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ABSTRACT 

 

RHEOLOGICAL AND VISCOELASTIC PROPERTIES OF ASPHALT BINDER 

MODIFIED WITH NANO-SILICA AND SASOBIT 

by 

KARANJEET KAUR 

Indian Institute of Technology Delhi, August 2022 

 

Load on pavements has increased due to the intensive number of vehicles. The life 

of pavements has been abbreviated due to this rapid overloading in terms of distresses 

like permanent deformation and fatigue failure, which leads to continued maintenance. 

Bitumen should have lower stiffness at lower temperatures and higher stiffness at a 

higher temperature for satisfactory performance under various distresses. It should not 

be brittle at lower temperatures, causing fatigue failure or thermal cracking. Neat 

bitumen behaves like liquid at higher temperatures (due to lower viscosity), leading to 

permanent deformation. Neat bitumen has some limitations under specific requirements, 

which can be accomplished using additives in bitumen.  

Warm Mix Asphalt can decrease construction expenses and environmental effects 

by reducing fuel consumption and emissions. Moreover, various WMA additives or 

processes can enhance multiple rheological properties of modified asphalt. However, it 

has some issues due to reduced manufacturing temperatures, like moisture damage due 

to partial dry aggregate and rutting due to lower aging. Aliphatic polymethylene 

hydrocarbon (typically long chain) produced from coal gasification using the Fischer-

Tropsch (FT) process is helpful in reduction of emission, production temperatures, and 
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fuel consumption. Even though, Sasobit has been extensively used in this research, the 

thesis does not promote any particular commercial product. 

Nanomaterials are gaining importance due to their massive explicit surface area and 

superior dispersion ability. Various nanomaterials have improved the performance of 

the modified asphalt. Nano-Silica has improved the anti-aging performance due to high 

surface area, large pore size, and hydroxyl groups. The oxygen atom present in 

hydroxyl groups forms hydrogen bonds with aromatic sheets present in the polar 

aromatics and asphaltene molecules in asphalt. In this interaction, the oxygen affinity is 

reduced, and oxidation is declined. The hydroxyl groups also help to promote hydrogen 

bonding with fused aromatic rings to develop the barrier for oxidation.  

In this study, the effect of Sasobit (WMA additive) and Nano-Silica (Nanomaterial) 

and their interaction on Viscosity Grade (VG)10 and 30 binders have been investigated. 

The study is conducted in three parts. Part one is the characterization of Sasobit 

modified binders, and part two is the characterization of Nano-Silica modified binders. 

Part three explains the characterization of Sasobit and Nano-Silica interaction. For part 

one, modified binders were prepared with four dosages of Sasobit with both VG10 and 

VG30. For part two, modified binders were prepared with three dosages of Nano-Silica 

with both VG10 and VG30. For part three, modified binders were prepared with the 

interaction of Sasobit and Nano-Silica with both VG10 and VG30. For part four, 

optimum dosages were determined from the test results obtained from objectives one, 

two, and three, respectively, using Response Surface Methodology (RSM). Total one 

ninety-eight blends were prepared under different aging conditions to understand the 
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aging effect of modified binders. These unaged blends were aged for short-term, long-

term, and extended aging conditions.  

Total of seven aging conditions were used to study the aged effect. Total 70 blends 

of Sasobit modified binder were tested to evaluate the rheological and viscoelastic 

properties. Brookfield rotational viscometer was used to measure the viscosity from 100 

°C to 180 °C. Fourier transform infrared spectroscopy was used to assess quantifiable 

variations with chemical bonding and chemical structure. Frequency sweep test was 

used to measure the viscoelastic properties for unaged, short-term aged, long-term aged 

and extended aging conditions at a frequency range of 50 Hz to 0.01 Hz from 10˚С to 

90˚С at 10˚С interval. Nano-Silica was used in three dosages for part two of the study. 

Standard and modified storage stability tests were conducted to evaluate storage 

stability. For part three, the interaction of both additives was used. The methodology of 

part one was adopted for parts two and three. The optimum dosage of additives was 

determined using Response Surface Methodology.  

Various parameters were used to measure intermediate and high-temperature 

performance, such as conventional properties, fatigue parameter, rutting parameter, zero 

shear viscosity, non-recoverable compliance, and activation energy. It was observed by 

conventional tests that stiffness was increased by Sasobit, and Nano-Silica modified 

asphalt binders. At higher dosages of Sasobit, elasticity was reduced at lower 

temperatures. Sasobit addition reduced the viscosity by improving the workability for 

lower production temperatures. However, increase in viscosity was found by increasing 

Nano-Silica content. In general, complex modulus increase and decrease in phase angle 

was found with an increase in Sasobit content and Nano-Silica content at all aging 
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conditions. Activation energy was decreased by increasing Sasobit (up to certain 

dosages) and Nano-Silica content. 

Limiting temperatures, rutting parameter and zero shear viscosity were increased 

with increase in Sasobit and Nano-Silica increase. Lower Jnr values showed the 

improved rutting resistance. Thus, it can be concluded that Sasobit and Nano-Silica 

improved the high temperature performance of modified asphalt. Nano-Silica also 

improved the anti-aging property of Sasobit modified asphalt binders due to lower aging 

indexes.  

Disclaimer statement: The additives, Sasobit and Nano-Silica used in this study do 

not promote any company. The similar names have been used in other studies too.  
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साराांश 

वाहनों की अधिक संख्या के कारण सड़क पर दवाब बढ़ गया ह।ै तज़ेी से बढ़ रह ेअधिक भारी वाहनों के संकट के 

कारण स्थायी धवकृधत और फैटीग फेधियर के रूप में सड़क का जीवन संधिप्त होता जा रहा ह ै धजसके कारण सड़क की 

िगातार मरम्मत आवश्यक ह ैऐसे धवधभन्न संकटों में संतोषजनक प्रदर्शन के धिए धबटुमने में कम तापमान पर कम कठोरता 

और उच्च तापमान पर उच्च कठोरता होनी चाधहए। यह कम तापमान पर भंगरु नहीं होना चाधहए, धजससे फैटीग फेधियर या 

उष्मीय दरारें उत्पन्न हो। साफ धबटुमेन उच्च तापमान (कम श्यानता के कारण) पर तरि की तरह व्यवहार करता ह,ै धजससे 

स्थायी धवरूपण होता ह।ै धवधर्ष्ट आवश्यकताओ ं के तहत स्वच्छ धबटुमेन की कुछ सीमाएँ होती हैं, धजन्हें धबटुमेन में 

एधिधटव्स का उपयोग करके परूा धकया जा सकता ह।ै  

गरम धमधित िामर, ईिंन की खपत और उत्सजशन को कम करके धनमाशण खचश और पयाशवरणीय प्रभावों को कम कर 

सकता ह।ै इसके अिावा, धवधभन्न िब्ल्य.ूएम.्ए.  एधिधटव्स या प्रधियाए,ं संर्ोधित िामर के कई ररयोिॉधजकि गणुों को 

बढ़ा सकती हैं।  हािाधंक, कम धवधनमाशण तापमान के कारण इसमें कुछ समस्याए ंहैं, जैसे आंधर्क र्षु्क अग्ग्रीगेट्स के 

कारण नमी की िधत और कम एधजंग के कारण ररटंग। धफर्र-ट्रॉप्स (एफटी) प्रधिया का उपयोग करके कोयिा गैसीकरण 

