable creep
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compliance; therefore, the lower the Jnr, the better it is. Some specifications including 

AASHTO MP19 consider Jnronly at 3.2 kPa stress. At 64 °C, the average Jnr o f PG 64-22 

without Sasobit* at 3.2 kPa creep stress is 0.4 kPa and addition of 1% and 2% Sasobit* 

reduced the Jnr to 0.3 kPa and 0.1 kPa, respectively. Note that addition o f 4% Sasobit® 

increased the Jnr to 1.4 kPa from 0.4 kPa instead o f reducing it as with lower percentages 

o f Sasobit*. This result indicates that an overdose o f Sasobit® can have negative impact 

on rutting of asphalt pavements.

Table 5-8. Average Jnr o f PG 64-22 with and without Sasobit®

PG 64-22

Percent

Sasobit*

Temperature

(°C)

Avg. non-recoverable creep 

Compliance, Jnr (1/kPa) Standard deviation

Creep stress Creep stress
0.1 kPa 3.2 kPa 0.1 kPa 3.2 kPa

0% 64 0.4 0.4 0.01 0.01

0% 70 0.8 0.9 0.01 0.01
1% 64 0.1 0.3 0.10 0.03
1% 70 0.6 0.7 0.04 0.05

2% 64 0.002 0.1 0.0003 0.01

2% 70 0.3 0.4 0.01 0.02
4% 64 0.02 1.4 0.03 1.9
4% 70 0.1 9.2 0.01 0.74

However, at 64 °C this 1.4 kPa Jnr at 3.2 kPa creep stress had a standard deviation 

o f 1.9, and Jnr values at 70 °C may in need to be discussed. It can be observed that at 70 

°C, the Jnr at 3.2 kPa stress is 0.9 kPa and addition o f 1% and 2% Sasobit® reduced the Jnr 

to 0.7 kPa and 0.4 kPa, respectively, whereas, addition of 4% Sasobit® increases the Jnr 

from 0.9 kPa to 9.2 kPa. The standard deviation in this case o f 9.2 kPa Jnr was 0.74. 

Therefore, it can be concluded from 3.2 kPa Jnr measurements o f PG 64-22 that 1% and
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2% Sasobit& reduced the rutting susceptibility while 4% Sasobit® increased the rutting 

susceptibility o f asphalt pavements.

In the case o f PG 76-22M, the MSCR test was performed at three temperatures,

70 °C, 76 °C and 82 °C. Table 5-9 shows the average percent recovery results o f PG 76- 

22M with standard deviations. In case o f PG 64-22, for both 64 °C and 70 °C and for 

both 0.1 kPa and 3.2 kPa creep stress, an increase in percent o f Sasobit® caused an 

increase in average percent recovery. However, for polymer modified PG 76-22M such 

an increase in average percent recovery with an increase in percent o f  Sasobit® was 

observed for 3.2 kPa creep stress at 70 °C and 76 °C. This finding indicates that the 

positive effect o f Sasobit® on rutting resistance o f PG 76-22M was observed only at 

lower pavement service temperatures (70 °C and 76 °C and not at 82 °C). Analyses o f  0.1 

kPa creep stress data in Table 5-9 reveals that 1% and 2%  Sasobit® increased the percent 

recovery o f PG 76-22M and addition o f 4% Sasobit® started reducing it.
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Table 5-9. Average percent recovery o f PG 76-22M with and without Sasobit®

PG 76-22M

Percent

Sasobit^

Temperature

(°C)

Avg. percent recovery Standard deviation

Creep stress Creep stress

0.1 kPa 3.2 kPa 0.1 kPa 3.2 kPa

0%

70 42.6 25.0 1.5 1.2
76 28.8 15.2 14.1 1.4
82 28.1 6.2 1.5 0.4

1%

70 72.9 42.2 2.2 1.1
76 71.4 31.7 1.6 1.6

82 58.5 23.2 3.0 6.5

2%
70 87.1 64.1 6.7 2.7
76 91.1 42.0 0.9 3.5
82 79.1 13.9 2.2 2.1

4%
70 87.0 67.3 0.4 2.0
76 86.2 46.0 0.6 3.5
82 74.3 22.4 3.2 3.2

For example, at 76 °C and 0.1 kPa creep stress, the average percent recovery o f 

PG 76-22M is 28.8 and addition o f 1% and 2% Sasobit® increase the percent recovery to

71.4 and 91.1, respectively, whereas, the percent recovery for 4% Sasobit® was 86.2. This 

finding indicates that an optimum amount o f Sasobit® is needed for increasing rutting 

resistance o f PG 76-22M.

Table 5-10 shows the average non-recoverable creep compliance, Jnr o f PG 76- 

22M with and without different percentages o f  Sasobit* for 0.1 kPa and 3.2 kPa stress at 

70 °C, 76 °C and 82 °C. AASHTO MP19 recommends the use of 3.2 kPa creep stress for 

analyses o f Jnr values. A general trend observed in Table 5-10 is that an increase in 

percent o f  Sasobit® reduced Jnr, and thereby reducing rutting susceptibility.
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Table 5-10. Average non-recoverable creep compliance (Jnr) o f PG 76-22M

PG76-22M

Percent

Sasobit"

Temperature

(°C)

Avg. non-recoverable creep 

Compliance, Jnr (1/kPa)
Standard deviation

Creep stress Creep stress

0.1 kPa 3.2 kPa 0.1 kPa 3.2 kPa

0%

70 0.033 0.140 0.054 0.006
76 0.007 0.314 0.001 0.019

82 0.013 0.734 0.000 0.015

1%

70 0.001 0.089 0.000 0.004
76 0.002 0.222 0.000 0.005
82 0.006 0.474 0.001 0.088

2%
70 0.000 0.043 0.000 0.005
76 0.000 0.147 0.000 0.016
82 0.002 0.560 0.000 0.039

4%
70 0.000 0.020 0.000 0.002
76 0.000 0.078 0.000 0.009
82 0.002 0.287 0.000 0.032

The conclusion from the above discussions is that at 64 °C for PG 64-22 and at 

76 °C for PG 76-22M, addition o f 1% and 2% Sasobit® increases the rutting resistance. 

Sasobit® is a synthetic wax and it reduces viscosity at hot mix production temperatures 

and increases stiffness (G*/sin8) at pavement service temperatures. To understand if  the 

increase in rutting resistance is caused by the increase in stiffness or by the internal 

molecular associations, a different set o f MSCR tests were performed. In this approach, 

equal-stiffness (1 kPa of G*/sin8) temperatures of 0%, 1%, 2% and 4% Sasobit® added 

asphalt binders were determined based on temperature sweep test performed earlier in 

this study. MSCR tests were performed on that equal-stiffness temperature.



The equal-stiffness (G*/sin8 value o f 1 kPa) temperatures o f PG 64-22 with 0%. 

1%, 2% and 4% Sasobit® are 66 °C, 68 °C, 73 °C and 78 °C, respectively. Table 5-11 

shows the percent recovery o f PG 64-22 with and without Sasobit® at equal-stiffness 

temperature. It can be noted here that at high temperature and/or high creep stress (i.e.,

3.2 kPa), some asphalt binders showed negative percent recovery values.

Table 5-11. Percent recovery o f PG 64-22 at equal-stiffness temperature

PG 64-22: Percent recovery at equal-stiffness (G*/sin8 Value of 1 kPa) temperature

Perce Percent recovery Standard deviation

nt 1 kPa Stiffness Creep stress Creep stress

Sasobi Temperature 0.1 0.2 0.5 3.2 0.1 0.2 0.5 3.2

kPa kPa kPa kPa kPa kPa kPa kPa

0% 66°C 2.3 2.2 2.0 0.4 0.22 0.12 0.48 0.02

1% 68°C 11.7 10.0 6.8 0.4 0.69 0.58 0.44 0.02

2% 73°C 32.1 28.9 15.3 0.1 5.76 7.17 3.99 0.07
4% 78°C 43.7 32.9 14.1 -1.2 8.50 7.71 3.89 0.18

Creep and recovery plots for these indicated that just after the 3.2 kPa creep stress 

was withdrawn, strain continued to grow for a while before it started recovering. 

Therefore, these negative values are actual and not due to an experimental or calculation 

error. It can be observed from Table 5-11 that at lower creep stress such as 0.1 kPa, the 

addition o f Sasobit® increased the percent recovery while at higher creep stress such as

3.2 kPa, addition o f Sasobit® reduces the percent recovery. A similar trend is observed 

from Jnr values o f Table 5-12 that at lower creep stress addition of Sasobit® reduces Jnr 

but at higher creep stress Sasobit® increases Jnr. This indicates at higher stress Sasobit® 

will make PG 64-22 rutting susceptible and at lower stress, it will make PG 64-22 rutting
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resistant. Therefore, the true influence o f Sasobit* on rutting o f  PG 64-22 is stress 

dependent.

Table 5-12. Jnr of PG 64-22 at equal-stiffness temperature

PG 64-22: Non-recoverable creep compliance at equal-stiffness 

(G*/sin5 value of 1 kPa) temperature

Percent

Sasobit®

lkPa

Stiffness

Temperature

Non-recoverable creep 

Compliance, Jnr (1/kPa)
Standard deviation

Creep stress Creep stress
0.1 kPa 0.2 kPa 0.5 kPa 3.2 kPa 0.1 kPa 0.2 kPa 0.5 kPa 3.2 kPa

0% 66°C 0.4 0.02 1.4 0.4 0.01 0.001 0.88 0.01

1% 68°C 0.3 0.02 1.7 0.5 0.01 0.000 0.03 0.00

2% 73°C 0.2 0.3 1.1 15.5 0.05 0.29 0.93 12.81

4% 78°C 0.2 0.5 2.2 50.8 0.08 0.19 0.57 4.03

Tables 5-13 and 5-14 show the percent recovery and non-recoverable creep 

compliance o f PG 76-22M with and without Sasobit® at equal-stiffness temperature. With 

respect to percent recovery, at both lower creep stress and higher creep stress, Sasobit® 

increased the rutting resistance o f PG 76-22M. With respect to non-recoverable creep 

compliance, at lower creep stress, Sasobit* increased the rutting resistance but at higher 

creep stress, no trend or effect o f Sasobit® was observed.
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Table 5-13. Percent recovery o f PG 76-22M at equal-stiffness temperature

PG 76-22M: Percent recovery at equal-stiffness (G*/sin5 value of 1 kPa) temperature

Percent

Sasobit®

1 kPa stiffness 

Temperature

(°C)

Percent recovery Standard deviation
Creep stress Creep stress

0.1 kPa 3.2 kPa 0.1 kPa 3.2 kPa

0% 76.8 34.7 13.0 3.2 1.1
1% 78.7 67.5 26.3 1.1 2.5
2% 81.2 86.4 20.3 1.7 2.5
4% 82 74.3 22.4 3.2 3.2

