ADDIS ABABA UNIVERSITY
ADDIS ABABA INSTITUTE OF TECHNOLOGY
SCHOOL OF CIVIL & ENVIRONMENTAL ENGINEERING

Developing Superpave Bitumen Performance Grade Mapping for Ethiopia:

Adapting to Historical and Future Climate Condition

by
Birhanu Demissie

A Thesis Submitted to School of Graduate Studies in
Partial Fulfillment of the Requirement for Degree of
Master of Science
In
Road and Transport Engineering

Advisor.
Dr.Robeam Solomon
June, 2023
Addis Ababa, Ethiopia



ADDIS ABABA UNIVERSITY
ADDIS ABABA INSTITUTE OF TECHNOLOGY
SCHOOL OF CIVIL & ENVIRONMENTAL ENGINEERING

The undersigned have examined the thesis entitled ‘Developing Superpave Bitumen Performance
Grade Mapping for Ethiopia: Adapting to Historical and Future Climate Condition’ presented by
Birhanu Demissie, a candidate for the degree of Master of Science in Road and Transport
Engineering and hereby certify that it is worthy of acceptance.

Robeam Solomon (Ph.D) a i Q } //D /QO “/ {

Date




Declaration

I certify that research work titled “Developing Superpave Bitumen Performance Grade Mapping
for Ethiopia: Adapting to Historical and Future Climate Condition” is my own work. The work
has not been presented elsewhere for assessment. Where material has been used from other sources
it has been properly acknowledged / referred.

Name Birhanu Demissie
Signature
Place Addis Abaliga Institute of Technology (AAIT)
Addis Ababa University,

Addis Ababa.
Date June, 2023




Table of Contents

[T Fo - [0 OSSOSO P TP PR I
TADIE OF CONENTS .....oiiiiiiciee bbb bbbt e et e e bbb bbb e I
LISE OF TADIES ... bbbttt e et bbbttt ne e \/
IS o T U =TSP VI
LIST OF ACRONYIMS ..ottt ettt e et e e e e e e e e e naeeeneeeanes VI
ACKNOWLEDGMENTS ..ottt e et e e nnte e e nnaeeenneeas IX
A B ST RA C T ettt e et e et e e bt et e e et et e e et e e e nnr e e e taeeanreeaneaeas X
CHAPTER “ONE ...ttt s ettt te st st e st e besbeeeneatenes 1
R [ 1o To 11 Tox (o] 4 RSSO P TP TRPRORN 1
1.1 Statement OF PrOBIEIM.........cooiiiiiiice e e 2
I ] o <1 £ SRR 3
1.2.1  General ODJECLIVE ......ocuiiiiiiiiee et 3
1.2.2  SPECITIC ODJECLIVE. ..o 3

1.3 RESLAICN QUESTION. ...oviiiieiieciieie ettt sttt e et e ene e re et e aneesreenaeenee e 3
1.4 Significant Of THE STUAY. ......ooiiiiiiiee s 3
1.5 Limitation 0f the STUAY ........coieiiii e 4
1.6 PaPEr OFQANIZALION .....c.eciviiiiiiiieie ettt e s te et e re e reete s e raenne e e 4
CHAPTER TWO ..ottt ettt s ittt sttt e e e besbe st eneane e 5
2 LITErature REVIEW. ....ocuiieiiieie ettt bbbt e et et st benbeeneenes 5
2.1 BItUMEN BINGET . ....oiiieeiecieceee ettt sttt e e te e st e s reenteeneenneeneeenee e 5
2.1.1  Composition of bitumen DINAEr ... 7
2.1.2  Refining Method Of BItUMEN .........cciiiiiiiiiiicieee e 7
2.1.3  RETINING PrOCESS ...c.eiiiiiiiiiiiei ettt ettt 8
2.1.4  Property of bitumen BINAEr .........cccooviiiiiiie e 9
2.1.4.1  Chemical PrOPertY: ..ot 9
2.1.4.2  PhYSICAl PrOPEITY ..ooviieiie et beeneas 9
2.1.4.3  Rheological (Visco-elastic) properties asphalt binder............ccccoevvviiieinne 10