से उत्पाधदत एिीफैधटक पॉिीमेधथिीन हाइड्रोकाबशन (आमतौर पर िबंी िृखंिा) उत्सजशन, उत्पादन तापमान और ईिंन की 

खपत को कम करन ेमें सहायक ह।ै यद्यधप इस र्ोि में सैसोधबट का व्यापक रूप से उपयोग धकया गया ह,ै तथाधप र्ोि 

धकसी धवर्ेष व्यावसाधयक उत्पाद को बढ़ावा नहीं दतेा ह।ै 

नैनोमटेररय्स अपन ेधवस्ततृ स्पष्ट सतह िते्र और बहेतर फैिाव िमता के कारण महत्वपणूश हैं। धवधभन्न नैनो सामरी न े

संर्ोधित िामर के प्रदर्शन में सिुार धकया ह।ै ननैो-धसधिका न ेवहृद सतह िते्र, बड़े धछद्रों के आकार और हाइड्रॉधससि 

समहूों के कारण एंटी-एधजंग प्रदर्शन में सिुार धकया ह।ै हाइड्रॉधससि समहूों में मौजदू ऑससीजन परमाण,ु ध्रवुीय एरोमेधटसस 

में मौजदू एरोमधेटक सतहों के साथ हाइड्रोजन बंिन और िामर में अश्फा्टीन अणओु ंका धनमाशण करता ह।ै इस धिया में, 
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ऑससीजन आकषशण कम हो जाता ह,ै और ऑससीकरण कम हो जाता ह।ै हाइड्रॉधससि समहू ऑससीकरण के धिए 

अवरोि धवकधसत करन ेके धिए जड़ेु हुए एरोमेधटसस ररंग्ग्स के साथ हाइड्रोजन बंिन को बढ़ावा दनेे में भी मदद करत ेहैं।  

इस अध्ययन में, सैसोधबट (िब्ल्य.ूएम.्ए.एधिधटव) और ननैो-धसधिका (नैनोमटेैररयि) के प्रभाव और श्यानता िेणी 

(वीजी) 10 और 30 बाइिंरों पर उनकी परस्पर-धिया की जांच की गई ह।ै अध्ययन तीन भागों में धकया गया ह।ै भाग एक 

सैसोधबट संर्ोधित बाइिंरों का ििण वणशन ह,ै और भाग दो नैनो-धसधिका संर्ोधित बाइिंरों का ििण वणशन ह।ै भाग 

तीन सासोधबट और ननैो-धसधिका परस्पर-धिया के ििण वणशन की व्याख्या करता ह।ै इस अध्ययन के उप उद्देश्य एवं 

तदनुरूपी पररणाम धनम्नानुसार ह।ै 

भाग एक के धिए, सैसोधबट को चार अिग अिग स्तर पर VG10 और VG30 दोनों के साथ धमधित कर संर्ोधित 

बाइिंसश तैयार धकए गए। भाग दो के धिए, VG10 और VG30 दोनों के साथ ननैो-धसधिका का तीन स्तर पर धमिण कर 

संर्ोधित बाइिंर तैयार धकए गए। भाग तीन के धिए, संर्ोधित बाइिंसश,  VG10 और VG30 दोनों के साथ सैसोधबट और 

नैनो-धसधिका के परस्पर धमिण के साथ तैयार धकए गए। भाग चार के धिए, ररस्पांस सरफेस मेथिोिॉजी (RSM) का 

उपयोग करत ेहुए, िमर्ः एक, दो और तीन उद्देश्यों से प्राप्त परीिण पररणामों से इष्टतम मात्रा धनिाशररत की गई। संर्ोधित 

बाइिंरों के एधजंग बढ़ने के प्रभाव को समझने के धिए धवधभन्न एधजंग धस्थधतयों वािे कुि एक सौ अट्ठानबे धमिण तैयार 

धकए गए। इन धमिणों को अ्पकाधिक, दीर्शकाधिक और धवस्ताररत ऐधजंग पररधस्तधथयों के अनुसार ऐज धकया गया। 

ऐधजंग धस्थधतयों का अध्ययन करन ेके धिए कुि सात ऐधजंग पररधस्तधथयों का उपयोग धकया गया। सैसोधबट संर्ोधित 

बाइिंर के कुि 70 धमिणों का परीिण ररयोिॉधजकि और धवस्कॉइिाधस्टक गणुों का मू् यांकन करने के धिए धकया 

गया। ब्रकुफी्ि र्णूी धवस्कोमीटर का उपयोग श्यानता को 100 धिरी सेध्सयस से 180 धिरी सेध्सयस तक मापने के 

धिए धकया गया। फूररयर ट्रांसफॉमश इफं्रारेि स्पेसट्रोस्कोपी का उपयोग रासायधनक बंिन और रासायधनक संरचना के साथ 

मात्रात्मक धभन्नताओ ंका आकिन करने के धिए धकया गया। फ़्रीसवेंसी स्वीप टेस्ट का उपयोग 10˚C से 90˚C के 

अंतराि पर 50 हट्शज से 0.01 हट्शज़ की आवधृि रेंज में धबना ऐज धकए हुए, अ्पकाधिक ऐज, दीर्शकाधिक ऐज और 
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धवस्ताररत ऐज धस्थधत के धिए धवस्कोिेधस्टक गणुों को मापन े के धिए धकया गया। अध्ययन के भाग दो के धिए ननैो-

धसधिका का उपयोग तीन धमिण स्तरों में धकया गया। स्टोरेज स्टैधबधिटी का मू् यांकन करन ेके धिए मानक और संर्ोधित 

स्टोरेज स्टैधबधिटी परीिण धकए गए। भाग तीन के धिए, दोनों एधिधटव्स की परस्पर धिया का उपयोग धकया गया। भाग 

एक की पद्धधत को भाग दो और तीन के धिए अपनाया गया। एधिधटव्स की इष्टतम मात्रा ररस्पांस सरफेस मेथिोिॉजी का 

उपयोग करके धनिाशररत की गई। 

पारंपररक गणुों, फैटीग पैरामीटर, ररटंग पैरामीटर, र्नू्य धर्यर श्यानता, नॉन-ररकवरएब्लि कंप्िायंस, और सधियण 

ऊजाश जैसे मध्यवती और उच्च तापमान प्रदर्शन को मापने के धिए धवधभन्न मानकों का उपयोग धकया गया था। यह 

पारंपररक परीिणों द्वारा दखेा गया था धक सैसोधबट और नैनो-धसधिका द्वारा संर्ोधित बाइिंरों की कठोरता में वधृद्ध की 

गई। सैसोधबट की उच्च प्रधतर्त पर, कम तापमान पर इिाधस्टधसटी कम हो गई। 

सैसोधबट द्वारा कम उत्पादन तापमान पर श्यानता को कम करते हुए वकश एधबधिटी में सिुार धकया गया। हािाधंक, नैनो-

धसधिका सामरी में वधृद्ध से श्यानता में वधृद्ध पाई गई। सामान्य तौर पर, सभी एधजंग धस्थधतयों में सैसोधबट मात्रा और नैनो-

धसधिका मात्रा में वधृद्ध के साथ काम्प्िेसस मॉिुिस वधृद्ध और फेज एगंि में कमी पाई गई। सैसोधबट (कुछ मात्रा तक) और 