Table 5-14. Jnr of PG 76-22M at equal-stiffness temperature

PG 76-22M: Non-recoverable creep compliance at equal-stiffness 

(G*/sin5 value o f 1 kPa) Temperature

Percent

Sasobit®

1 kPa 

Stiffness 

Temperature

(°C)

Non-recoverable creep 

Compliance, Jnr (1/kPa)
Standard deviation

Creep stress Creep stress

0.1 kPa 3.2 kPa 0.1 kPa 3.2 kPa

0% 76.8 0.007 0.4 0.0005 0.0168

1% 78.7 0.003 0.3 0.0002 0.0290

2% 81.2 0.001 0.4 0.0002 0.0338

4% 82 0.002 0.3 0.0003 0.0324

From the above MSCR analyses, it can be concluded that at high grading 

temperatures, (i.e. 64 °C for PG 64-22 and 76 °C for PG 76-22M), 1% and 2% Sasobit® 

increased the rutting resistance and the optimum percentage o f Sasobit® lies between 2% 

and 4%. At equal stiffness (1 kPa of G*/sin8) temperature, the influence o f Sasobit® was 

stress dependent.
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In this regard, the MSCR test was performed at varying creep stresses, 0.1 kPa,

0.2 kPa, 0.5 kPa and 3.2 kPa at equal-stiffness temperature for PG 64-22. Table 5-15 

shows that linear relationship between creep stress and percent recovery had the highest 

coefficient o f determination (R2) for 0% Sasobit®. As the percent o f Sasobit® increased, 

the R2 value decreased. The lowest R2 obtained was 0.73 for 4% Sasobit®. On the other 

hand, overall, the R2 values in all cases were good for log (creep stress) and percent 

recovery relationship. Therefore, it can be concluded that the effect o f  creep stress on 

percent recovery is logarithmic.

Table 5-15. Coefficient o f determination values for creep stress and percent recovery 
relationships

Asphalt binder
Percent

Sasobit®

Coefficient of determination (R2)

Linear relationship: 

Creep stress and percent 

Recovery

Logarithmic relationship: 

Log (creep stress) and 

percent Recovery

PG 64-22
0% 0.997 0.899
1% 0.91 0.998
2% 0.84 0.98
4% 0.73 0.96
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5.7 Evaluation o f Rutting Susceptibility o f  Sasobit*
M od ified  W M A

Rutting was performed using an APA. AASHTO TP63 was followed in this 

regard. Figure 5-8 shows images o f  the test procedure. Six asphalt binder mix samples 

were prepared with 7.5 + 0.5% air voids. In this method, three steel wheels each 100 lb 

ran over three pneumatic rubber hoses. APA measured the rut depth with LVDTs and a 

computer updated the rut depths every 10 cycles (also called strokes). As per the 

specifications, the first 50 cycles were used for setting o f the samples, and deformation 

during the first 50 cycles was not counted towards rut depth. After the setting 50 cycles, 

another 8000 cycles were run for rut depth. In this study, manual measurements o f rut 

were also obtained after 8000 cycles with a strain gauge as can be seen in Figure 5-8. In 

manual measurements, each of the six samples was measured at two points using the 

APA manual measurement template. Figure 5-9 shows typical rut depths with respect to 

stroke count obtained from the computer.
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Figure 5-8. (a) Asphalt pavement analyzer (APA), (b) Gyratory rut samples, (c) Rut 
samples in mold, (d) Molds placed in the APA, (e) and (f) Rubber hose 
setup, (g) Steel wheel rolling, (h) Software taking rut measurements, (i) 
and (j) Rut samples after 8000 cycles (k) and (1) Manual rut measurement 
with a strain gauge
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Figure 5-9. Typical rut depths data obtained from the APA

5.7.1 Effects o f Sasobit® on Rutting 
Susceptibility o f HMA

At first, effects of Sasobit® were evaluated at hot mix temperatures. In this regard, 

two sets of samples, Test 1 and Test 2 were prepared at hot mix temperatures. Both sets 

o f samples have 7.5 + 0.5% air voids, 4.8% asphalt content, 163 °C mixing and 150 °C 

compaction temperatures. The only difference between these two sets was that Test 1 

samples do not have Sasobit® while Test 2 samples had 2% Sasobit® in it. Table 5-16 

shows average air voids and average rut depths of Test 1 and Test 2. After 8000 cycles, 

each of the six samples (Test 1-a through Test 1-f) was measured for rut at two locations 

(see Appendix C for rut depths o f individual samples). It can be observed in Table 5-16 

that manually measured rut depths were higher than APA rut depths. This is because o f 

the fact that manually measured rut depths include deformations from first 50 setting 

cycles while APA rut depths do not include the first 50 setting cycles. Table 5-16 shows a 

comparison o f rutting susceptibility o f Test 1 samples prepared without Sasobit® and Test

Right Wheel 

Middle Wheel
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2 samples prepared with 2% Sasobit&. It can be observed that 2% Sasobit* reduced APA 

rut depth from 6.95 mm to 4.71 mm.

Table 5-16. Effects o f Sasobit* on rutting o f HMA

Test

ID

Avg. % 

air Voids

%

AC

%

Sasobit®

Mixing

Temp.,

°C

Compaction 

Temp., °C

Manual 

Rut, mm

APA

Rut,

mm

Test 1 7.33 4.8 0 163 150 8.62 6.95

Test 2 7.53 4.8 2 163 150 5.38 4.71

Effects o f Sasobit® on rutting o f hot mix asphalt were further evaluated by 

another two sets o f samples, Test 3 and Test 4. This time, the air voids o f the samples 

were increased to about 10%. Tables 5-17 shows that both o f these two sets had about 

10% air voids, 4.8% asphalt content, 163 °C mixing and 150 °C compaction 

temperatures. Table 5-17 shows that APA rut depth o f HMA without Sasobit® was 9.46 

mm whereas, APA rut depth o f HMA with 2% Sasobit® was 5.27 mm. Therefore, HMA 

with higher air voids also indicated that Sasobit® increased rutting resistance o f asphalt 

mixes.

Table 5-17. Effects o f Sasobit® on rutting o f  HMA with higher air voids

Test

ID

Avg. % 

Air 

Voids

%

AC

%

Sasobit®

Mixing

Temp.,

°C

Compaction 

Temp., °C

Manual 

Rut, mm

APA

Rut,

mm

Test 3 10.41 4.8 0 163 150 12.77 9.46

Test 4 9.97 4.8 2 163 150 7.14 5.27
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Effects o f Sasobit* on rutting o f hot mix asphalt were further evaluated by 

another two sets o f samples, Test 5 and Test 6 as in Table 5-18. This time, the percent 

asphalt contents o f samples were increased to 5.3% from 4.8%. Table 5-18 shows that 

both o f these two sets had about 7.5% air voids, 5.3% asphalt content, 163 °C mixing and 

150 °C compaction temperatures. It can be observed that APA rut depth o f HMA without 

Sasobit* was 7.55 mm whereas, APA rut depth o f HMA with 2% Sasobit* was 5.73 mm. 

Therefore, HMA with higher asphalt content further indicates that Sasobit® increased 

rutting resistance o f asphalt mixes. Percent air voids and rut depth o f individual samples 

are shown in Table C-l to C-10 in Appendix C.

Table 5-18. Effects o f Sasobit® on rutting o f HMA with higher asphalt content

Test

ID

Avg. % 

Air Voids

%

AC

%

Sasobit®

Mixing

Temp.,

°C

Compaction 

Temp., °C

Manual 

Rut, mm

APA

Rut,

mm

Test 5 7.67 5.3 0 163 150 9.38 7.55

Test 6 7.97 5.3 2 163 150 6.03 5.73

5.7.2 Evaluation o f Rutting Susceptibility 
o f Sasobit® Modified WMA

One o f the objectives o f this study was to evaluate rutting susceptibility of 

Sasobit® modified WMA. In this regard, six samples were prepared with 2% Sasobit® at 

warm mix temperatures, 143 °C mixing and 110 °C compaction. Another set o f six 

samples were prepared without Sasobit® at the same warm mix temperatures, 143 °C 

mixing and 110 °C compaction. It can be seen that both o f these two sets had about 7.5% 

air voids, 4.8% asphalt content, 143 °C mixing and 110 °C compaction temperatures. The
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only difference between Test 7 and Test 8 is that one has 2% Sasobit* and the other set 

does not.

Table 5-19 shows that HMA has rut depth o f  6.95 mm and manually measured rut 

depth o f 8.62 mm while Sasobit® modified WMA has an APA rut depth o f 5.32 mm and 

manually measured rut depth o f  5.99 mm. It can be concluded here that Sasobit® 

modified WMA was not rutting susceptible rather Sasobit® increased rutting resistance.

Table 5-19. Rutting susceptibility o f Sasobit® modified WMA

Test

ID

Avg. % air 

Voids

%

AC

%

Sasobit®

Mixing 

Temp., °C

Compaction 

Temp., °C

Manual 

Rut, mm

APA

Rut,

mm

Test 1 7.33 4.8 0 163 150 8.62 6.95

Test 7 7.16 4.8 0 143 110 6.05 6.93

Test 8 7.49 4.8 2 143 110 5.99 5.32

Rutting susceptibility o f  Sasobit® modified WMA was further evaluated by 

reducing the previously used warm mix mixing temperature from 143 °C to 133 °C. Six 

samples were prepared with 2% Sasobit® at warm mix temperatures, 133 °C mixing and 

110 °C compaction. Another set o f six samples were prepared without Sasobit® at the 

same warm mix temperatures, 133 °C mixing and 110 °C compaction. It can be seen that 

both of these two sets had about 7.5% air voids, 4.8% asphalt content, 133 °C mixing and 

110 °C compaction temperatures. The only difference between Test 9 and Test 10 is that 

one had 2% Sasobit® and the other set did not. Table 5-30 shows that Sasobit® modified 

WMA prepared at 133 °C and compacted at 110 °C has lower rutting depth than hot mix 

asphalt. Two percent Sasobit® reduced the rut depth from 8.62 mm to 5.98 mm in case of 

manual measurements and from 6.95 mm to 5.45 mm in case of LVDT measurements.
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Therefore, Sasobit* modified WMA exhibited better rutting resistance than hot mix 

asphalt.

Table 5-20. Rutting susceptibility o f Sasobit^ modified WMA in case o f warm mixing 
temperature of 133 °C

Test ID

Avg. % 

Air 

Voids

%

AC

%

Sasobit*

Mixing

Temp.,

°C

Compaction 

Temp., °C

Manual 

Rut, mm

APA

Rut,

mm

Test 1 7.33 4.8 0 163 150 8.62 6.95

Test 9 7.74 4.8 2 133 110 5.98 5.45

Test 10 7.47 4.8 0 133 110 8.17 6.69

5.7.3 Development o f a Linear Multiple 
Variable Rutting Model

A linear multiple variable regression model for rut depth was developed in order 

to understand the comparative effects o f various variables used in this study. A total o f 10 

sets (Test 1 through Test 10) o f rut depths data were used to develop the linear regression 

model. The input variables were percent air voids, percent asphalt content, percent 

S aso b ir, and mixing temperature in degree celsius. Table 5-21 shows that the coefficient 

of determination between actual rut depths and predicted rut depths using this multiple 

variable linear regression model was 0.89. The linear multiple variable regression model 

obtained can be described in Equation 5.1.

