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ABSTRACT

The traffic volume, tyre pressure, and environmental conditions cause the depletion
of road pavement performance levels. However, to enhance road quality, improving
pavement performance is vital. Researchers have been studying ways to improve the
performance of pavements by modifying the asphalt using various materials. With
the emerging trend towards low carbon emission materials, waste-based materials are
usually investigated on their ability to modify conventional construction materials.
Pyrolysis Carbon Black (PCB) is a by-product of the waste tyre recycling process,
which can potentially improve pavement performance. This study aims to investigate
the properties of PCB modified bitumen and its performance impact factors. Further
to evaluate the manufacturing process of PCB-modified asphalt concrete by
comparing the effects of wet and dry mixing methods on pavement performance
when PCB is incorporated with asphalt. Penetration, softening point and Dynamic
Shear Rheometer (DSR) test was conducted to investigate the Rheological and
Physical properties. Marshall Stability and flow tests are used to evaluate the
volumetric properties. The bitumen properties provide the evidence of ability to
improve the rutting resistance and high temperature performance of the asphalt by
adding PCB. Further volumetric properties show that both methods have improved
the asphalt properties where the flow has increased in wet and dry mixing mixtures,
compared to the conventional mixture. Moreover, PCB modified road section was
evaluated and calculated Pavement Condition Index (PCI). For better insight, another
section from the same road prepared with conventional asphalt at the same period
was evaluated. The calculated PCI values are 85% and 88% for conventional and
PCB-modified pavements, respectively demonstrating the potential for long-term
performance in PCB-modified pavements. PCB can be recommended as a promising
modifier option to develop pavement performance while adhering to sustainability
guidelines. Furthermore, additional investigations into low-temperature performance
and wet mixing manufacturing process of PCB-modified asphalt are encouraged.

Keywords: Pyrolysis Carbon Black (PCB), Bitumen modification, Asphalt concrete,
wet mixing, dry mixing, Pavement Condition Rating



TABLE OF CONTENTS

DIECIATALION ...ttt [
ACKNOWIEAGEMENL.......eeiiiee et e e nae e ii
ADSTIACT ... s ii
Table OF CONEENES ... 0\
LISt OF FIQUIES ..ttt ettt e e reenee e viii
LISt OF TADIES.....ceeeie e xii
LiSt Of ADDIEVIALIONS. .......coiiiiieee s Xiv
LiSt OF APPENGAICES ..ot bbb XVi
(O g =T (=] ot T TSP P TP URURUPPPRP 1
Lo INEFOAUCTION ...t 1
1.1 GENEIAl OVEIVIEW ....o.eeuiiiiiiiiieieiiete ettt 1
1.2 BACKOIOUNG ...ttt et e ens 1
1.3 Problem STatemMent .........cc.ooo i 2
1.4 Significance OF the STUY .........cocoiiiiiiiii s 3
1.5 RESEAICN ODJECLIVES .......eiuiiiiteieeitesie ettt 4
CRAPTET 2 ..t bbbt 5
2. LITErature REVIEW .......oviiiiieiiiiiieeeee ettt 5
2.1 GENEIAL ... 5
2.2 Bitumen Modification: AN OVEIVIEW..........ccccouviiiiiiniieiee e 5
2.2.1 Necessity of Bitumen Modification .............cccccoveveiieiieie e, 5
2.2.5 Pyrolysis Carbon Black (PCB) as a Modifier ..........cccccevvviveiieie e, 6

2.3 An overview of carbon BIACK ..........ccooiiiiiiiiie 8
2.3.1 History and evolution of the carbon black industry ............cc.ccoovvviiiinnnn. 8
2.3.2 TEXIUIE & COIOUF ... 8
2.3.3 Difference from Other C tYPeS ......ccooeieiiiiiirieeee e 10
2.3.4USAQe IN INAUSEIY ...ooviiiiiiiceeee s 11
2.3.5 How to produce Carbon Black commercially............ccccooviiieiiiiiiiinne, 12
2.3.6 CCB GratiNg......ccouieiuieiiiesiie ettt ae e 12
2.3.7 Health and Safety ... s 14