2.2 Bitumen Binder SPeCITICALION. ..........coiiiiieiie et 13
2.2.1  Penetration and visCOSity SPECITICAtION ..........coeririiiiiiiiciereeee s 13
2.2.2  Superior Performing Asphalt Pavements (Superpave) Specification. .................... 13
2.2.3  History of Pavement Temperature prediction model development. ....................... 14



2.2.4  Pavement Temperatures prediction Model ............cccooeiieiie i, 17

2.3 Previous Study in different country in Performance Grade (PG) Development ............... 24
2.4 Impact of climate change in Performance grade of Asphalt grade..............ccccoevvivinnnnnne. 27
2.4.1  Global Climate Model (GCM) ASSESSMENT. .......cceieeieiieierie e 31

2.5 Performance-Based BiNder TeSTS......ccouiiieiiieiierie e 32
2.5.1  Dynamic Shear Rheometer (DSR) TeSE......cccviiiiiiiiiieiiese e 32
2.5.2  Performance Graded Binder Specifications............cccooiiiinininiinieiee e 37

2.6 LITErature SUMIMAIY ......ccveiieieeiesieesieeeesteests et staeste e sreesteasaestaesbeeneesseesteeneesnaenteaneesneenrs 38
CHAPTER THREE ..ottt 39
3 Research MethodolOgy. ......c.coveiiiiiiieie et nas 39
X T8 1011 €T (1T oo SO SSO P TUPURRPRPRN 39
3.2 STUAY ATBA ..ttt bbbttt bbbt bbbt bt b et b et ene s 41
3.3 Research Design (PrOCEAUIE).......ccuoiiiiiiiesiisiee et 42
KR D v- @0 | [T (o] o PSR 43
3.5 Pavement Temperature Data Analysis Method ... 43
3.5.1  Pavement TEMPErature Grade.........ccccvevueiieiueeieseesie e see e eete e 43
3.5.2  Reliability Determination............ccccoveiiiiieiiiie e 45
3.5.3  Current (Baseline) Performance Grade (PG) Determination.............ccc.cccevvevueenen. 46
3.5.4  Climate change assessment on performance grade of asphalt...............c.ccccevenen. 46
Ethiopia climate change with in different Scenario (SSP) .........cccovviiiiviiiiiis s 47
3.5.5  Global Climate Model SEIECHION.........cccueiieiicecereee e 50

3.6 Determination of future Asphalt grade (PG) .......cccoiiiiiiiiniiirseeeeee e 51
3.6.1  Analysis Method of future climate data to determine Asphalt Binder Grade......... 51

3.7 Method of Model comparation SHRP and LTPP ........cccccoiiiiiiiiiiieeeeese e 58
3.8 Superpave Performance Based teSt..........cceviiiiiieii et 59
3.8.1  EXPEriMENt PIAN......cciiiiiiiiieie ettt 59
3.8.1.1 Determining the Rheological Properties of Asphalt Binder................ccocov..e. 60
3.8.1.2  Grading the Performance Grade (PG) of an Asphalt Binder...............cc.c........ 61

(8 o 1 e I G 1 | S 62
4 RESUIL AN DISCUSSION.....cviiuiiiiieieesieseesieesiestee e eseesseesteeseesseesseesseaseesseessesseesseeseeaseesseesseaseenns 62
4.1 TEMPEIALUIE TALA ....c.veveeeteitisieeiie ettt bbbttt e bbb be st ebeenes 62
4.1.1  Historical and Future projection 7-Daily temperature data ...........cccocevervrerennnne 63