Rut Depth (mm) = 0.6 * ( %AV)  + 1.21 * ( % A Q ~  1.15 * (% Sasobit®)

-0.01 * ( M T ° C ) -  1.729. 5.1

Where AV = Air Voids, AC = Asphalt content and MT = Mixing Temperature °C.
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Table 5-21. Summary output o f multiple regression model

SUM MARY OUTPUT

Regression Statistics
Multiple R 0.94
R Square 0.89
Adjusted R 
Square 0.80
Standard Error 0.64
Observations 10

ANOVA
df ss MS F Significance F

Regression 4 16.0 4.0 9.9 0.01
Residual 5 2.0 0.4
Total 9 18.0

Coefficients Standard Error t Stat P-value
Intercept -1.729 5.39 -0.32 0.761

% Air Voids 0.600 0.22 2.75 0.040
% AC 1.210 1.16 1.04 0.346
% Sasobit® -1.150 0.20 -5.71 0.002

Mixing Temp °C -0.010 0.02 -0.48 0.650

The regression model shows that an increase in percent air voids and/or an

increase in percent asphalt content will increase rut depth. An increase in percent

*"1?)Sasobit and/or an increase in mixing temperature will decrease rut depth. Table 5-22 

shows the predicted rut values using this model and actual rut values obtained from the 

APA test. Table 5-21 shows that the coefficient o f percent air voids has the estimated 

standard error o f 0.22, t-statistic o f  2.75 and p-value o f 0.04. It was statistically 

significant at significance level a  = 0.05 as p < 0.05.The coefficient o f percent Sasobit® 

has estimated standard error o f 0.2, t-statistic o f -5.71 and p-value o f 0.002. It was 

statistically significant at significance level a  = .05 as p < 0.05. The other two factors,
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percent asphalt content and mixing temperature, have p values larger than 0.05 and were 

statistically insignificant at the significance level a  = 0.05.

Table 5-22. Actual and predicted rut depths

Test ID
% Air 

Voids
% AC % Sasobit"

Actual
Mixing

APA rut,
Temp °C

mm

Predicted 

Rut by the 

Model, mm

Test 1 7.33 4.8 0 163 | 6.95 6.89

Test 2 7.53 4.8 2 163 4.71 4.71

Test 3 10.41 4.8 0 163 9.46 8.74

Test 4 9.97 4.8 2 163 5.27 6.18

Test 5 7.67 5.3 0 163 7.55 7.70

Test 6 7.97 5.3 2 163 5.73 5.58

Test 7 7.16 4.8 0 143 6.93 6.98

Test 8 7.49 4.8 2 143 5.32 4.88

Test 9 7.74 4.8 2 133 5.45 5.13

Test 10 7.47 4.8 0 133 6.69 7.27

R2= | 0.89

5.8 Evaluation o f Aging

For evaluation o f aging a DSR was used to measure stiffness, G*/sin8 before and

after aging. The following eight batches o f  extraction and recovery o f asphalt binders

were performed: two batches o f 163 °C mix with 0% Sasobit®, two batches o f 163 °C

mix with 2% Sasobit®, two batches o f 133 °C mix with 0% Sasobit® and two batches o f 

* ®133 °C mix with 2%  Sasobit . From each batch two DSR samples were tested. Extraction 

and recovery were performed using a centrifuge and a rotary evaporator according to 

ASTM D 5404 followed by ASTM D 2172 (Test Method A).



105

Table 5-23 shows the G*/sin8 values and Table 5-24 shows the aging indices. The 

details o f individual samples have been provided in Appendix D. It can be observed from 

these two tables that aging indices o f Sasobit® mixes are lower than without Sasobit® 

mixes. For 163°C mixes, the aging index of 2% Sasobit* mix is 1.1 while the aging index 

o f 0% Sasobit® mix is 1.72. Similar trend is observed for 133 °C mixes. This indicates 

that Sasobit® mixes do not age as much as without Sasobit® mixes. Another important 

observation o f this study is that the aging indices o f 163 °C mixes are higher than the 

aging indices o f 133 °C mixes. This finding justifies the concern that lowering the 

production temperatures reduces aging and increases rutting susceptibility. Also, it can be 

noticed from these tables that reduction in aging index due to reduction in mixing 

temperature is higher for Sasobit® mixes than that o f without Sasobit® mixes.

Table 5-23. G*/sin5 o f original and extracted asphalt binders

G*/sin8 in kPa of original PG 64-22

64 °C 76 °C

0% Sasobit® 2% Sasobit® 0% Sasobit® 2% Sasobit®

Average 1.46 3.84 0.36 0.97

St. dev. 0.09 0.17 0.00 0.06

G*/sinS in kPa of asphalt binders extracted from 163 °C mix

64 °C 76 °C

0% Sasobit 2%Sasobit ^ 0% Sasobit® 2%Sasobit®

Average 2.51 4.25 0.58 0.97

St. dev. 0.30 0.52 0.05 0.08
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Table 5-23 continued...

G*/sinS in kPa of asphalt binders extracted from 133 °C mix

64 °C 76 °C

0% Sasobit® 2% Sasobit*" 0% Sasobit® 2% Sasobit®

Average 2.43 2.82 0.55 0.68

St. dev. 0.12 0.11 0.02 0.04

Table 5-24. Aging indices o f extracted asphalt binders

Aging index

64 °C 76 °C

0% Sasobit® 2% Sasobit® 0% Sasobit® 2% Sasobit®

163 °C Mix 1.72 1.1 1.6 1.0

133 °C Mix 1.66 0.7 1.5 0.7

5.9 Conclusions

From the study on rutting susceptibility o f Sasobit® modified WMA an overall 

positive effect was observed. The following specific conclusions can be drawn on rutting 

susceptibility o f Sasobit® modified WMA.

1. Evaluation o f rutting factor G*/sin5 indicates that addition o f 1 %, 2% and 4%  

Sasobit® increases rutting resistance. However, evaluation o f  phase angle 

indicates that at one grading higher temperature o f  PG 76-22M, there exists an 

optimum percent o f Sasobit® between 2% and 4% above which rutting 

resistance will start decreasing. Therefore, it can be concluded that if  rut test is 

performed higher than grading temperature, an overdose o f Sasobit® will 

increase rutting susceptibility.
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2. In case o f PG 64-22, for both 64 °C and 70 °C and for both 0.1 kPa and 3.2 

kPa creep stress, an increase in percent o f  Sasobit* caused an increase in 

average percent recovery. However, 3.2 kPa Jnr measurements o f PG 64-22 

indicate that 1% and 2% Sasobit® reduced the rutting susceptibility while 4%  

Sasobit* increased the rutting susceptibility o f asphalt pavements.

3. The positive effects o f Sasobit® on rutting resistance of PG 76-22M was 

observed only at lower pavement service temperatures (70 °C and 76 °C and 

not at 82 °C). Analyses o f 0.1 kPa creep stress data revealed that 1% and 2% 

Sasobit® increased the percent recovery o f  PG 76-22M and the addition o f 4% 

Sasobit® started reducing it. This indicates that an optimum amount of 

Sasobit® was needed for increasing rutting resistance of PG 76-22M.

4. Overall conclusion from temperature sweep test and MSCR is that, addition of 

1% and 2% Sasobit® increases the rutting resistance.

5. To understand if  the increase in rutting resistance was caused by the increase 

in stiffness or by the internal molecular associations, a different set o f MSCR 

test was performed. In this approach, equal-stiffness (1 kPa o f  G*/sinS) 

temperatures o f 0%, 1 %, 2% and 4% Sasobit® added asphalt binders were 

determined based on temperature sweep test results and MSCR test was 

performed on that equal-stiffness temperature. Results indicate that at higher 

stress Sasobit will make PG 64-22 rutting susceptible and at lower stress it 

will make PG 64-22 rutting resistant. Therefore, the tme influence o f Sasobit® 

on rutting o f PG 64-22 is stress dependent.



6. MSCR test was performed at varying creep stresses, 0.1 kPa, 0.2 kPa, 0.5 kPa 

and 3.2 kPa at equal-stiffness temperature for PG 64-22. A general trend 

observed was that as the creep stress increased, the percent recovery 

decreased. It was concluded that the effect o f creep stress on percent recovery 

is logarithmic.

7. A total o f 60 samples were tested using an APA. It was found in this study 

that 2% Sasobit® reduced rutting susceptibility o f Sasobit® modified hot mix 

asphalt. This finding was verified with higher asphalt content mixes. The fact

it) •  •that Sasobit reduced rutting susceptibility o f HMA was further verified with 

higher air void mixes. Sasobit modified WMA mixed at 143 °C and 

compacted at 110 °C showed better rutting resistance than HMA. Sasobit® 

modified asphalt mixes prepared at 133 °C and 110 °C also reduced rutting 

susceptibility. A multiple variable regression rutting model using 60 samples 

were developed that predicted rutting depths with coefficient o f determination 

o f 0.89. Statistical analyses showed that Sasobit® reduced rutting resistance at 

5% level o f significance.

8. From aging evaluation o f extracted asphalt binders it can be observed that 

aging indices o f Sasobit® mixes are lower than without Sasobit® mixes. This 

indicates that Sasobit® mixes do not age as much as without Sasobit® mixes. 

Another important observation o f this study is that the aging indices o f  163 °C 

mixes are higher than the aging indices o f 133 °C mixes.
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This finding justifies the concern that lowering the production temperatures 

reduces aging and increases rutting susceptibility. Also, it was observed that 

reduction in aging index due to reduction in mixing temperature is higher for 

Sasobit* mixes than that o f without Sasobit^ mixes.



CHAPTER 6

EVALUATION OF ATOMIC FORCE MICROSCOPE 
(AFM) AS A SCREENING TOOL FOR ASPHALTIC 

MATERIALS -  AN EXPLORATORY STUDY

6.1 Introduction

Asphalt binder is identified as a complex mix o f hydrocarbons (Asphalt Institute, 

1989). It is such a ubiquitous material that it has been used since biblical times but the 

details o f its properties are still unknown (Speight, 1999). For more than three centuries, 

microscopes have been used to study materials (Baker, 1987). Yet for opacity and 

adhesive properties, asphalt binder has not been studied much. With the advent o f 

transmission electron microscopy, the asphaltenes which are the heaviest asphalt 

components have been studied by many researchers (Dykstra et al., 1944; Freund and 

Vajta, 1958; Dickie et al., 1969; Donnet et al., 1973; Peyrot, 1973).