2.4 Waste tyre and PYrolySiS PrOCESS ........eiverveieeieeriesieseesieseesieeseeseesseeseesseesnens 15

2.4.1 Structure and composition of tire rubber ..., 15
2.4.2 End of Life tyre generation and related iSSUES ...........cccovcveveriirneeieniinnnnn, 16
2.5 Pyrolysis process and carbon bIack ..., 19
2.6 PCB production process in Sri Lanka ...........coeiiiinieienieienese e 22
2.7 Modification of Bitumen using Pyrolysis Carbon Black ..............ccccceeviienen. 23
2.7 Advances in Enhancing the Quality of Pyrolysis Carbon Black (PCB) .......... 26
2.8 Emerging Trends in Combining PCB with Other Modifiers ............ccccccevenen. 27
2.9 Asphalt pavement manufacturing methods- wet mixing vs dry mixing........... 28
2.10 Long-Term Pavement PErfOrmance ..........cccoviveiininiieiiere e 30
2.11 Identified RESEAICN GaPS .......ccveieieieieriesiesiesie s 30
2.12 Summary of Literature FINAINGS ......cccoovieriiiiiiieiecee e 30
CRAPTET 3 . 32
K I |V 1=11 T o [0] oo | RSSO PSSR 32
Bl GENEIAL ... 32
B2 MALEIIAIS. ... 33
B2 L BIIUMEN .. 34
3.2.3 Pyrolysis Carbon BIack (PCB).........cccoiiiiiiniiiiieicee e 35
324 AQIEOALES. .....eeeereieeie ettt 40
3.3 Bitumen mOdifICAtION..........oiiiiiiiiiiece s 41
3.4 PCB modified bitumen performance evaluation.............ccccoceveneniniinnienennn, 42
3.4.1 PeNELration tEST........ceiuiieiiitiieeicie st 42
3.4.2 SOftening POINTLEST .....cvoiviiiee e 46
3.4.3 PeNetration INAEX .........cceiriiieiiiiieeisie e 48
S A DSREEST ... e 48
3.4.5 Pressure Age VESSEl (PAV) ..ottt 48
3.5  Environmental and Economical ASSESSMENL...........ccvreriirerinirinieieienns 50
3.6 Asphalt concrete Preparation.............ooeeeereneneneseeeee e 51
3.6.1 WEL MIXING PrOCESS....cuvititiiiriesieeieeie et sie sttt sb bbb 51
3.6.3 Design criteria and optimum bitumen content derivation...............c......... 53
3.7 Testing for Performance Evaluation .............cccccceevviiie i 53
3.7.1 Marshall MixX deSIgn ......c.eeiiiiiiiiiieie e 53