नैनो-धसधिका सामरी को बढ़ान ेसे सधियण ऊजाश को में कमी हुई। सैसोधबट मात्रा और नैनो-धसधिका मात्रा में वधृद्ध के 

साथ धिधमधटंग तापमान, ररटगं पैरामीटर और र्नू्य धर्यर श्यानता में वधृद्ध हुई। कम JNR पर बेहतर ररटगं प्रधतरोि प्रदधर्शत 

हुआ। इस प्रकार, यह धनष्कषश धनकािा जा सकता ह ैधक सैसोधबट और नैनो-धसधिका न ेसंर्ोधित िामर के उच्च तापमान 

प्रदर्शन में सिुार धकया। ननैो-धसधिका के न्यनू एधजंग सचूकांक के कारण सैसोधबट संर्ोधित िामर बाइिंसश की एटंी-एधजंग 

गणु में भी सिुार धकया। 

अस्वीकरन कथन:- इस अध्ययन में इस्तमेाि धकए गए एधिधटव्स, सैसोधबट और ननैो-धसधिका धकसी भी कंपनी का 

प्रचार नहीं करते हैं। इसी तरह के नामों का इस्तमेाि अन्य अध्ययनों में भी धकया गया ह।ै 



 

xii 

 

  



 

xiii 

 

TABLE OF CONTENTS 

CERTIFICATE .......................................................................................................................................... i 

ACKNOWLEDGEMENTS ................................................................................................................... iii 

ABSTRACT .............................................................................................................................................. v 

सारांर् ............................................................................................................................................................ ix 

TABLE OF CONTENTS .................................................................................................................... xiii 

LIST OF TABLES ................................................................................................................................ xxi 

LIST OF FIGURES .............................................................................................................................. xxv 

LIST OF ABBREVIATIONS AND SYMBOLS................................................................................ xli 

CHAPTER 1 INTRODUCTION ........................................................................................................... 1 

1.1 Background ........................................................................................................ 1 

1.2 Historical Aspects .............................................................................................. 3 

1.3 Problem statement .............................................................................................. 4 

1.4 Objectives of this research ................................................................................. 6 

1.5 Scope .................................................................................................................. 6 

1.6 Methodology ...................................................................................................... 7 

1.7 Organization of the dissertation ......................................................................... 8 

CHAPTER 2 THEORETICAL BACKGROUND AND LITERATURE REVIEW ...................... 9 

2.1 Overview ............................................................................................................ 9 



 

xiv 

 

2.2 Bitumen rheology ............................................................................................. 10 

2.2.1 Bitumen chemical composition................................................................. 10 

2.2.2 Viscoelastic behavior of asphalt binders................................................... 11 

2.3 Rheological evaluation of asphalt binders ....................................................... 12 

2.3.1 Empirical tests ........................................................................................... 12 

2.3.2 Fundamental rheological tests by Dynamic shear rheometer (DSR) ........ 14 

2.3.3 Rheological data demonstration ................................................................ 17 

2.3.4 Rheological models ................................................................................... 21 

2.4 Neat bitumen problems .................................................................................... 22 

2.4.1 Possible options of bitumen modification................................................. 23 

2.5 Background on WMA and WMA modification ............................................... 24 

2.5.1 WMA Based on temperature reduction .................................................... 24 

2.5.2 WMA Based on additive type ................................................................... 24 

2.5.3 The mixing process of WMA ................................................................... 27 

2.5.4 Benefits of using WMA ............................................................................ 28 

2.5.5 Issues with WMA ..................................................................................... 29 

2.6 Rheological evaluation of WMA modified bitumen ........................................ 31 

2.6.1 Emission and compaction effort reduction ............................................... 31 

2.6.2 Aging resistance ........................................................................................ 32 



 

xv 

 

2.6.3 Moisture susceptibility resistance ............................................................. 33 

2.6.4 Resistance to permanent deformation ...................................................... 35 

2.6.5 Resistance to fatigue ................................................................................. 38 

2.6.6 Resistance to low-temperature cracking ................................................... 39 

2.6.7 Asphalt mixture performance ................................................................... 41 

2.7 Morphological evaluation of WMA modified bitumen ................................... 41 

2.8 Background on Nanotechnology and Nano-Silica modification ..................... 42 

2.8.1 Types of nanomaterials used for asphalt modifications ........................... 44 

2.8.2 The mixing process of nanomaterials ....................................................... 45 

2.8.3 Benefits of using nanomaterials ............................................................... 47 

2.8.4 Issues with nanomaterials ......................................................................... 47 

2.9 Rheological evaluation of Nanomaterials modified bitumen .......................... 48 

2.9.1 Aging resistance ....................................................................................... 48 

2.9.2 Moisture susceptibility resistance ............................................................. 49 

2.9.3 Resistance to permanent deformation ...................................................... 50 

2.9.4 Resistance to fatigue ................................................................................. 53 

2.9.5 Resistance to low-temperature cracking ................................................... 54 

2.9.6 Asphalt mixture performance ................................................................... 55 

2.9.7 Effect of Nano-Silica on rheological properties of WMA modified 

bitumen  .................................................................................................................. 58 



 

xvi 

 

2.10 Morphological evaluation of Nanomaterials modified bitumen ...................... 58 

2.11 Closing remarks................................................................................................ 59 

CHAPTER 3 EXPERIMENTAL PROGRAMME .......................................................................... 61 

3.1 Overview .......................................................................................................... 61 

3.2 Materials used .................................................................................................. 62 

3.2.1 Binders ...................................................................................................... 62 

3.2.2 Additives ................................................................................................... 62 

3.3 Experimental Plan ............................................................................................ 63 

3.3.1 Characterization of Sasobit modified asphalt binders .............................. 64 

3.3.2 Characterization of Nano-Silica modified asphalt binders ....................... 65 

3.3.3 Characterization of the interaction of Sasobit and Nano-Silica modified 

asphalt binders ......................................................................................................... 66 

3.3.4 The optimum dosage of additives using RSM .......................................... 67 

3.4 Experimental Procedures.................................................................................. 67 

3.4.1 Modified Asphalt Binders blends Preparation .......................................... 67 

3.4.2 Physical evaluation of modified binder .................................................... 71 

3.4.3 Rheological evaluation of modified binder............................................... 76 

3.4.4 Bitumen aging ........................................................................................... 78 

3.4.5 Chemical evaluation of modified binder................................................... 81 

3.5 Concluding remarks ......................................................................................... 84 



 

xvii 

 

CHAPTER 4 EFFECT OF SASOBIT ON RHEOLOGICAL AND VISCOELASTIC 

PROPERTIES ....................................................................................................................................... 85 

4.1 Introduction ...................................................................................................... 85 