With the help o f low light optical microscopy, now it is possible to study asphalt 

binders in its solid state without the use o f  solvents. Claudy et al. (1992) studied the bi- 

phasic nature o f asphalt binders using phase-contrast and polarized light microscopy and 

investigated birefringent region o f about 10 pm. These regions are called “Crystalline 

saturated hydrocarbons.” By confocal laser-scanning microscopy 2-7 pm dispersion in 

asphalt binders have been observed by Bearsley et al. (2004). Recently, atomic force 

microscopy has been used to study asphalt binders by many researchers.
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In 1996, Loeber et al. (1996) used AFM to study a heat-cast asphalt binder film. 

Pauli et al. (2001) observed the ‘bee-like’ appearance of asphalt binders under AFM. In 

this study, the samples were prepared by heat casting. Thus, solid state structure was 

maintained governing its rheological properties. High-resolution microscopic images 

were obtained by phase-detection microscopy (PDM). PDM is a non-contact AFM 

method (Zhong et al., 1993) and it prevents tip pollution by soft and adhesive asphalt 

binders. The image has been provided by the difference between the oscillation signal 

sent to the instrument cantilever and its actual oscillation which is affected by tip-sample 

interactions (Stark et al., 1999). Previous researches identified four different phase o f 

asphalt binder using an AFM. To this end, this study has been initiated to characterize 

asphalt binders by its phases.

6.2 Objective

The objective o f this exploratory study was to evaluate if  an atomic force 

microscope can be used for evaluation of asphaltic materials.

6.3 Asphalt Binder Sample Preparation

The asphalt binders namely, PG 64-22 and PG 76-22M were used in this study. A 

commercially available paraffin wax was added to the asphalt binder at the rate o f 1% 

(w/w). To understand the effect o f aging, a limited no. of samples were prepared by 

heating the asphalt binder samples inside a forced draft oven for three minutes.

Initially toluene was used to dissolve the asphalt binder and to prepare spin-coated 

glass plate samples. Later, it was found that bee-like microstructure can also be observed 

on asphalt binder samples prepared by heat casting (without using solvent).
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6.4 Results and Discussions 

The atomic force microscope used was a Quescent Amscope. Figure 6-1 shows an 

asphalt binder sample under AFM. The images were obtained at room temperature and 

atmospheric pressure. For each asphalt binder, topographic AFM images o f 20 pm x 20 

pm were acquired in non-contact mode at several locations on the sample surface.

Figure 6-1. Asphalt binder under atomic force microscope

Loeber et al. (1996) identified the following four phases on an asphalt binder 

surface: (a) Catana phase, (b) Peri-phase, (c) Para-phase and (d) Sal-phase. Figure 6-2 

shows topographic image and Figure 6-3 shows these four phases as identified in the 

present study. The white and black stripes in bee structure are referred to as high to low 

height as the catana or catanic phase, from the Greek “cata,” high to low, and “ana,” low 

to high.



Figure 6-2. Topographic image o f asphalt binders PG 64-22 (20pm x 20pm)

C atan a-p h ase

Figure 6-3. Phase identification

Just around the catana phase was a dark looking phase, separated here and there 

by another lighter shade phase. These phases are termed as "peri- and para-phases." 

(from the Greek "peri." around: and "para." neighboring). Also in each paraphrase there 

is a small quasi-spherieal domains termed the "sal-phase" ("sal." Latin for salt). This 

phase was dispersed in the paraphrase and was easily detectable.



114

Figure 6-4 (a), (b) and (c) show PG 64-22 with 0%. 0.5% and 1% wax 

respectively. It was interesting since wax was making the bees longer in length, higher in 

height. One o f the three minutes aged sample is shown in Figure 6-4(d). Aging samples 

were noisy and not as smooth as pure asphalt binders.

(a) PG 64-22 with 0% wax (b) PG 64-22 with 0.5% wax

(c) PG 64-22 with 1% wax (d) PG 64-22 three minutes aging

Figure 6-4. PG 64-22 samples with 0. 0.5. 1% wax and aged condition

Figure 6-5(a) and (b) show polymer modified binder images. Figure 6-5 (c) shows 

PG 76-22M sample with 1% wax while Figure 6-5(d) shows three minutes aged sample 

of PG 76-22M.



(a) PG 76-22M sam ple-1 (b) PG 76-22M Sample-2

(c) PG 76-22M with 1% Wax (d) PG 76-22M asphalt binder after 3
minutes aging

Figure 6-5. PG 76-22M with aging and 1% wax

To analyze the AFM data, scanning probe microscopic (SPM) image analysis 

software Gwyddion 2.29 was used in this study. Gwyddion 2.29 is an open source 

software and available online. Each bee area and height was obtained through the 

software. The masking tool was used in the software (as shown in Figure 6-6) to select 

each bee and then automatically calculated each bee area and height. Three neat binder 

samples and two 1% wax modified samples have been selected for the analysis. Table 6-1 

to 6-5 show details o f the SPM data analysis. Table 6-6 shows the summary o f analysis.
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(a) Image opened for analysis (b) Bee area selected for calculation

Figure 6-6. Image analysis by Gwyddion

Table 6-1. AFM data analysis for PG 64-22 +0% Wax - sample 1

Sample

Type

Surface A rea 

of each Bee 

pm 2

Average bee 

Height for 

Each bee, 

nm

Bee height 

Average, 

nm

Average bee 

Area, pm 2

%  Bee 

A rea

2.15 7.31
2.37 9.32
1.91 11.33
1.73 10.73
1.90 5.24

PG 64-22 3.30 15 10.45 2.48 7.44
2.72 10.81
2.62 11.72

3.56 9.33
1.88 7.33
1.33 13.75
1.53 13.83
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In Table 6-1 to 6-5 the average bee height o f  a bee was calculated by deducting 

the minimum height from average height in a bee area. Then the average height o f the 

bee o f each sample was calculated dividing the total height by the number o f bees. 

Average bee area was calculated by dividing total bee area by the number o f bees. The 

percent bee area was calculated from total bee area and total image area. It can be 

observed from these tables that wax increased the individual bee area, percent bee area. It 

is noticeable that wax increased the bee height significantly.

Table 6-2. AFM data analysis for PG 64-22 + 0% Wax - sample 2

Sample

Type

Surface area 

For each bee 

pm2

Average bee 

Height for 

Each bee, nm

Bee Height 

Average

Average bee 

Area, pm2

% Bee 

Area

1.85 20.3
1.61 16.21

3.4 9.72

1 82

1.77 9.13

PG 64-22 2.44 8.43 11.26 2.09 6.29
3.27 15.84

1.83 10.95
2.41 8.66
1.50 6
2.35 12.4
1.67 9.8



Table 6-3. AFM data analysis for PG 64-22 +0% Wax - sample 3

Sample

Surface

Area

Average bee 

Height for
Bee

Height

Average

Average bee % Bee

Type For each bee 

pm2

each bee, nm Area, pm2 Area

2.63 6.05
2.15 8.53
2.62 9.34

1.21 7.13
1.73 10.95
1.80 9.15

PG 64-
22

1.34 11.72
4.90 11.46 10.86 2.40 8.38

4.31 15.73
1.62 8.14
1.57 16.13
2.44 9.86

2.71 12.69
2.45 15.15

Table 6-4. AFM data analysis for PG 64-22 + 1% Wax - sample 1

Sample

Type

Surface 

Area 

For each bee 

pm2

Average Bee 

Height for 

each bee, nm

Bee

Height

Average

Average bee
2

Area, pm

% Bee 

Area

PG 64-22- 
1% Wax

1.56 8.71

27.04 3.7 6.46

3.00 17.33

2.16 20.14

4.92 30.54

5.04 55.65

4.49 21

4.64 36.1
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Table 6-5. AFM data analysis for PG 64-22 + 1% wax - sample 2

Sample

Type

Surface 

Area 

For each bee 

pm2

Average Bee 

Height for 

Each bee, 

nm

Bee

Height

Average

Average Bee 

Area, pm2

% Bee 

Area

PG 64-22- 

1% Wax

3.54 28.8

36.76 7.07 12.37

4.59 22.6

5.21 29.2

8.37 34.1

9.05 80

9.63 45.2

9.06 17.4

Table 6-6. Summary o f analysis

Sample

Type

Bee height 

Average, 

nm

Average 

Bee area, 

pm2
% Bee area

PG 64-22 10.86 2.32 7.37

PG 64-22 

1% Wax 31.9 4.95 9.42
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6.5 Conclusions

It can be concluded from this exploratory study that wax modified asphalt may be 

differentiated by its morphology using an AFM. Most importantly, the data obtained in 

an AFM can be quantified and asphalt has a unique bee-shape microstructure that can be 

used for evaluation. However, analyses o f asphalt microstructure using the AFM still 

remains tedious and a standard method o f testing is yet to be established for using it as a 

screening tool.



CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

In this study, dynamic viscosity (rj') o f  asphalt binders with and without a 

wax-based warm mix asphalt (WMA) additive, Sasobit® was measured at temperature 

ranges from 28 °C to 130 °C at six degree Celsius interval. Laboratory densities o f 

Superpave gyratory samples compacted at different temperatures, at different gyrations 

and at different asphalt contents were determined to evaluate the effect o f viscosity on 

density. Also, field densities after different compaction steps were analyzed to evaluate 

the effect o f Sasobit® on viscosity. The following specific conclusions can be drawn from 

the dynamic viscosity study:

1. An increase in percent o f Sasobit  ̂ increases the rutting factor o f PG 64-22 

thereby increasing the potential for rutting resistance. For PG 76-22M at 76 

°C, up to 2% Sasobit" increases the rutting factor G*/sin6 and addition o f  4% 

Sasobit® starts reducing it. Firstly, this suggests that rate o f Sasobit® must be 

optimized before its use. Secondly, this effect can be justified by the fact that 

the Sasobit® is an asphalt flow improver and it reduces viscosity at production 

temperatures. Addition o f excess Sasobit® may reduce stiffness properties. In 

this regard, rate effect can be explained by temperature effect. And it can be 

observed that changes o f PG 64-22 is similar to PG 76-22M at 76 °C with the 

addition of Sasobit®.
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1 2 2

2. Sasobit8" reduces viscosity at higher compaction temperatures but it increases 

viscosity at lower compaction temperatures. There exists a critical temperature 

for each asphalt binder below which viscosity will increase with addition o f 

Sasobit®. Therefore, compaction below the critical temperature can negatively 

impact density. For PG 64-22, the critical temperature is 104 °C and for PG 

76-22M, the critical temperature is about 101 °C.

3. The gyratory compacted samples exhibit that Sasobit® added samples have 

higher densities than without Sasobit* samples at higher compaction 

temperature whereas, Sasobit® added samples have lower densities than 

without Sasobit® samples at lower compaction temperature.