3.7.2 Test for Bulk Specific Gravity (Gmb) ......ccoovvvrveiiniiiiiieeiseese e, 53

3.7.3 Flow and Stability teSt .........ccueiiiieiieiieie e s 54
3.7.4 Test for Air Voids and Voids in Mineral Aggregates..........ccocoevvvrvenene. 54
3.7.5 Scanning Electron Micrograph (SEM) analysis...........cccccoervniinininennenn. 57
3.8 Long-Term Performance Evaluation - dry mixing method..............cc.ccoceiene, 57
3.8.1 Introduction of the Study Area..........ccceveiieii e 57
3.8.2 Pavement Condition RALING ........ccccverviiiiieiice e 58
3.8.3  PCI Calculation StEPS .......ccvceeiierieeieieesie e se s 59
(O =T o) (- S SSUSS PSRRI 61
4, ReSUILS N DISCUSSION. .......c.ccuiriiiiiiiiiiieieie ettt 61
A1 GENEIAL .o 61
4.2 Comparison of PCB modifier option with conventional binder under Sri
LANKAN CONTEXT....c.eiuiiiiiiieiiite ettt 61
4.2.1 Rheological and physical performance............ccccooevviieiieie i 61
4.2.2 Optimization APProaCh ..........ccecieiieie i 61
4.2.3 Economic and environmental impact...........ccccooevveeve e sieece e 62
4.3 PCB Modification: Performance Impact Factors ...........ccccccevvveveiievnenenne, 64
4.3.1 Physical properties of the Ditumen ... 64
4.3.2  FTIR results of modified bitumen...........ccoooiiiiii 66
4.3.3  Influence of the agING........ccoviirieiiiiie e 67
4.4 Performance Evaluation of Asphalt Concrete ..........ccocevviiieiiniiiiicen, 71
4.4.1 Determination of Optimum Bitumen Content (OBC) for Virgin
Bitumen71
4.4.2  Evaluation of Mixing Methods with PCB Variations................c......... 72
4.4.3  Optimization of PCB-Modified BIiNder............ccccoveveiieieeie i 80
4.5  Evaluation of Long-Term Field Performance .........c.ccccooevvveveiiccic e, 85
45.1 Distresses and their Severity Levels Calculation...........cc.ccoovvvvinnnne. 85
452 Deduct value calculation ... 93
45.3 Corrected Deduct Value (CDV) Calculation ..........cccoceviiinivninnnnnenn 94
CRAPTET 5. 97
5. Conclusions and reCoOmMENdatioNS...........ccereiiriririeieiee e 97
RETEIBNCES ... 101

Vi



Appendix I- Marshall test results

vii



LIST OF FIGURES

Figure Description Page

Figure 2.1: a) Schematic representation of particle size and surface chemistry of
carbon black, b) low structure carbon black, c) high structure carbon black
(Bera et al. 2018) 9

Figure 2.2: Different forms of carbon base material (Bera et al. 2018) 10

Figure 2.3: Atomic structural models of (a) graphite and (b) carbon black (Wang et

al. 2004) 11
Figure 2.4: Schematic of molecular chain structure of normal rubber and effect of
vulcanization to form cross linking (Xiao et al. 2022) 16
Figure 2.5: Typical tyre structure (Xiao et al. 2022) 16
Figure 2.6: Waste tyre disposal amount of various countries in 2022 (Zerin et al.
2023) 17
Figure 2.7: An overview of waste tyre disposal methods 19
Figure 2.8: Pyrolysis reactor types 20
Figure 2.9: Batch rotary kiln reactor 23
Figure 2.10: dual-fuel combustion system 23
Figure 3.1: An overview of the methodology 33
Figure 3.2: Material selection steps 34
Figure 3.3: Particle size distribution of Sample A 37
Figure 3.4: Particle size distribution of Sample B 37
Figure 3.5: SEM images of PCB sample (a)100,00x, (b)500,000x, (¢)1000,000x,
(d)1500,000x 38
Figure 3.6: EDS spectrum of PCB sample 38
Figure 3.7: XRD spectrum of PCB 39
Figure 3.8: FTIR spectrum of the PCB sample 40
Figure 3.9: Gradation curve of the sample and specification limits 41

viii



Figure 3.10:
Figure 3.11:
Figure 3.12:
Figure 3.13:
Figure 3.14:
Figure 3.15:
Figure 3.16:
Figure 3.17:
Figure 3.18:
Figure 3.19:
Figure 3.20:
Figure 3.21:
Figure 3.22:
Figure 3.23:
Figure 3.24:
Figure 3.25:
Figure 3.26:
Figure 3.27:
Figure 3.28:

Figure 3.29:

Clean needle

Place the container

Needle tip adjustment

Zero the gauge reading

After releasing the load

Dial gauge change

Ring and Ball apparatus

Rings, balls and ball-centering guides

Pour bitumen into two metallic rings

metal pans to pour binder

Pressure Aging Vessel

Aged bitumen in pans

Wet mixing and Dry mixing processes

Loose sample in the container

Add water to cover the sample

assembled apparatus

Mass of the container filled with water, sample, and glass lid
Megahakumbura road