4.2 Testing and analysis ......................................................................................... 85 

4.2.1 Testing ...................................................................................................... 85 

4.2.2 Analysis .................................................................................................... 86 

4.3 Results and discussion ..................................................................................... 87 

4.3.1 Conventional properties ............................................................................ 87 

4.3.2 Viscosity ................................................................................................... 89 

4.3.3 Limiting high temperature for performance grading ................................ 96 

4.3.4 Complex modulus master curves ............................................................ 100 

4.3.5 Phase angle master curves ...................................................................... 106 

4.3.6 Black space diagram ............................................................................... 111 

4.3.7 Activation energy ................................................................................... 116 

4.3.8 Fatigue parameter ................................................................................... 120 

4.3.9 Zero Shear Viscosity .............................................................................. 121 

4.3.10 Fourier Transform Infrared Spectroscopy (FTIR) .................................. 124 

4.4 Concluding Remarks ...................................................................................... 129 

CHAPTER 5 EFFECT OF NANO-SILICA ON RHEOLOGICAL AND VISCOELASTIC 

PROPERTIES ..................................................................................................................................... 131 



 

xviii 

 

5.1 Introduction .................................................................................................... 131 

5.2 Testing and analysis ....................................................................................... 131 

5.3 Results and discussion .................................................................................... 132 

5.3.1 Conventional properties .......................................................................... 132 

5.3.2 Viscosity ................................................................................................. 134 

5.3.3 Limiting high temperature for performance grading .............................. 140 

5.3.4 Complex modulus master curves ............................................................ 142 

5.3.5 Phase angle master curves ...................................................................... 148 

5.3.6 Black space diagram ............................................................................... 152 

5.3.7 Activation energy .................................................................................... 156 

5.3.8 Fatigue parameter.................................................................................... 159 

5.3.9 Zero Shear Viscosity ............................................................................... 160 

5.3.10 Fourier Transform Infrared Spectroscopy (FTIR) .................................. 161 

5.4 Concluding Remarks ...................................................................................... 165 

CHAPTER 6 EFFECT OF INTERACTION OF SASOBIT AND NANO-SILICA ON 

RHEOLOGICAL AND VISCOELASTIC PROPERTIES ............................................................ 167 

6.1 Introduction .................................................................................................... 167 

6.2 Testing and analysis ....................................................................................... 167 

6.3 Results and discussion .................................................................................... 168 

6.3.1 Conventional properties .......................................................................... 168 



 

xix 

 

6.3.2 Viscosity ................................................................................................. 170 

6.3.3 Storage stability ...................................................................................... 175 

6.3.4 High-Temperature Performance ............................................................. 181 

6.3.5 Complex modulus ................................................................................... 183 

6.3.6 Phase angle ............................................................................................. 187 

6.3.7 Black space diagram ............................................................................... 190 

6.3.8 Activation energy ................................................................................... 193 

6.3.9 Fatigue parameter ................................................................................... 196 

6.3.10 Zero Shear Viscosity .............................................................................. 197 

6.3.11 Fourier Transform Infrared Spectroscopy (FTIR) .................................. 199 

6.4 Optimum additive dosages using Response Surface Methodology ............... 204 

6.4.1 RSM Parameters ..................................................................................... 207 

6.4.2 Result and Discussion ............................................................................. 208 

6.5 Optimized dosage of additives ....................................................................... 250 

6.6 Concluding Remarks ...................................................................................... 256 

CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS ................................................. 257 

7.1 Introduction .................................................................................................... 257 

7.2 Conclusions based on Sasobit modification .................................................. 258 

7.3 Conclusions based on Nano-Silica modification ........................................... 260 



 

xx 

 

7.4 Conclusions based on Sasobit Nano-Silica interaction modification............. 263 

7.5 Recommendations for Future Work ............................................................... 266 

LIST OF REFERENCES ................................................................................................................... 269 

APPENDICES ..................................................................................................................................... 305 

BLACK SPACE CURVES OF VISCOELASTIC PARAMETERS ............................................. 305 

COMPLEX MODULUS MASTERCURVES OF VISCOELASTIC PARAMETERS .............. 319 

PHASE ANGLE MASTERCURVES OF VISCOELASTIC PARAMETERS ........................... 333 

List of Publication ........................................................................................................................... 347 

Brief Bio-Data of the Author ....................................................................................................... 349 

 

 

 
  



 

xxi 

 

LIST OF TABLES 
 

Table 2-1: Recommendations for WMA mixing conditions .......................................... 28 

Table 2-2: Anti-aging indicators and influences of Sasobit ........................................... 33 

Table 2-3: Moisture susceptibility indicators and influences of Sasobit ........................ 34 

Table 2-4: High-temperature performance indicators and influences of Sasobit ........... 37 

Table 2-5: Fatigue behavior indicators and influences of Sasobit ................................. 39 

Table 2-6: Low temperature performance indicators and influences of Sasobit ............ 40 

Table 2-7: Recommendations for nanomaterials mixing conditions .............................. 46 

Table 2-8: Anti-aging indicators and influences of Nano-Silica .................................... 49 

Table 2-9: Moisture susceptibility indicators and influences of Nano-Silica ................ 50 

Table 2-10: High-temperature performance indicators and influences of Nano-Silica .. 51 

Table 2-11: Fatigue behavior indicators and influences of Nano-Silica ........................ 54 

Table 2-12: Low temperature performance indicators and influences of Nano-Silica... 55 

Table 2-13: Storage stability performance indicators and influences of Nano-Silica .... 57 

Table 3-1: Properties of base binders ............................................................................. 62 

Table 3-2: Physical characteristics of Nano-Silica ......................................................... 63 

Table 3-3: Blends identification ..................................................................................... 68 

Table 4-1: Conventional properties prediction equations for Sasobit (VG10) ............... 88 

Table 4-2: Conventional properties prediction equations for Sasobit (VG30) ............... 88 



 

xxii 

 

Table 4-3: Effect of Sasobit and aging on viscosity ....................................................... 90 

Table 4-4: Shift factors at various aging conditions of Sasobit modified binder VG10

....................................................................................................................................... 102 

Table 4-5: Shift factors at various aging conditions of Sasobit modified binder VG30

....................................................................................................................................... 102 

Table 4-6: Summary of functional groups and wavenumbers ...................................... 125 

Table 4-7: FTIR Aging Indices of Sasobit modified binders ....................................... 127 

Table 5-1: Conventional properties prediction equations for Nano-Silica (VG10) ...... 133 

Table 5-2: Conventional properties prediction equations for Nano-Silica (VG30) ...... 133 

Table 5-3: Effect of Nano-Silica and aging on viscosity .............................................. 134 

Table 5-4: Shift factors at various aging conditions of Nano-Silica modified binder 

VG10 ............................................................................................................................. 144 

Table 5-5: Shift factors at various aging conditions of Nano-Silica modified binder 

VG30 ............................................................................................................................. 144 

Table 5-6: Summary of functional groups and wavenumbers ...................................... 162 

Table 5-7: FTIR Aging Indices of Nano-Silica modified binders ................................ 164 

Table 6-1: Conventional properties of Sasobit and Nano-Silica modified binders ...... 168 

Table 6-2: Effect of Nano-Silica on viscosity of Sasobit (2%) .................................... 170 

Table 6-3: Effect of Nano-Silica on viscosity of Sasobit (3%) .................................... 171 

Table 6-4: Effect of Nano-Silica on viscosity of Sasobit (5%) .................................... 171 



 

xxiii 

 

Table 6-5: Softening point indicator effect on storage stability ................................... 177 

Table 6-6: Seperation Index indicator effect on storage stability of VG10.................. 178 

Table 6-7: Seperation Index indicator effect on storage stability of VG30.................. 179 

Table 6-8: Shift factors at various aging conditions of Sasobit and Nano-Silica modified 

binder VG10 ................................................................................................................. 184 