4. Sasobit® indeed reduced the viscosity o f binder as well as the mix at higher 

compaction temperature as can be seen from the density directly behind the 

screed. Sasobit® mix as monitored in this study has 3.5% more density than 

the PG 76-22M mix without Sasobit®. As the compaction continues, the mixes 

cool down and the beneficial effects o f Sasobit® cannot be seen anymore. By 

the time the finisher roller completes, both mixes produce similar densities, 

93.3% and 93.0% respectively for Sasobit® and PG 76-22M mixes. This 

strongly justifies the findings o f this study that the beneficial effect o f 

Sasobit in viscosity reduction can only be obtained at higher compaction 

temperatures.
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For effect o f shear rate on steady state viscosity, three temperatures, namely 

64 °C, 100 °C and 124 °C for PG 64-22 and three temperatures, 76 °C, 100 °C and 124 

°C were used for PG 76-22M. Shear rates were used in the range between 0.0025 s’1 to 

250 s’1. The following specific conclusions can be obtained from steady state viscosity at 

different temperatures at different shear rates:

1. PG 64-22 is a Newtonian fluid at 124 °C, 100 °C and at 64 °C it is Newtonian 

up to shear rate 10 s’1. Polymer-modified asphalt binders, such as PG 76-22M 

used in this study, exhibit shear-thinning behavior even at asphalt mix 

compaction temperatures, such as 124 °C where unknown shear rates are 

utilized and shear rate dependency is o f practical interests. Similar trends are 

observed at 100 °C and at 76 °C except that the shear rate dependency 

increases with reduced temperatures.

2. With the addition o f Sasobit®, PG 64-22 at 64 °C becomes a shear-thinning 

liquid. The shear rate dependency increases with an increase in percent o f 

Sasobit®. Similar effects of Sasobit® are observed at 100 °C in reduced level 

and shear rate dependency with the addition of Sasobit® is almost negligible at 

124 °C. The shear rate dependency in general reduces with an increase in 

temperatures. Also, the rate o f change o f viscosity is higher at higher shear 

rates and lower at lower shear rates. For PG 76-22M, the shear rate 

dependency increases with an increase in percent o f Sasobit® at all the three 

temperatures. This indicates if  the actual shear rate during the compaction 

process is higher than 6.8 s’1, then the currently recommended viscosity as 

well as temperature is overestimated and compaction temperature can be
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reduced. On the other hand, if  the actual shear rate during the compaction 

process is lower than 6.8 s '1, then the currently recommended viscosity as well 

as temperature is underestimated and a higher compaction temperature should 

be used.

3. The coefficient o f determination, R2 values for simplified CROSS model fit 

show that both the binders with and without Sasobit® fit the model very well 

with coefficient o f determination varying between 0.8627 and 0.9369 for PG 

64-22 and between 0.8804 and 0.9712 for PG 76-22M.

4. The zero shear viscosity were determined at 64 °C for PG 64-22 and at 76 °C 

for PG 76-22M. The correlation between zero shear viscosity and G*/sin5 is 

better in case o f PG 64-22 binders. For both the binders, the correlation is 

better between zero shear viscosity and G*/sin8 at 34 °C.

At all the temperatures used in this study, dynamic viscosity is higher than steady 

state viscosity. Overall, on the comparison between steady state and dynamic viscosity, it 

can be concluded that the viscosity from the two methods are better comparable at higher 

temperature, such as 124 °C and because the influence o f Sasobit® reaches a turning point 

at around 100 °C, the coefficient o f  determination values are below 0.95 except in one 

case. From the study on rutting susceptibility o f Sasobit® modified WMA an overall 

positive effect was observed. The following specific conclusions can be drawn on rutting 

susceptibility o f Sasobit® modified WMA.

1. Evaluation o f rutting factor G*/sin8 indicates that addition o f 1 %, 2% and 4%

* ®  •Sasobit increases rutting resistance. However, evaluation o f phase angle 

indicates that at one grading higher temperature o f  PG 76-22M, there exists an
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optimum percent o f SasobitR between 2% and 4% above which rutting 

resistance will start decreasing. Therefore, it can be concluded that if  rut test is 

performed higher than grading temperature, an overdose o f Sasobit8' will 

increase rutting susceptibility.

2. In case o f PG 64-22, for both 64 °C and 70 °C and for both 0.1 kPa and 3.2 

kPa creep stress, an increase in percent o f  Sasobit* caused an increase in 

average percent recovery. However, 3.2 kPa Jnr measurements o f  PG 64-22 

indicate that 1% and 2% Sasobit®'reduced the rutting susceptibility while 4% 

Sasobit* increased the rutting susceptibility o f asphalt pavements.

3. The positive effects o f Sasobit on rutting resistance of PG 76-22M was 

observed only at lower pavement service temperatures (70 °C and 76 °C and 

not at 82 °C). Analyses o f 0.1 kPa creep stress data revealed that 1 % and 2% 

Sasobit® increased the percent recovery o f PG 76-22M and the addition o f 4% 

Sasobit® started reducing it. This indicates that an optimum amount o f 

Sasobit® was needed for increasing rutting resistance of PG 76-22M.

4. Overall conclusion from temperature sweep test and MSCR is that, addition of 

1% and 2% Sasobit® increases the rutting resistance.

5. To understand if the increase in rutting resistance was caused by the increase 

in stiffness or by the internal molecular associations, a different set o f MSCR 

test was performed. In this approach, equal-stiffness (1 kPa o f G*/sin5) 

temperatures o f 0%, 1 %, 2% and 4% Sasobit® added asphalt binders were 

determined based on temperature sweep test results and MSCR test was 

performed on that equal-stiffness temperature. Results indicate that at higher
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stress Sasobit® will make PG 64-22 rutting susceptible and at lower stress it 

will make PG 64-22 rutting resistant. Therefore, the true influence o f Sasobit4 

on rutting of PG 64-22 is stress dependent.

6. MSCR test was performed at varying creep stresses, 0.1 kPa, 0.2 kPa, 0.5 kPa 

and 3.2 kPa at equal-stiffness temperature for PG 64-22. A general trend 

observed was that as the creep stress increased, the percent recovery 

decreased. It was concluded that the effect o f creep stress on percent recovery 

is logarithmic.

7. A total o f 60 samples were tested using an APA. It was found in this study 

that 2% Sasobit® reduced rutting susceptibility o f  Sasobit® modified hot mix 

asphalt. This finding was verified with higher asphalt content mixes. The fact 

that Sasobit® reduced rutting susceptibility of HMA was further verified with 

higher air void mixes. Sasobit® modified WMA mixed at 143 °C and 

compacted at 110 °C showed better rutting resistance than HMA. Sasobit® 

modified asphalt mixes prepared at 133 °C and 110 °C also reduced rutting 

susceptibility. A multiple variable regression rutting model using 60 samples 

were developed that predicted rutting depths with coefficient o f determination 

o f 0.89. Statistical analyses showed that Sasobit® reduced rutting resistance at 

5% level o f significance.

8. From aging evaluation o f extracted asphalt binders it can be observed that 

aging indices o f Sasobit® mixes are lower than without Sasobit® mixes. This 

indicates that Sasobit® mixes do not age as much as without Sasobit® mixes. 

Another important observation o f this study is that the aging indices o f 163 °C
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mixes are higher than the aging indices o f 133 °C mixes. This finding justifies 

the concern that lowering the production temperatures reduces aging and 

increases rutting susceptibility. Also, it was observed that reduction in aging 

index due to reduction in mixing temperature is higher for Sasobit'' mixes 

than that of without Sasobit® mixes.

From an exploratory study it can be concluded that wax modified asphalt binders 

may be differentiated by its morphology using an AFM. Most importantly, the data 

obtained in an AFM can be quantified and asphalt has a unique bee-shape microstructure 

that can be used for evaluation. However, analyses o f  asphalt microstructure using the 

AFM still remains tedious and a standard method o f testing is yet to be established for 

using it as a screening tool.

The following general conclusions and recommendations can be drawn from this

study.

1. There exists a critical temperature for each asphalt binder below which 

viscosity will increase with addition o f Sasobit®. Therefore, compaction 

below the critical temperature can negatively impact density. For PG 64-22, 

the critical temperature is 104 °C and for PG 76-22M, the critical temperature 

is about 101 °C.

2. With the addition of Sasobit®, asphalt binders become a shear-thinning liquid 

even at compaction temperature ranges. The shear rate dependency increases 

with an increase in percent o f Sasobit®. This indicates if  the actual shear rate 

during the compaction process is higher than 6.8 s’1, then the currently 

recommended viscosity as well as temperature is overestimated and
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compaction temperature can be reduced. On the other hand, if  the actual shear 

rate during the compaction process is lower than 6.8 s '1, then the currently 

recommended viscosity as well as temperature is underestimated and a higher 

compaction temperature should be used.

3. An optimum amount o f Sasobit* exists between 2% and 4% based on phase 

angle and non-recoverable creep compliance analyses o f PG 64-22 and based 

on percent recovery o f PG 76-22M. Currently used rutting factor G*/sin6 fails 

to indicate any optimum amount. Phase angle values suggest if  rutting is 

performed at one grading higher temperature, an overdose o f Sasobit® will 

increase rutting potential. Addition of Sasobit® increases rutting resistance at 

lower stress while it increases rutting potential at higher stress. APA rut 

depths indicate that Sasobit® mixes prepared at WMA temperatures performed 

better than HMA without Sasobit®. From aging evaluation o f extracted asphalt 

binders it was revealed that reduced production temperatures reduces aging 

and may increase rutting susceptibility.

4. From very limited data it can be concluded that wax modified asphalt binders 

may be differentiated by its morphology using an AFM.
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Asphalt binders are visco-elastic. They behave partly like an elastic solid 

(deformation due to loading is recoverable -  it is able to return to its original shape after a 

load is removed) and partly like a viscous liquid (deformation due to loading is non- 

recoverable -  it cannot return to its original shape after a load is removed) (Pavement 

Interactive, 2012).

Currently, rotational viscometer has been in use for the measurement o f viscosity. 

The viscosity o f asphalt binder at high temperatures is important because it can control 

pumpability, mixability and workability. The basic rotational viscometer test measures 

the torque required to maintain a constant rotational speed (20 rpm) o f a cylindrical 

spindle submerged in an asphalt binder at a constant temperature (typically 275 °F (135 

°C). This torque is converted to a dynamic viscosity and automatically displayed by the 

Rotational viscometer. Viscosity is calculated by the following equations (Pavement 

Interactive, 2012):

r
*7 = - ,  

Y
eqn - 1

T eqn - 2
T  ~ -----------------2nR;L

2 o)R2cR2x eqn - 3

where

r) = Viscosity (Pa s), 

t = Shear Stress (N/cm2),
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y = Shear Rate (sec'1),

T = Torque (in N m),

L = Effective spindle length (m),

Rs = Spindle Radius (m),

Rc = Container Radius (m),

to = Rotational Speed (radians/second),

x = radial location where shear rate is being calculated (m).