Meegahakumbura Road- PCB modified section

Pavement Condition Index (PCI) according to ASTM D6433

Figure 4.1: Comparison of PCB modified binder vs conventional binder

Figure 4.2: Penetration variation with respect to particle size

Figure 4.3: Softening point variation with respect to particle size

Figure 4.4: Penetration variation with respect to mixing speed

Figure 4.5: Softening point variation with mixing speed

44

44

44

45

45

46

46

47

47

49

49

50

53

55

55

56

56

58

58

59

63

65

65

66

66


file:///E:/MSc/Thesis/Thesis%20Sudharshi-REV1%20editting.docx%23_Toc190270983

Figure 4.6: FTIR spectrums of binder samples No. 1, 2 and 3. 67
Figure 4.7: Penetration variation with particle size (before and after ageing) 68
Figure 4.8: Softening point variation with particle size (before and after ageing) 69

Figure 4.9: Penetration variation with respect to mixing speed (before and after

ageing) 70
Figure 4.10: Softening point variation with respect to mixing speed (before and after

ageing) 70
Figure 4.11: Performance evaluation phases of Asphalt concrete 71
Figure 4.12: volumetric graphs for conventional Marshall Mixture 72
Figure 4.13: Volumetric graphs for PCB-modified Marshall Mixtures 75
Figure 4.14: Comparison of Dry and Wet mixing Methods for PCB-modified Asphalt

Mixtures 6
Figure 4.15: SEM image of conventional asphalt mixture with 5.1% bitumen 77

Figure 4.16: SEM image of wet mixing asphalt sample with 3.6% bitumen and 1.5%
PCB 77

Figure 4.17: SEM image of dry mixing asphalt sample with 3.6% bitumen and 1.5%
PCB 78

Figure 4.18 : 15 Marshall Test specimens from PCB modified asphalt 81

Figure 4.19: Bitumen Content vs Stability graph for 15% PCB modified bitumen
Asphalt Concrete 81

Figure 4.20: Bitumen content vs Flow graph for 15% PCB modified bitumen Asphalt
Concrete 82

Figure 4.21: Bitumen Content vs Air Voids graph for 15% PCB modified bitumen

Asphalt Concrete 82
Figure 4.22: Bitumen Content vs VMA graph for 15% PCB modified bitumen

Asphalt Concrete 83
Figure 4.23: SEM images of Asphalt concrete prepared with respective binder

percentages. 84
Figure 4.24: Section A - depression (Low-Severity level) 88



Figure 4.25:
Figure 4.26:
Figure 4.27:
Figure 4.28:
Figure 4.29:
Figure 4.30:
Figure 4.31:
Figure 4.32:
Figure 4.33:
Figure 4.34:

Figure 4.35:

Section B — depression (Low-Severity level)

Section A- Edge cracking (Low-Severity level)

Section A- Lane/shoulder drop-off (Low-Severity level)
Section B- Lane/shoulder drop-off (Low-Severity level)
Section A - Polished aggregate (Low-Severity level)

Section B- Polished aggregate (Low-Severity level)

Section A- Rutting (Low-Severity level)

Section B- Rutting (Low-Severity level)

Section A - Raveling — dense mix asphalt (Low-Severity level)
Section B - Raveling — dense mix asphalt (Low-Severity level)

Section A - Weathering (surface wear) - dense mix asphalt (Low-

Severity level)

Figure 4.36: Section B - Weathering (surface wear) — dense (Low-Severity level)

Figure 4.37:

PCI rating of sections A and B

Xi

88

89

89

90

90

91

91

91

92

92

93

96



LIST OF TABLES

Table Description Page
Table 2.1: The chemical composition of the PCB from different resources 7
Table 2.2: Effect of structure on compound properties (Bera et al. 2018) 9

Table 2.3: property variations along with the manufacturing process (Song 2017) 12

Table 2.4: Typical commercial carbon black properties and their application (Bera et
al. 2018), (Cardona et al. 2018) 13

Table 2.5: Comparison of compound content amount with the tyre type (Xiao et al.
2022) 15