Table 6-9: Shift factors at various aging conditions of Sasobit and Nano-Silica modified 

binder VG30 ................................................................................................................. 185 

Table 6-10: FTIR Aging Indices of Sasobit and Nano-Silica modified binders .......... 201 

Table 6-11: RSM Blends combination matrix .............................................................. 207 

Table 6-12: ANOVA statistics parameters for response models .................................. 250 

Table 6-13: References values for optimum dosages of Sasobit .................................. 251 

Table 6-14: References values for optimum dosages of Nano-Silica .......................... 251 

Table 6-15: Constraints for Sasobit and Nano-Silica dosage optimization .................. 253 

Table 6-16: Optimum values of Sasobit and Nano-Silica ............................................ 255 

 

  



 

xxiv 

 

  



 

xxv 

 

LIST OF FIGURES 
 

Figure 1-1: Overall methodology adopted in this study ................................................... 7 

Figure 2-1: Viscoelastic response of applied load (Airey 1997) .................................... 12 

Figure 2-2: Dynamic shear rheometer (DSR) (Ahmedzade 2013) ................................. 16 

Figure 2-3: Relationship between rheological parameters (Airey, 1997) ...................... 17 

Figure 2-4: Time-temperature superposition in construction of the master curve ......... 19 

Figure 2-5: Sigmoidal model (Pellinen et al. 2003) ....................................................... 22 

Figure 3-1: Additives used (a) Sasobit and (b) Nano-Silica ........................................... 63 

Figure 3-2: Characterization of Sasobit modified asphalt binders ................................. 65 

Figure 3-3: Characterization of Nano-Silica modified asphalt binders .......................... 66 

Figure 3-4: Laboratory shear mixer apparatus ............................................................... 69 

Figure 3-5: (a) Penetration test (b) Softening point test apparatus ................................. 72 

Figure 3-6: Ductility test apparatus ................................................................................ 73 

Figure 3-7: Viscosity test apparatus ............................................................................... 74 

Figure 3-8: Storage stability test apparatus .................................................................... 75 

Figure 3-9: Softening test of storage stability ................................................................ 75 

Figure 3-10: Dynamic Shear Rheometer apparatus ........................................................ 78 

Figure 3-11: Rolling Thin Oven Test apparatus ............................................................. 80 

Figure 3-12: Pressure Aging Vessel test apparatus ........................................................ 81 



 

xxvi 

 

Figure 3-13: Fourier transform infrared spectroscopy instrument .................................. 82 

Figure 3-14: Spectra image of Fourier transform infrared spectroscopy ........................ 83 

Figure 4-1: Effect of Sasobit on conventional properties of VG10 ................................ 89 

Figure 4-2: Effect of Sasobit on conventional properties of VG30 ................................ 89 

Figure 4-3: Effect of Sasobit on viscosity of Unaged VG10 .......................................... 93 

Figure 4-4: Effect of Sasobit on viscosity of Short-term aged VG10............................. 93 

Figure 4-5: Effect of Sasobit on viscosity of Long-term aged VG10 ............................. 93 

Figure 4-6: Effect of Sasobit on viscosity of Unaged VG30 .......................................... 94 

Figure 4-7: Effect of Sasobit on viscosity of Short-term aged VG30............................. 94 

Figure 4-8: Effect of Sasobit on viscosity of Long-term aged VG30 ............................. 94 

Figure 4-9: Variation of viscosity (135 °C) with Sasobit content .................................. 95 

Figure 4-10: Effect of aging on viscosity of VG10+Sasobit 2% .................................... 96 

Figure 4-11: Effect of aging on viscosity of VG30+Sasobit 2% .................................... 96 

Figure 4-12: Effect of Sasobit on PG limiting high temperature on VG10 .................... 98 

Figure 4-13: Effect of Sasobit on PG limiting high temperature on VG30 .................... 99 

Figure 4-14: Limiting high temperature aging index for Sasobit ................................... 99 

Figure 4-15: Variation of limiting high temperature with Sasobit content ..................... 99 

Figure 4-16: Effect of Sasobit on complex modulus master curve of Unaged VG10 .. 103 

Figure 4-17: Effect of Sasobit on complex modulus master curve of Short-term aged 

VG10 ............................................................................................................................. 103 



 

xxvii 

 

Figure 4-18: Effect of Sasobit on complex modulus master curve of Long-term aged 

VG10 ............................................................................................................................ 104 

Figure 4-19: Effect of Sasobit on complex modulus master curve of Unaged VG30 .. 104 

Figure 4-20: Effect of Sasobit on complex modulus master curve of Short-term aged 

VG30 ............................................................................................................................ 104 

Figure 4-21: Effect of Sasobit on complex modulus master curve of Long-term aged 

VG30 ............................................................................................................................ 105 

Figure 4-22: Effect of aging on complex modulus master curve of VG10+Sasobit 2%

 ...................................................................................................................................... 106 

Figure 4-23: Effect of aging on complex modulus master curve of VG30+Sasobit 2%

 ...................................................................................................................................... 106 

Figure 4-24: Effect of Sasobit on phase angle master curve of Unaged VG10............ 107 

Figure 4-25: Effect of Sasobit on phase angle master curve of Short-term aged VG10

 ...................................................................................................................................... 108 

Figure 4-26: Effect of Sasobit on phase angle master curve of Long-term aged VG10

 ...................................................................................................................................... 108 

Figure 4-27: Effect of Sasobit on phase angle master curve of Unaged VG10............ 108 

Figure 4-28: Effect of Sasobit on phase angle master curve of Short-term aged VG10

 ...................................................................................................................................... 109 

Figure 4-29: Effect of Sasobit on phase angle master curve of Long-term aged VG10

 ...................................................................................................................................... 109 



 

xxviii 

 

Figure 4-30: Effect of aging on phase angle master curve of VG10+Sasobit 2% ........ 110 

Figure 4-31: Effect of aging on phase angle master curve of VG30+Sasobit 2% ........ 110 

Figure 4-32: Effect of Sasobit on black space of Unaged VG10 .................................. 113 

Figure 4-33: Effect of Sasobit on black space of Short-term aged VG10 .................... 113 

Figure 4-34: Effect of Sasobit on black space of Long-term aged VG10 .................... 113 

Figure 4-35: Effect of Sasobit on black space of Unaged VG30 .................................. 114 

Figure 4-36: Effect of Sasobit on black space of Short-term aged VG30 .................... 114 

Figure 4-37: Effect of Sasobit on black space of Long-term aged VG30 .................... 114 

Figure 4-38: Effect of aging on black space of VG10+Sasobit 2% .............................. 115 

Figure 4-39: Effect of aging on black space of VG30+Sasobit 2% .............................. 115 

Figure 4-40: Effect of Sasobit on activation energy (Brookfield) of VG10 ................. 117 

Figure 4-41: Effect of Sasobit on activation energy (Brookfield) of VG30 ................. 118 

Figure 4-42: Effect of Sasobit on activation energy (DSR) of VG10........................... 119 

Figure 4-43: Effect of Sasobit on activation energy (DSR) of VG30........................... 120 

Figure 4-44: Effect of Sasobit on fatigue parameter of VG10...................................... 121 

Figure 4-45: Effect of Sasobit on fatigue parameter of VG30...................................... 121 