However, the field compaction temperature may go down to as low as 80 °C which is 

far below the practical range o f a rotational viscometer to be used. In the present study, a 

DSR has been used to find asphalt binder viscosity at compaction temperatures.

The DSR measures a specimen’s complex shear modulus (G*) and phase angle (5). 

The G* means the sample’s total resistance to deformation when repeatedly sheared, 

while 8, is the lag between the applied shear stress and the resulting shear strain (As 

shown in Figure A -l and A-2)

The larger the 8, the more viscous the material. 8 limiting values are:

• Purely elastic material: 8 = 0°

• Purely viscous material: 8 = 90°



140

Tna\

+

A pplied  
Shear Stress +■ Time

+
Ymax

R esulting  
Shear Strain *• Time

Figure A -l. DSR applied shearing stress and strain

The specified DSR oscillation rate o f 10 radians/second (1.59 Hz) is meant to 

simulate traffic speed o f about 55 mph (90 km/hr) shearing action. G* and 8 are used as 

predictors o f HMA rutting and fatigue cracking. Early in pavement life rutting is the main 

concern, while later in pavement life fatigue cracking becomes the major concern 

(Pavement Interactive, 2012).
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Figure A-2. Complex modulus elaboration

Dynamic viscosity as defined in Equation 4 has been used in this study to 

characterize lower compaction temperature characteristics o f  asphalt binder.

where

G" = Elastic Modulus, Pa; co = Angular velocity, radian/sec.



Table A -l. PG 64-22 with 0% Sasobit® sample 1

Tem perature
°C

A ngular frequency 

(rad/sec)
%  Strain Delta, degrees

tT

Pas

G*/sin6

kPa
28 66.63 60100 713.3
34 71.25 21830 243.5
40 74.31 9020 97.32
46 77.29 3664 38.51
52 80.16 1508 15.53
58 82.64 646.2 6.569
64 84.63 291.8 2.943
70 86.26 137.8 1.384
76

10 12
87.54 68.44 0.6856

82 88.46 36.03 0.3605
88 89.03 20.21 0.2021
94 89.17 11.9 0.119
100 89.09 7.323 0.07325
106 89.15 4.684 0.04685
112 88.69 3.108 0.0311
118 88 2.151 0.02153
124 87.83 1.528 0.0153
130 87.1 1.11 0.01113



Table A-2. PG 64-22 with 0% Sasobit® sample 2

Tem perature
°C

A ngular frequency 

(rad/sec)
% Strain Delta, degrees

rT
Pas

G*/sin8

kPa
28 66.12 58270 696.8
34 70.97 22090 247.2
40 74.08 9211 99.61
46 77.07 3781 39.8
52 79.95 1569 16.19
58 82.46 674.7 6.865
64 84.49 307 3.099
70 86.11 147.1 1.478
76

10 12 87.39 73.37 0.7352
82 88.34 38.94 0.3897
88 88.94 21.81 0.2182
94 88.96 12.85 0.1286
100 88.88 7.934 0.07937
106 88.72 5.114 0.05117
112 88.22 3.41 0.03413
118 87.86 2.383 0.02386
124 86.35 1.707 0.01714
130 86.13 1.262 0.01268



Table A-3. PG 64-22 with 1% Sasobit® sample 1

Tem perature
°C

A ngular frequency 

(rad/sec) %  Strain Delta, degrees
rT

Pa s

G*/sin8

kPa
28 63.98 67050 830.4
34 70.10 23230 262.9
40 73.12 9434 103
46 75.86 3943 41.92
52 78.43 1700 17.71
58 80.65 777.3 7.984
64 82.23 385.2 3.922
70 83.89 191.2 1.934
76

10 12 84,88 97.12 0.9789
82 85.72 49.94 0.5021
88 86.11 25.9 0.2603
94 85.69 14.05 0.1412
100 85.19 7.597 0.07651
106 83.59 4.263 0.04317
112 80.70 2.891 0.0297
118 81.88 2.344 0.02391
124 71.83 1.468 0.01625
130 65.18 1.07 0.01299



Table A-4. PG 64-22 with 1% Sasobit® sample 2

Tem perature
°C

A ngular frequency 

(rad/sec)
%  Strain Delta, degrees

T|'

Pa s

G*/sin8

kPa

28 63.22 67130 842.2
34 69.39 23280 265.6
40 72.48 9609 105.6
46 75.24 4053 43.34
52 77.97 1743 18.22
58 80.35 790 8.129
64 82.18 390.7 3.98
70 83.73 198.5 2.009
76 10 12 84.93 101.5 1.023
82 85.84 52.74 0.5302
88 86.54 27.28 0.2738
94 86.34 14.63 0.1469
100 85.65 7.932 0.07978
106 83.83 4.443 0.04495
112 80.86 2.994 0.03072
118 76.96 2.1 0.02212
124 71.84 1.541 0.01707
130 66.38 1.092 0.01301



Table A-5. PG 64-22 with 2% Sasobit® sample 1

Tem perature
°C

A ngular frequency 

(rad/sec)
%  Strain Delta, degrees

11' 

Pa s

G*/sin6

kPa

28 57.27 1.61E+05 2274
34 68.68 58080 669.4
40 71.52 15870 176.5
46 73.43 7128 77.58
52 75.57 3211 34.23
58 77.57 1465 15.35
64 79.83 660.1 6.814
70 81.81 307.1 3.135
76

10 12 83.48 152.7 1.547
82 84.72 79.51 0.8019
88 85.51 42.07 0.4233
94 86.12 21.76 0.2187
100 86.51 10.77 0.1081
106 88.77 4.349 0.04351
112 90.00 2.494 0.02495
118 90.00 1.736 0.01737
124 87.71 1.249 0.0125
130 87.63 0.9307 9.32E-03



Table A-6. PG 64-22 with 2% Sasobit^ sample 2

Temperature
°C

Angular frequency 

(rad/sec)
% Strain Delta, degrees tT

Pa s

G*/sin8

kPa
28 58.78 1.74E+05 2379
34 68.32 47460 549.6
40 71.36 19430 216.5
46 73.48 8469 92.14
52 75.67 3648 38.86
58 77.82 1564 16.37
64 80.05 678.2 6.991
70 81.96 313.2 3.194
76

10 12 83.52 156 1.58
82 84.75 81.35 0.8203
88 85.55 42.71 0.4296
94 85.95 21.8 0.2191
100 86.36 10.77 0.1081
106 88.11 4.365 0.0437
112 88.27 2.58 0.02582
118 88.13 1.806 0.01808
124 87.01 1.317 0.01321
130 87.22 0.9774 9.80E-03



Table A-7. PG 64-22 with 4% Sasobit® sample 1

Temperature
°C

Angular frequency 

(rad/sec)

% Strain Delta, degrees Tl'

Pa s

G*/sin5

kPa

28 56.76 1.49E+05 2131
34 69.06 39660 454.6
40 72.07 15530 171.5
46 73.49 6719 73.09
52 74.7 2950 31.7
58 76.03 1297 13.77
64 77.97 570.6 5.965
70 79.78 265.1 2.737
76 10 12

81.12 133.1 1.363
82 81.9 71.84 0.733
88 81.96 39.7 0.4049
94 81.82 20.66 0.2108
100 81.74 9.415 0.09614
106 84.96 3.245 0.0327
112 87.61 1.606 0.01609
118 86.81 1.165 0.01168
124 86.15 0.8813 8.85E-03
130 84.68 0.6719 6.78E-03

00



Table A-8. PG 64-22 with 4% Sasobit® sample 2

Tem perature
°C

A ngular frequency 

(rad/sec) %  Strain Delta, degrees tT

Pa s

G*/sin8

kPa
28 58.78 1.63E+05 2228
34 70.08 42810 484.3
40 72.68 16860 185
46 74.25 7261 78.38
52 75.74 3152 33.55
58 77.35 1375 14.44
64 79.37 602.8 6.24
70 81.33 276.2 2.827
76

10 12 82.85 134.1 1.362
82 83.82 71.26 0.721
88 84.22 39.4 0.398
94 84.1 21.06 0.2129
100 83.87 10.26 0.1038
106 84.08 3.805 0.03846
112 82.75 1.962 0.01994
118 85.71 1.596 0.01605
124 84.8 1.037 0.01045
130 84.74 0.7597 7.66E-03



Table A-9. PG 76-22M with 0% Sasobit® sample 1

Tem perature
°C

A ngular frequency 

(rad/sec)
% Strain Delta, degrees

Tlf 

Pa s

G*/sin5

kPa
28 61.37 52490 681.4
34 64.64 19420 237.7
40 65.43 8864 107.2
46 65.59 4286 51.68
52 65.74 2185 26.28
58 66.08 1168 13.97
64 66.78 644.6 7.631
70 67.93 364.3 4.243
76 10 12 69.48 214.3 2.443
82 71.38 126.9 1.413
88 73.75 77.26 0.8382
94 76.23 47.58 0.5044
100 78.58 30.08 0.313
106 80.94 19.54 0.2004
112 82.86 12.71 0.1291
118 84.61 8.295 0.08367
124 85.48 5.758 0.05793
130 87.10 3.892 0.03903



Table A-10. PG 76-22M with 0% Sasobit® sample 2

Tem perature
°C

A ngular frequency 

(rad/sec) %  Strain Delta, degrees
T|'

Pa s

G*/sin8

kPa

28 61.37 52490 681.4
34 64.64 19420 237.7
40 65.43 8864 107.2
46 65.59 4286 51.68
52 65.74 2185 26.28
58 66.08 1168 13.97
64 66.78 644.6 7.631
70 67.93 364.3 4.243
76

10 12 69.48 214.3 2.443
82 71.38 126.9 1.413
88 73.75 77.26 0.8382
94 76.23 47.58 0.5044
100 78.58 30.08 0.313
106 80.94 19.54 0.2004
112 82.86 12.71 0.1291
118 84.61 8.295 0.08367
124 85.48 5.758 0.05793
130 87.10 3.892 0.03903



Table A - ll .  PG 76-22M with 1% Sasobit® sample 1

Tem perature
°C

A ngular frequency 

(rad/sec)
%  Strain Delta, degrees

tT

Pa s

G*/sin8

kPa
28 57.42 70040 986.5
34 62.62 25190 319.4
40 63.7 11520 143.4
46 63.9 5634 69.87
52 64.05 2861 35.39
58 64.4 1478 18.17
64 65.23 766.2 9.294
70 66.36 426.3 5.08
76 1 n 1 1 67.86 251 2.926
82 1U 1 z

69.8 147.7 1.677
88 72.05 86.96 0.9609
94 74.52 50.39 0.5426
100 77.11 28.94 0.3046
106 80.1 16.59 0.171
112 82.33 10.75 0.1095
118 84.08 7.186 0.07263
124 85.41 4.909 0.04941
130 86.26 3.434 0.03449