Table 2.6: Composition of the smoke emitted by open-air combustion of tyres 18

Table 2.7: Comparison of properties between PCB and CCB (Xu et al. 2021) 21

Table 2.8: Key Operating Conditions of the reactor 22
Table 2.9: Characteristics of PCB-modified bitumen from literature 24
Table 2.10: Characteristics of CCB modified bitumen from literature 25

Table 2.11: Carbon Black modified bitumen incorporating with other materials 28

Table 2.12: Comparative insights in wet mixing vs. dry mixing methods 29
Table 3.1: properties of base asphalt binder 35
Table 3.2: Elemental composition of PCB by percentage of weight 39
Table 3.3: Tyre-type composition of a batch. 39
Table 3.4: Likely compounds according to XRD spectrum 39
Table 3.5: Mixing parameters used in literature 41
Table 3.6: Cooling requirement before the test conduct 43
Table 3.7: Test condition defined for the normal scenario 43
Table 3.8: Maximum allowable deference between readings 46
Table 3.9: Suitable temperature rangers relevant to the liquid for the bath 47

Xii



Table 3.10: The environmental and cost factors of raw materials 51

Table 3.11: Design Criteria 53
Table 4.1: Properties of PCB-modified binder 61
Table 4.2: Optimum percentages for PCB modifier 62
Table 4.3: The mass of mixing for 1kg binder 62
Table 4.4: Calculated EE, ECO2¢and Cost values for modified binders 63

Table 4.5: PCB Modified bitumen properties- respective to particle size and rpm 64
Table 4.6: PCB Modified bitumen properties- before and after ageing 68
Table 4.7: Volumetric properties of virgin bitumen asphalt concrete mixtures 71
Table 4.8: VVolumetric properties for PCB wet mixing asphalt concrete mixture 72
Table 4.9: Volumetric properties for PCB dry mixing asphalt concrete mixture 73
Table 4.10: Volumetric properties of selected optimum mixtures 76
Table 4.11: Characteristic comparison of SEM images 79

Table 4.12: Volumetric properties of PCB modified bitumen asphalt concrete
mixtures 80

Table 4.13: Section A- Distresses and their severity levels 86

Table 4.14: Section B- Distresses and their severity levels PCB modified pavement

86
Table 4.15: Section A deduct value calculation 93
Table 4.16: Section B deduct value calculation 94
Table 4.17: Section A- Corrected Deduct Value iterations 94
Table 4.18: Section B - Corrected Deduct Value iterations 95

Xiii



LIST OF ABBREVIATIONS

Abbreviation Description
AHO Aromatic hydrocarbon oil
BET Brunauer-Emmett-Teller
BR Butyl Rubber
CB Carbon black
CCB Commercial carbon black
CDV Corrected Deduct Value
CEB Ceylon Electricity Board
CPCB Co-pyrolytic carbon black
DBP Dibutyl phthalate
DSR Dynamic Shear Rheometer
DV Deduct Value
EDS Energy-dispersive X-ray spectroscopy
EE Embodied energy
ECOz- Embodied GHG Emissions
FTIR Fourier transform infrared spectroscopy
GHG Greenhouse gas
HMA Hot mix asphalt
HSE Health and Safety Executive
NPCB Nano-carbon black
OBC Optimum Bitumen Content
OSHA Occupational Safety and Health Administration
PAH Polynuclear aromatic hydrocarbons
PAV Pressure Age Vessel

Xiv



PCB
PCI
PE
PET
Pl
RPM
RTFO
SBS
SBR
SEM

SFE

SSCM 05

TDV
uv
VMA
VPCB

XRD

Pyrolysis Carbon Black
Pavement Condition Index
Polyethylene

Polyethylene Terephthalate
Penetration Index

Rounds Per Minutes

Rolling Thin Film Oven
Styrene butadiene styrene
Styrene-butadiene copolymer
Scanning electron micrograph
Surface free energy

Standard Specification for Construction and
Maintenance of Roads and Bridges

Total deducts value

Ultra-violet

Voids in Mineral Aggregate
Vacuum pyrolysis carbon black

X-ray diffraction

XV



LIST OF APPENDICES

Appendix Description Page

Appendix - | Marshall test results 115

XVi