Figure 4-46: Effect of Sasobit on zero shear viscosity of VG10 .................................. 123 

Figure 4-47: Effect of Sasobit on zero shear viscosity of VG30 .................................. 124 

Figure 4-48: FTIR scans of Sasobit modified VG10 .................................................... 126 



 

xxix 

 

Figure 4-49: FTIR scans of Sasobit modified VG30 .................................................... 126 

Figure 4-50: Effect of Sasobit on functional indices of VG10 ..................................... 128 

Figure 4-51: Effect of Sasobit on functional indices of VG30 ..................................... 129 

Figure 5-1: Effect of Nano-Silica on conventional properties of VG10 ...................... 133 

Figure 5-2: Effect of Nano-Silica on conventional properties of VG30 ...................... 134 

Figure 5-3: Effect of Nano-Silica on viscosity of Unaged VG10 ................................ 136 

Figure 5-4: Effect of Nano-Silica on viscosity of Short-term aged VG10 ................... 137 

Figure 5-5: Effect of Nano-Silica on viscosity of Long-term aged VG10 ................... 137 

Figure 5-6: Effect of Nano-Silica on viscosity of Unaged VG30 ................................ 137 

Figure 5-7: Effect of Nano-Silica on viscosity of Short-term aged VG30 ................... 138 

Figure 5-8: Effect of Nano-Silica on viscosity of Long-term aged VG30 ................... 138 

Figure 5-9: Variation of viscosity (135 °C) with Nano-Silica content ......................... 138 

Figure 5-10: Effect of aging on viscosity of VG10+Nano-Silica 1% .......................... 139 

Figure 5-11: Effect of aging on viscosity of VG30+ Nano-Silica 1% ......................... 140 

Figure 5-12: Effect of Nano-Silica on PG limiting high temperature on VG10 .......... 141 

Figure 5-13: Effect of Nano-Silica on PG limiting high temperature on VG30 .......... 141 

Figure 5-14: Variation of limiting high temperature with Nano-Silica content ........... 141 

Figure 5-15: Limiting high temperature aging index for Nano-Silica ......................... 142 

Figure 5-16: Effect of Nano-Silica on complex modulus master curve of Unaged VG10

 ...................................................................................................................................... 145 



 

xxx 

 

Figure 5-17: Effect of Nano-Silica on complex modulus master curve of Short-term 

aged VG10 .................................................................................................................... 145 

Figure 5-18: Effect of Nano-Silica on complex modulus master curve of Long-term 

aged VG10 .................................................................................................................... 146 

Figure 5-19: Effect of Nano-Silica on complex modulus master curve of Unaged VG30

....................................................................................................................................... 146 

Figure 5-20: Effect of Nano-Silica on complex modulus master curve of Short-term 

aged VG30 .................................................................................................................... 146 

Figure 5-21: Effect of Nano-Silica on complex modulus master curve of Long-term 

aged VG30 .................................................................................................................... 147 

Figure 5-22: Effect of aging on complex modulus master curve of VG10+Nano-Silica 

1% ................................................................................................................................. 148 

Figure 5-23: Effect of aging on complex modulus master curve of VG30+ Nano-Silica 

1% ................................................................................................................................. 148 

Figure 5-24: Effect of Nano-Silica on phase angle master curve of Unaged VG10 ..... 149 

Figure 5-25: Effect of Nano-Silica on phase angle master curve of Short-term aged 

VG10 ............................................................................................................................. 149 

Figure 5-26: Effect of Nano-Silica on phase angle master curve of Long-term aged 

VG10 ............................................................................................................................. 150 

Figure 5-27: Effect of Nano-Silica on phase angle master curve of Unaged VG30 ..... 150 



 

xxxi 

 

Figure 5-28: Effect of Nano-Silica on phase angle master curve of Short-term aged 

VG30 ............................................................................................................................ 150 

Figure 5-29: Effect of Nano-Silica on phase angle master curve of Long-term aged 

VG30 ............................................................................................................................ 151 

Figure 5-30: Effect of aging on phase angle master curve of VG10+Nano-Silica 1% 152 

Figure 5-31: Effect of aging on phase angle master curve of VG30+ Nano-Silica 1% 152 

Figure 5-32: Effect of Nano-Silica on black space of Unaged VG10 .......................... 154 

Figure 5-33: Effect of Nano-Silica on black space of Short-term aged VG10............. 154 

Figure 5-34: Effect of Nano-Silica on black space of Long-term aged VG10 ............. 154 

Figure 5-35: Effect of Nano-Silica on black space of Unaged VG30 .......................... 155 

Figure 5-36: Effect of Nano-Silica on black space of Short-term aged VG30............. 155 

Figure 5-37: Effect of Nano-Silica on black space of Long-term aged VG30 ............. 155 

Figure 5-38: Effect of aging on black space of VG10+Nano-Silica 1% ...................... 156 

Figure 5-39: Effect of aging on black space of VG30+ Nano-Silica 1% ..................... 156 

Figure 5-40: Effect of Nano-Silica on activation energy (Brookfield) of VG10 ......... 157 

Figure 5-41: Effect of Nano-Silica on activation energy (Brookfield) of VG30 ......... 158 

Figure 5-42: Effect of Nano-Silica on activation energy (DSR) of VG10 ................... 159 

Figure 5-43: Effect of Nano-Silica on activation energy (DSR) of VG30 ................... 159 

Figure 5-44: Effect of Nano-Silica on fatigue parameter of VG10 .............................. 160 

Figure 5-45: Effect of Nano-Silica on fatigue parameter of VG30 .............................. 160 



 

xxxii 

 

Figure 5-46: Effect of Nano-Silica on zero shear viscosity of VG10 ........................... 161 

Figure 5-47: Effect of Nano-Silica on zero shear viscosity of VG30 ........................... 161 

Figure 5-48: FTIR tests results of Nano-Silica modified VG10 ................................... 163 

Figure 5-49: FTIR tests results of Nano-Silica modified VG30 ................................... 163 

Figure 5-50: Effect of Nano-Silica on functional indices of VG10 .............................. 164 

Figure 5-51: Effect of Nano-Silica on functional indices of VG30 .............................. 165 

Figure 6-1: Effect of Sasobit and Nano-Silica on conventional properties of VG10 ... 169 

Figure 6-2: Effect of Sasobit and Nano-Silica on conventional properties of VG30 ... 169 

Figure 6-3: Effect of Sasobit and Nano-Silica on viscosity of VG10........................... 173 

Figure 6-4: Effect of Sasobit and Nano-Silica on viscosity of VG30........................... 173 

Figure 6-5: Effect of aging on viscosity of VG10+ Saobit 2%+ Nano-Silica 1% ........ 174 

Figure 6-6: Effect of aging on viscosity of VG30+Saobit 2%+ Nano-Silica 1% ......... 175 

Figure 6-7: Softening point indicator effect on storage stability (VG10) ..................... 177 

Figure 6-8: Softening point indicator effect on storage stability (VG30) ..................... 178 

Figure 6-9: Seperation Index indicator effect on SSS of VG10 ................................... 179 

Figure 6-10: Seperation Index indicator effect on SSM of VG10 ................................ 180 

Figure 6-11: Seperation Index indicator effect on SSS of VG30 ................................. 180 

Figure 6-12: Seperation Index indicator effect on SSM of VG30 ................................ 180 