Table A-12. PG 76-22M with 1% Sasobit® sample 2

Tem perature

°C

A ngular frequency 

(rad/sec)
%  Strain Delta, degrees

Tl' 

Pa s

G*/sin8

kPa
28 57.32 84840 1198
34 62.68 27270 345.5
40 63.81 12060 149.8
46 63.98 5837 72.28
52 64.12 2944 36.37
58 64.46 1546 18.98
64 65.23 825.5 10.01
70 66.34 467.7 5.575
76

10 12 67.86 275 3.205
82 69.81 160.1 1.817
88 72.09 93.05 1.028
94 74.59 53.94 0.5804
100 77.17 31.63 0.3327
106 80.14 18.35 0.1891
112 82.42 11.94 0.1215
118 84.25 7.961 0.08042
124 85.69 5.438 0.05469
130 86.6 3.792 0.03806



Table A-13. PG 76-22M with 2% Sasobit® sample 1

Tem perature

°C

A ngular frequency 

(rad/sec)
%  Strain Delta, degrees

tT

Pa s

G*/sin8

kPa
28 55.48 1.13E+05 1664
34 63.29 42760 535.8
40 63.91 12900 159.9
46 63.66 6402 79.71
52 63.68 3298 41.05
58 63.98 1748 21.65
64 64.82 925.7 11.3
70 66.17 505.6 6.042
76

10 12 67.65 302.1 3.532
82 69.53 177.5 2.022
88 71.71 103.9 1.153
94 74.16 59.27 0.6404
100 76.85 32.07 0.3382
106 79.8 17.11 0.1767
112 82.41 10.57 0.1075
118 84.25 7.087 0.07159
124 85.68 4.853 0.04881
130 86.58 3.426 0.03438



Table A-14. PG 76-22M with 2% Sasobit® sample 2

Tem perature
°C

Angular frequency 

(rad/sec) %  Strain Delta, degrees tT

Pa s

G*/sin8

kPa
28 55.69 1.41E+05 2068
34 63.08 37450 471
40 64.18 15920 196.5
46 64.02 7788 96.37
52 63.93 3956 49.03
58 64.18 2038 25.15
64 65.04 1024 12.46
70 66.64 503.7 5.978
76

10 12
68.5 272.4 3.146

82 70.45 158.4 1.784
88 72.5 93.86 1.032
94 74.71 54.93 0.5903
100 77.05 30.42 0.3203
106 80.06 14.33 0.1477
112 82.97 8.412 0.08541
118 84.54 5.685 0.05737
124 85.68 3.908 0.0393
130 86.4 2.761 0.02772



Table A-15. PG 76-22M with 4% Sasobit® sample 1

Temperature

°C

Angular frequency 

(rad/sec)
% Strain Delta, degrees tT

Pa s

G*/sin8

kPa
28 53.48 1.34E+05 2073
34 62.83 37710 476.5
40 64.04 16250 201
46 63.94 7975 98.82
52 63.88 4073 50.53
58 64.15 2100 25.93
64 65.03 1046 12.73
70 66.68 509.7 6.045
76

10 12 68.58 274.9 3.172
82 70.57 159.6 1.794
88 72.67 94.26 1.034
94 74.87 55.4 0.5945
100 77.16 30.8 0.324
106 80.11 14.7 0.1514
112 82.95 8.612 0.08744
118 84.54 5.838 0.05891
124 85.68 4.039 0.04062
130 86.31 2.862 0.02874



Table A-16. PG 76-22M with 4% Sasobit® sample 2

T em perature
°C

A ngular frequency 

(rad/sec)
%  Strain Delta, degrees

Tl' 

Pa s

G*/sin8

kPa
28 55.69 1.41E+05 2068
34 63.08 37450 471
40 64.18 15920 196.5
46 64.02 7788 96.37
52 63.93 3956 49.03
58 64.18 2038 25.15
64 65.04 1024 12.46
70 66.64 503.7 5.978
76

10 12 68.5 272.4 3.146
82 70.45 158.4 1.784
88 72.5 93.86 1.032
94 74.71 54.93 0.5903
100 77.05 30.42 0.3203
106 80.06 14.33 0.1477
112 82.97 8.412 0.08541
118 84.54 5.685 0.05737
124 85.68 3.908 0.0393
130 86.4 2.761 0.02772



Table A-17. Sample density data 1

0 % Sasobit®, 85 °C, 

4.8% AC, 120 Gyrations

Dry weight 

gm

Weight in water 

gm
SSD wt Gmb

Sample 1 4595.7 2621.5 4606.4 2.32
Sample 2 4598.1 2626 4607.1 2.32
Sample 3 4599.8 2615.8 4613.1 2.30

2% Sasobit®, 85 °C, 

4.8% AC, 120 Gyrations

Sample 1 4604 2618.9 4612.4 2.31
Sample 2 4602.8 2618.4 4614.7 2.31
Sample 3 4606.9 2616.3 4619.4 2.30
Sample 4 4616.6 2628 4624 2.31

0% Sasobit^, 120 °C, 

4.8% AC, 120 Gyrations

Sample 1 4553.6 2601.5 4559.5 2.33
Sample 2 4599.1 2629 4610 2.32
Sample 3 4601.7 2631.8 4612.5 2.32

2% Sasobit®, 120 °C, 

4.8% AC, 120 Gyrations

Sample 1 4604.7 2635 4612.4 2.33
Sample 2 4609.8 2633 4619.7 2.32
Sample 3 4514.9 2588 4526.6 2.33



Table A-18. Sample density data 2

0 % Sasobit " , 85 °C, 

5% AC, 75 Gyrations

Dry weight 

gm

Weight in water 

gm

SSDwt Gnib

Sample 1 4615 2623.6 4624 2.31
Sample 2 4616.5 2621.4 4625 2.30
Sample 3 4611.4 2623.3 4620.8 2.31

2% Sasobit®, 85 °C, 

5% AC, 75 Gyrations

Sample 1 4611.3 2614.4 4622.8 2.29
Sample 2 4606.2 2623.9 4616.3 2.31
Sample 3 4610.6 2614.2 4620.5 2.29

0% Sasobit®, 120 °C, 

5% AC, 75 Gyrations

Sample 1 4610.9 2631 4617.1 2.32
Sample 2 4604.2 2621.2 4609.6 2.31
Sample 3 4606.7 2630.2 4617 2.32

2% Sasobit®, 120 °C, 

5% AC, 75 Gyrations

Sample 1 4605.5 2640.2 4614.4 2.33
Sample 2 4603.6 2631.3 4613 2.32
Sample 3 4609 2636.5 4616.3 2.33
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P rj. N o. M ix T y p e  0 5 inch NMS P r o je c t Superpave Mix Design
P r o d u c e r  Amethyst. Ruston, LA H ig h w a y  Homer S treet. Ruston E S A L s  0  3  - 3  M
P la n t  T y p e  Drum Mixer P la n t  C o d e H529

M a te r i a ls  T v p e M a te r i a l s  S o u r c e .  C o d e %  U S E D
C rushed Gravel - C oarse STANDARD, AA97 12
Crushed Gravel - Small STANDARD. AA97 5 3

C oarse Sand BIDENHARN. A505 18
Fine Sand RICHARD'S 17

Perm a Tac 99 LION OIL. 41BF 0 .8
PG 64-22 AKZO NOBEL, 5753 4 .8

S ie v e C o a r s e S m a ll C o a r s e F in e C o m b .
S iz e G ra v e l G r a v e l S a n d S a n d AffiBL J M F  T o l e r a n c e  ( E x t r a c t e d )

19 m m 100 1 0 0 100 100 1 0 0 .0 (± 4 )
12 5  m m 54 9 9 .1 2 100 100 9 4  0 (+ 4 )
9  5 m m 2 6 6 8 3  5 9 100 100 7 9 6 (± 4 )
4 .7 5  m m 0 4 4 .0 2 100 100 5 8 .3 (± 4 )
2  3 6  m m 0 21 9 1 .9 100 4 4 .7 (± 3 )
0  6  m m 0 12 5 5  3 9 9 4 3 3 2 (± 2 )

0 .1 5  m m 0 3.1 5 4 0 4 9 4 (± 2 )
0 .0 7 5  mm 0.1 2  3 2 .4 2 8 6 .4 (+ 0 .7 )

Asphalt Binder (Extracted) (±0.2)

T e s t s  o n  A s p h a l t  C e m e n t F o u n d T e s t s  o n  A a a r e o a t e s R e g .
Specific Gravity 1 0 3 Fine Agg Angularity, % 4 6 min. 4 5

C oarse  Agg Angularity, % 100 min. 9 5
Flat or E longated Particles <1 M ax. 10

T e s t s  o n  C o m p r e s s e d  M ix tu r e s  ( ®  D e s ig n  A C ) G se 2 ,6 0 0
D e n s i ty D e n s i ty Gsb 2 .5 5 4

#  G v r. R e g . Specim en W eight 4 6 0 0  gm
Nmi 7 8 8 .8 9 0 %  m ax .
Ndes 7 5 9 5 .8 9 6 .5 + 1 % T e n s i l e  S t r e n g t h  R a t io
N m ax 115 9 6 .4 9 8 %  m a x Tensile Strength, Control, psi > 1 4 5

Tensile Strength Ratio (TSR), % > 1 0 0 %

T e s t s  o n  C o m p r e s s e d  M ix tu re s
D e n s .  %  D e n s i ty VM A % %  V F A D u s t D P

%  AC G m b 6 m m o f  G m m R e g . VM A M in  R e a  V FA R e g . Prop., R e g .
4  2 0 2 .3 2 6 2 .4 4 4 9 5 2 1 2 .8 6 2 2 1.8
4  4 0 2  3 1 7 2  4 3 7 95 .1  9 6 5 + 1 % 13 3 13  6 3 .0 6 8 -7 8 1 7 0 .6  - 1 6
4 .8 0 2 .321 2 .4 2 3 9 5 .8 13 .5 6 9 .1 1 .5 5 7 9 7
5 3 2  3 4 4 2 4 0 6 9 7 .4 13.1 8 0 .9 1 4

M ix L a y e r  D e p th 2 in binder course

MEETS SPECIFICATION REQUIREMENTS
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Table C-l. APA mt samples and rut depths of test 1

Sample ID
%, Air 

Void % AC % Sasobit®
Mixing 

Temp. °C.

Compaction 

Temp. °C

Manual 

Rut, mm Wheel

Avg. 

Manual 

Rut, mm

APA

Rut,

mm

Test 1-a 7.37

4.8 0 163 150

6.13
6.85 Left 7.02 *

Testl-b 7.37
7.61
7.47

Test 1-c 7.52
8

8.01
Middle 7.88 6.18

Test 1-d 7.18 7.70
7.83

Test 1-e 7.58 9.10
10.46

Right 9.35 7.73
Test 1-f 7.03 9.17

8.67

OS



Table C-2. APA rut samples and rut depths of test 2

Sam ple ID
%, Air 

Void

%

AC
% Sasobit®

M ixing Temp.