Figure 6-13: Effect of Sasobit and Nano-Silica on limiting temperature of VG10 ...... 181 



 

xxxiii 

 

Figure 6-14: Effect of Sasobit and Nano-Silica on limiting temperature of VG30 ...... 181 

Figure 6-15: Effect of Sasobit and Nano-Silica on non-recoverable creep compliance of 

VG10 ............................................................................................................................ 182 

Figure 6-16; Effect of Sasobit and Nano-Silica on non-recoverable creep compliance of 

VG30 ............................................................................................................................ 183 

Figure 6-17: Effect of Sasobit 2%+Nano-Silica 1,3,5% on complex modulus master 

curve of Unaged VG10 ................................................................................................. 185 

Figure 6-18: Effect of Sasobit 2%+Nano-Silica 1,3,5% on complex modulus master 

curve of Unaged VG30 ................................................................................................. 186 

Figure 6-19: Effect of aging on complex modulus master curve of VG10+ Sasobit 

2%+Nano-Silica 1% ..................................................................................................... 187 

Figure 6-20: Effect of aging on complex modulus master curve of VG30+ Sasobit 

2%+Nano-Silica 1% ..................................................................................................... 187 

Figure 6-21: Effect of Sasobit 2%+Nano-Silica 1,3,5% on phase angle master curve of 

Unaged VG10 ............................................................................................................... 188 

Figure 6-22: Effect of Sasobit 2%+Nano-Silica 1,3,5% on phase angle master curve of 

Unaged VG30 ............................................................................................................... 189 

Figure 6-23: Effect of aging on phase angle master curve master curve of VG10+ 

Sasobit 2%+Nano-Silica 1% ........................................................................................ 190 

Figure 6-24: Effect of aging on phase angle master curve of VG30+ Sasobit 2%+Nano-

Silica 1% ....................................................................................................................... 190 



 

xxxiv 

 

Figure 6-25: Effect of Sasobit 2%+Nano-Silica 1,3,5% on black space of Unaged VG10

....................................................................................................................................... 192 

Figure 6-26: Effect of Sasobit 2%+Nano-Silica 1,3,5% on black space of Unaged VG30

....................................................................................................................................... 192 

Figure 6-27: Effect of aging on black space of VG10+ Sasobit 2%+Nano-Silica 1% . 193 

Figure 6-28: Effect of aging on black space of VG30+ Sasobit 2%+Nano-Silica 1% . 193 

Figure 6-29: Effect of Sasobit Nano-Silica interaction on activation energy (Brookfield) 

of VG10 ........................................................................................................................ 194 

Figure 6-30: Effect of Sasobit Nano-Silica interaction on activation energy (Brookfield) 

of VG30 ........................................................................................................................ 195 

Figure 6-31: Effect of Sasobit Nano-Silica interaction on activation energy (DSR) of 

VG10 ............................................................................................................................. 196 

Figure 6-32: Effect of Sasobit Nano-Silica interaction on activation energy (DSR) of 

VG30 ............................................................................................................................. 196 

Figure 6-33: Effect of Sasobit 2%+Nano-Silica 1,3,5% on fatigue parameter of VG10

....................................................................................................................................... 197 

Figure 6-34: Effect of Sasobit 2%+Nano-Silica 1,3,5% on fatigue parameter of VG30

....................................................................................................................................... 197 

Figure 6-35: Effect of Sasobit 0,2,3,5%+Nano-Silica 1,3,5% on zero shear viscosity of 

VG10 ............................................................................................................................. 198 



 

xxxv 

 

Figure 6-36: Effect of Sasobit 0,2,3%+Nano-Silica 1,3% on zero shear viscosity of 

VG10 ............................................................................................................................ 198 

Figure 6-37: Effect of Sasobit 0,2,3%+Nano-Silica 1,3% on zero shear viscosity of 

VG30 ............................................................................................................................ 199 

Figure 6-38: Effect of Sasobit 0,2,3%+Nano-Silica 1,3% on zero shear viscosity of 

VG30 ............................................................................................................................ 199 

Figure 6-39: FTIR tests results of Sasobit and Nano-Silica modified VG10 ............... 200 

Figure 6-40: FTIR tests results of Sasobit and Nano-Silica modified VG30 ............... 201 

Figure 6-41: Effect of Sasobit and Nano-Silica on functional indices of VG10 .......... 203 

Figure 6-42: Effect of Sasobit and Nano-Silica on functional indices of VG30 .......... 204 

Figure 6-43: Response surface methodology flow chart .............................................. 206 

Figure 6-44: Performance prediction of model for softening Point (a) VG10 and (b) 

VG30 ............................................................................................................................ 209 

Figure 6-45: Response Surface and Contour Plot of softening point for Sasobit and 

Nano – Silica interaction (VG10) ................................................................................. 211 

Figure 6-46: Response Surface and Contour Plot of softening point for Sasobit and 

Nano – Silica interaction (VG30) ................................................................................. 211 

Figure 6-47: Performance prediction of model for penetration (a) VG10 and (b) VG30

 ...................................................................................................................................... 213 

Figure 6-48: Response Surface and Contour Plot of penetration for Sasobit and Nano – 

Silica interaction (VG10).............................................................................................. 214 



 

xxxvi 

 

Figure 6-49: Response Surface and Contour Plot of penetration for Sasobit and Nano – 

Silica interaction (VG30) .............................................................................................. 214 

Figure 6-50: Performance prediction of model for ductility (a) VG10 and (b) VG30 . 216 

Figure 6-51: Response Surface and Contour Plot of ductility for Sasobit and Nano – 

Silica interaction (VG10) .............................................................................................. 217 

Figure 6-52: Response Surface and Contour Plot of ductility for Sasobit and Nano – 

Silica interaction (VG30) .............................................................................................. 218 

Figure 6-53: Performance prediction of model for viscosity @135 °C (a) VG10 and (b) 

VG30 ............................................................................................................................. 219 

Figure 6-54: Response Surface and Contour Plot of viscosity @135 °C for Sasobit and 

Nano – Silica interaction (VG10) ................................................................................. 220 

Figure 6-55: Response Surface and Contour Plot of viscosity @135 °C for Sasobit and 

Nano – Silica interaction (VG30) ................................................................................. 221 

Figure 6-56: Performance prediction of model for limiting temperature (a) VG10 and 

(b) VG30 ....................................................................................................................... 222 

Figure 6-57: Response Surface and Contour Plot of limiting temperature for Sasobit and 

Nano – Silica interaction (VG10) ................................................................................. 223 

Figure 6-58: Response Surface and Contour Plot of limiting temperature for Sasobit and 

Nano – Silica interaction (VG30) ................................................................................. 224 

Figure 6-59: Performance prediction of model for phase angle @ 1kPa (a) VG10 and 

(b) VG30 ....................................................................................................................... 225 



 

xxxvii 

 

Figure 6-60: Response Surface and Contour Plot of phase angle @1kPa for Sasobit and 

Nano – Silica interaction (VG10) ................................................................................. 226 

Figure 6-61: Response Surface and Contour Plot of phase angle @1kPa for Sasobit and 

Nano – Silica interaction (VG30) ................................................................................. 227 

Figure 6-62: Performance prediction of model for rutting parameter (a) VG10 and (b) 

VG30 ............................................................................................................................ 228 

Figure 6-63: Response Surface and Contour Plot of rutting parameter for Sasobit and 

Nano – Silica interaction (VG10) ................................................................................. 229 

Figure 6-64: Response Surface and Contour Plot of rutting parameter for Sasobit and 

Nano – Silica interaction (VG30) ................................................................................. 230 

Figure 6-65: Performance prediction of model for complex modulus @ 10Hz (a) VG10 

and (b) VG30 ................................................................................................................ 231 

Figure 6-66: Response Surface and Contour Plot of complex modulus @ 10Hz for 

Sasobit and Nano – Silica interaction (VG10) ............................................................. 232 

Figure 6-67: Response Surface and Contour Plot of complex modulus @ 10Hz for 

Sasobit and Nano – Silica interaction (VG30) ............................................................. 232 

Figure 6-68: Performance prediction of model for phase angle @ 10Hz (a) VG10 and 

(b) VG30 ....................................................................................................................... 233 

Figure 6-69: Response Surface and Contour Plot of phase angle @ 10Hz for Sasobit and 

Nano – Silica interaction (VG10) ................................................................................. 234 



 

xxxviii 

 

Figure 6-70: Response Surface and Contour Plot of phase angle @ 10Hz for Sasobit and 

Nano – Silica interaction (VG30) ................................................................................. 235 

Figure 6-71: Performance prediction of model for zero shear viscosity @ 40 °C (a) 

VG10 and (b) VG30...................................................................................................... 236 

Figure 6-72: Response Surface and Contour Plot of zero shear viscosity @ 40 °C for 

Sasobit and Nano – Silica interaction (VG10) .............................................................. 237 

Figure 6-73: Response Surface and Contour Plot of zero shear viscosity @ 40 °C for 

Sasobit and Nano – Silica interaction (VG30) .............................................................. 238 

Figure 6-74: Performance prediction of model for JNR0.1 (a) VG10 and (b) VG30 .. 239 

Figure 6-75: Response Surface and Contour Plot of JNR0.1 for Sasobit and Nano – 

Silica interaction (VG10) .............................................................................................. 240 

Figure 6-76 Response Surface and Contour Plot of JNR0.1 for Sasobit and Nano – 

Silica interaction (VG30) .............................................................................................. 241 

Figure 6-77: Performance prediction of model for JNR3.2 (a) VG10 and (b) VG30 .. 242 

Figure 6-78: Response Surface and Contour Plot of JNR3.2 for Sasobit and Nano – 

Silica interaction (VG10) .............................................................................................. 243 

Figure 6-79: Response Surface and Contour Plot of JNR3.2 for Sasobit and Nano – 

Silica interaction (VG30) .............................................................................................. 244 

Figure 6-80: Performance prediction of model for carbonyl index (a) VG10 and (b) 

VG30 ............................................................................................................................. 245 



 

xxxix 

 

Figure 6-81: Response Surface and Contour Plot of carbonyl index for Sasobit and 

Nano – Silica interaction (VG10) ................................................................................. 246 

Figure 6-82: Response Surface and Contour Plot of carbonyl index for Sasobit and 

Nano – Silica interaction (VG30) ................................................................................. 246 

Figure 6-83: Performance prediction of model for sulphoxide index (a) VG10 and (b) 

VG30 ............................................................................................................................ 247 

Figure 6-84: Response Surface and Contour Plot of sulphoxide index for Sasobit and 

Nano – Silica interaction (VG10) ................................................................................. 249 

Figure 6-85: Response Surface and Contour Plot of sulphoxide index for Sasobit and 

Nano – Silica interaction (VG30) ................................................................................. 249 

Figure 6-86: Desirability surface for dosage optimization in VG10,VG30 ................. 256 

  



 

xl 

 

  



 

xli 

 

LIST OF ABBREVIATIONS AND SYMBOLS 
 

𝐴𝐼 Aging Index 

𝐴𝐹𝑀 Atomic Force Microscopy 

𝐴𝑃𝐴 Asphalt Pavement Analyzer 

𝐵𝐵𝑅 Bending Beam Rheometer 

𝐵𝑂𝑆 Bond Strength Ratio 

𝐶𝑀𝐴 Cold Mix Asphalt 

𝐶𝑆𝑉 Compressive Strength Value  

𝐶𝑆 Creep Stiffness 

𝐷𝐶𝑇 Dynamic Creep Test 

𝐷𝑆𝑅 Dynamic Shear Rheometer 

𝐸𝑆𝑂 Epoxidized Soybean Oil 

𝐺𝑃𝐶 Gel Permeation Chromatography  

𝐻𝑊𝑇 Hamburg Wheel Tracking 

𝐻𝑀𝐴 Hot Mix Asphalt 

𝐻𝑊𝑀𝐴 Half Warm Mix Asphalt 

𝐹𝑇𝐼𝑅 Fourier Transform Infrared Spectroscopy 

𝐹𝑃𝐵𝐹𝑇 Four Point Bending Fatigue Test 

𝐼𝐷𝑇 Indirect Tensile Strength 

𝐼𝑅 Infrared Spectrum 

𝐼𝐴𝑟 Aromatic index 

𝐼𝐴𝑙 Aliphatic index 



 

xlii 

 

𝐼𝐶=𝑂 Carbonyl index 

𝐼𝑆=𝑂 Sulphoxide index 

𝐼𝑇𝐹𝑇 Indirect Tensile Fatigue Test 

𝐿𝐴𝑆 Linear Amplitude Sweep 

𝑀𝑆𝐶𝑅 Multiple Stress Creep Recovery 

𝑀𝑆 Marshall Stability 

𝑃𝐴𝑉 Pressure Aging Vessel 

𝑃20 Pressure Aging Vessel 20 hours 

𝑃𝑂𝑇𝑆 Pull-Off Tensile Strength Ratio 

𝑈𝐴 Unaged 

𝑉𝐺 Viscosity Grade 

𝐹𝑆 Flexural Strength 

𝑅𝑀𝑆 Retained Marshall stability  

𝑅𝑇𝐹𝑂 Rotational Thin Film Oven 

𝑅85 Rotational Thin Film Oven (85 minutes) 

𝑅𝑅 Rate Of Rutting 

𝑅𝐷 Rut Depth 

𝑅𝑉 Rotational Viscosity 

𝑅𝑀 Resilient Modulus 

𝑅𝑆 Recoverable Strain 

𝑆𝐵𝑅 Styrene-butadiene Rubber 

𝑆𝑆𝑆 Standard Storage Stability 

𝑆𝑆𝑀 Modified Storage Stability 



 

xliii 

 

𝑇𝐹𝑂𝑇  Thin Film Oven Test 

𝑇𝑆𝑅 Tensile Strength Ratio 

𝑇𝑇𝑆𝑃 Time Temperature Superposition Principle 

𝑉𝑇𝑆 Viscosity temperature susceptibility  

𝑊𝑀𝐴 Warm Mix Asphalt 

𝑊𝐵 Water Surfactant Based 

𝑊𝑊𝑇 Wessex Wheel Tracking 

𝑊𝑇𝑇 Wheel Tracking Test 

𝑊𝑇𝐴 Wheel Tracking Analysis 

𝑋𝑅𝐷 X-Ray Diffraction  

𝑍𝑆𝑉 Zero Shear Viscosity 

 
 

 

  