°C.

Compaction

Temp.°C

M anual Rut, 

mm W heel
Avg. M anual 

Rut, mm

APA Rut, 

m m

Test 2-a 7.94 5.52

4.64 Left 4.64 *

Test 2-b 7.43 4.34
4.08

Test 2-c 7.28 5.80

4.8 2 163 150 5.44 Middle 5.44 4.80
Test 2-d 7.53 5.12

5.38

Test 2-e 7.58 6.34

6.10 Right 5.31 4.62
4.61Test 2-f 7.398
4.19



Table C-3. APA rut samples and rut depths of test 3

Sample ID
% , A ir 

Void

%

AC %  Sasobit®
Mixing 

Temp. °C.

Compaction 

Temp. °C

M anual 

Rut, mm Wheel

Avg. 

M anual 

Rut, mm

APA

Rut,

mm

Test 3-a 9.96

4.8 0 163 150

9.71
9.11 Left 9.96

Test 3-b 10.55 10.98
10.04

Test 3-c 10.72 11.05
11.15 Middle 12.93 9.42

Test 3-d 10.5 15.50
14

Test 3-e 10.29 10.27
11.23

Right 12.61 9.50
Test 3-f 10.43 16

12.95

Os
C/1



Table C-4. APA rut samples and rut depths of test 4

Sample ID
% , Air 

Void

%

AC %  Sasobit®
Mixing 

Temp. °C.

Compaction 

Temp. °C

M anual 

Rut, mm Wheel

Avg. 

M anual 

Rut, mm

APA

Rut,

mm

Test 4-a 9.36

4.8 2 163 150

4.41
4.26

Left 7.58
Test 4-b 11.18

11.20
10.48

Test 4-c 9.57 6.45
6.68 Middle 6.76 5.11

Test 4-d 9.57 6.73
7.18

Test 4-e 10.02
7.54
7.64

Right 7.52 5.43
Test 4-f 10.09 7.51

7.39

ON



Table C-5. APA rut samples and rut depths of test 5

Sample ID
%, Air 

Void
%

AC % Sasobit®
Mixing 

Temp. °C.

Compaction  

Temp. °C

Manual 

Rut, mm W heel

Avg. 

Manual 

Rut, mm

APA Rut, 

mm

Test 5-a 7.55

5.3 0 163 150

5.74
6.82

Left 6.94
Test 5-b 8.31 7.74

7.45

Test 5-c 7.70 10.24
10.39 Middle 10.03 8.07

Test 5-d 7.70 9.48
10

Test 5-e 7.18 10.12

9.56 Right 8.73 7.04
Test 5-f 7.58 7.71

7.52



Table C-6. APA rut samples and rut depths o f test 6

Sample ID
%, Air 

Void % AC % Sasobit®
Mixing 

Temp. °C.

Compaction 

Temp. °C

Manual 

Rut, mm Wheel

Avg. 

Manual 

Rut, mm

APA

Rut,

mm

Test 6-a 8.16

5.3 2% 163 150

7.56
6.88 Left 7.36

Test 6-b 9.24 6.85
8.15

Test 6-c 8.07 7.22
6.53

Middle 6.66 6.11
Test 6-d 7.46 6.19

6.68

Test 6-e 7.43 6.04
5.30

Right 5.39 5.35
Test 6-f 7.46 5.19

5.01

ON
00



Table C-7. APA rut samples and rut depths of test 7

Sam ple ID
%, Air 

Void
%

AC % Sasobit®
M ixing 

Temp. °C.

Compaction  

Temp. °C

M anual 

Rut, mm W heel

Avg. 

M anual 

Rut, mm

APA

Rut,

mm

Test 7-a 7.31

4.8 0 143 110

8.16

8.31
Left 7.71

Test 7-b 6.93
7.16

7.23

Test 7-c 6.69 7.21

6.46 Middle 6.65 6.49

Test 7-d 7.43 6.25

6.68

Test 7-e 7.06 6.18

5.08 Right 5.45 7.38

Test 7-f 7.55 5.31

5.23



Table C-8. APA rut samples and rut depths of test 8

Sample
ID

%, Air 

Void
% AC % Sasobit®

Mixing 

Temp. °C.

Compaction 

Temp. °C

Manual 

Rut, mm W heel

Avg. 

Manual 

Rut, mm

APA  

Rut, mm

Test 8-a 7.57

4.8 2 143 110

6.23

6.03 Left 5.23

Test 8-b 7.49 4.52
4.13

Test 8-c 7.69 6.45

6.38 Middle 5.94 5.13

Test 8-d 7.10
5.58

5.33

Test 8-e 7.55 6.84

6.20 Right 6.04 5.51

Test 8-f 7.52 6.03

5.10



Table C-9. APA rut samples and rut depths of test 9

Sample

ID

%, Air 

Void

%

AC
% Sasobit® Mixing 

Temp. °C.

Compaction  

Temp. °C

Manual 

Rut, mm
W heel

Avg. 

M anual 

Rut, mm

APA

Rut,

mm

Test 9-a 8.04

4.8 2 133 110

6.55
4.71 Left 5.39

Test 9-b 7.71 5.26
5.06

Test 9-c 7.67 6.81
6.29

Middle 6.36 5.11
Test 9-d 7.69

6.47
5.86

Test 9-e 7.65 6.01
6.12

Right 5.59 5.78
Test 9-f 7.67

5.71
4.51



Table C-10. APA rut samples and rut depths of test 10

Sam ple ID
%, Air 

Void
%

AC % Sasobit®
Mixing 

Temp. °C.

Compaction  

Temp. °C

M anual Rut, 

mm W heel

Avg. 

M anual 

Rut, mm

APA

Rut,

mm

Test 10-a 7.28

4.8 0 133 110

7.92
7.70

Left 8.25
Test 10-b 7.77 8.76

8.63

Test 10-c 7.43 7.83

8.91
Middle 7.40 5.82

Test 10-d 7.15 7.13

5.75

Test 10-e 8.04 8.01

8.34
Right 8.93 7.56

Test 10-f 7.18 10.42

8.96
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Table D-l. Phase angle, dynamic modulus and stiffness o f  asphalt binders extracted from
166 °C mix with 0% Sasobit*

Asphalt binders extracted from 166 °C mix with 0% Sasobit5

5, degree G *,P a G*/sin8, kPa
64°C

Sample 1 86.6 2208.0 2.2
Sample 2 86.6 2285.0 2.3
Sample 3 86.3 2696.0 2.7
Sample 4 86.2 2816.0 2.8
Average 86.5 2501.3 2.5
St. Dev. 0.19 299.86 0.30

76°C
sample 1 88.6 527.8 0.5
Sample 2 88.6 531.4 0.5
Sample 3 88.5 609.8 0.6
Sample 4 88.4 636.0 0.6
Average 88.5 576.3 0.6
St. Dev. 0.08 54.94 0.05

Table D-2. Phase angle, dynamic modulus and stiffness o f asphalt binders extracted from 
166 °C mix with 2% Sasobit®

Asphalt binders extracted from 166 °C mix with 2% Sasobit®

8, degree G*, Pa G*/sin8, kPa
64°C

Sample 1 82.8 4377.0 4.4
Sample 2 82.1 4690.0 4.7
Sample 3 82.5 4293.0 4.3
Sample 4 83.3 3481.0 3.5
Average 82.7 4210.3 4.2
St. Dev. 0.50 515.31 0.52

76°C
Sample 1 84.3 959.3 1.0
Sample 2 83.5 1037.0 1.0
Sample 3 83.7 1006.0 1.0
Sample 4 84.3 856.3 0.9
Average 83.9 964.7 1.0
St. Dev. 0.41 78.98 0.08
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Table D-3. Phase angle, dynamic modulus and stiffness o f  asphalt binders extracted from
133 °C mix with 0% Sasobit*

Asphalt binders extracted from 133 °C mix with 0% Sasobit*
6, degree G*, Pa G*/sin8, kPa

64°C
Sample 1 87.2 2543.0 2.5
Sample 2 87.3 2308.0 2.3
Sample 3 87.3 2328.0 2.3
Sample 4 87.1 2511.0 2.5
Average 87.2 2422.5 2.4
St. Dev. 0.08 121.65 0.12

76°C
Sample 1 89.0 571.8 0.6
Sample 2 89.0 528.4 0.5
Sample 3 89.0 533.0 0.5
Sample 4 88.9 563.9 0.6
Average 89.0 549.3 0.5
St. Dev. 0.04 21.77 0.02

Table D-4. Phase angle, dynamic modulus and stiffness o f  asphalt binders extracted from 
133 °C mix with 2%  Sasobit®

Asphalt binders extracted from 133 °C mix with 2% Sasobit®
8, degree G*, Pa G*/sin8, kPa

64°C
Sample 1 84.5 2645.0 2.7
Sample 2 82.9 2872.0 2.9
Sample 3 84.9 2876.0 2.9
Sample 4 85.2 2842.0 2.9
Average 84.4 2808.8 2.8
St. Dev. 1.04 110.22 0.11

76°C
Sample 1 85.9 623.9 0.6
Sample 2 83.8 700.9 0.7
Sample 3 86.0 694.7 0.7
Sample 4 86.3 678.1 0.7
Average 85.5 674.4 0.7
St. Dev. 1.13 35.02 0.04
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Table D-5. Phase angle, dynamic modulus and stiffness o f  original PG 64-22 with 0%
Sasobit®

Original PG 64-22 with 0% Sasobit®
6, degree G*, Pa G*/sin5, kPa

64°C
Sample 1 88.2 1536.0 1.5
Sample 2 88.2 1380.0 1.4
Sample 3 88.2 1383.0 1.4
Sample 4 88.2 1532.0 1.5
Average 88.2 1457.8 1.5
St. Dev. 0.04 88.07 0.09

76°C
Sample 1 89.4 360.3 0.4
Sample 2 89.3 357.0 0.4
Sample 3 89.3 355.3 0.4
Sample 4 89.4 357.6 0.4
Average 89.3 357.6 0.4
St. Dev. 0.02 2.08 0.00

Table D-6. Phase angle, dynamic modulus and stiffness o f original PG 64-22 with 2% 
Sasobit®

Original PG 64-22 with 2% Sasobit®
8, degree G*, Pa G*/sin8, kPa

64°C
Sample 1 79.4 3707.0 3.8
Sample 2 78.1 3875.0 4.0
Sample 3 77.5 3891.0 4.0
Sample 4 77.9 3555.0 3.6
Average 78.2 3757.0 3.8
St. Dev. 0.81 158.31 0.17

76°C
Sample 1 81.3 894.0 0.9
Sample 2 79.6 992.7 1.0
Sample 3 78.9 1004.0 1.0
Sample 4 79.7 911.7 0.9
Average 79.8 950.6 1.0
St. Dev. 0.99 55.80 0.06
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