4.2 Determination of super pave Performance Grade (PG).......cccccoveviveiiiiieieers e 65

4.3 Interpretation of Asphalt Grade change due to climate change.............cccocevviieiveceennenn, 71
4.4 Comparation of SHRP &LTPP-MOdEl .........ccocoiiiiiicecieeee e 74
441  Performance Grade (PG) Analysis Result of Area Coverage..........cccooeverererennnnn 75
4.4.2  Statistical Comparation of two model PG Result ... 78
4421  Descriptive StatiStics OF data..........cccovrvriiiiiiiiierrerese e 78
4422  T-test of comparation of Two model ReSUlt............cccooviiiiiiiiiiiis 79

4.5 Mapping of pavement Temperature zoning of Performance Grade (PG) for (SHRP &
I 1Y oo T OSSR PP 81
45.1  Mapping using Historical Temperature data.............ccccceeveevveieiieseere e 81

4.5.2  Mapping of Future projection temperature data climate change Scenario

(SSP2(4.5) .ttt ettt bbbt neareas 82

4.5.3  Mapping using Future projection temperature data of climate change Scenario
(SSPB(8.5) ..ttt bbbttt bbbt reareas 83
4.6 Adjustment of Performance Grade (PG) of Asphalt considering traffic and speed factor 84
4.7 PG of Penetration Grade currently used Asphalt binder in Ethiopia..........ccccoonininnnn. 87
4.7.1  Determine PG asphalt Binder using DSR. .........cccooeiiiiiiiiiinieee e 87
4.7.2  Mapping of penetration grade result in Ethiopia ...........ccccooviiiniiiicicncce 91
CHAPTER FIVE ...ttt sttt a e et et e nnentenreeneene e 92
5 Conclusion and RECOMMENAALION .........ccueiiiiiiiieiieiieeeieie et eneas 92
5.1 CONCIUSION .ttt ettt bbbt b e s e s e et e b e sbesbenbesneeneeneas 92
5.2 RECOMMENTALION ....viiiiiiitieiieieie ettt et et e nbesbeeneeneas 93
REFERENQCE ...ttt et b et st b e b e e s et e e naeebesbenbeene e 94
APPENDIX. A. LOCation OF SEALION .......ceiiiiiieieie e 99
APPENDIX-B- Mean and Standard Deviation of Data...........cccccccevivereeienieenene e 102
APPENDIX-C-Global Climate Model Temperature SImulation.............c.ccocvivienencnenincnnnns 108
APPENDIX-D- Temperature COMMECTION .........ooiriirieiisiesiisieeieie ettt 110
APPENDIX-E -Grade Change StAtiON ...........cooiiiiiiiiiiiiieieiese et 111
APPENDIX-F DSR “RESUIL.... .ottt ene s 117



List of Tables

Table 2-1: Pavement temperature prediction Model develop in different country....................... 17
Table 2-2 : Asphalt binder grade determined for the 1980--2100 in Canada..............cccccvevveennne. 29
Table 2-3 : Scenario description (IPCC, 2021).......cccuiiiiieiieieiiesieie e 48
Table 2-4 Ranking of GCM for Ethiopia CHMALe ..o 31
Table 2-5 : Performance parameter and SPecCifiCation ............cccccevveieiie i ere e 37
Table 3-1:Ethiopia elevation and itS COVErage area. ..........cccvevuereereerieseeseerieseeseesee e sreesseeneens 40
Table 3-2 : Super pave bitumen SPECIFICAtION. ...........cciiiiiiiiicc s 44
Table 3-3 Selected GCM- MOGEI IST..........ooiiiiiiee s 51
Table 3-4: Example of Bias correction index calculation...........c.ccccocvvveiieiiieneccc e, 54
Table 3-5: Example Corrected Forecast Temperature data Addis Ababa January ,2040.............. 55
Table 3-6: Example of calculation 0f PG XX-YY ..o 56
Table 3-7 sample of currently available in Ethiopia. .........cccooiiiiiiiiniiee e 60
Table 4-1 PG of asphalt Binder of Two Model Result. SSP2(4.5) Scenario........c.ccccccevvevveennene. 68
Table 4-2 PG of asphalt Binder of Two Model Result .SSP5(8.5) Scenario..............ccccovevveenene. 70
Table 4-3 increment of PG grade of Middle (SSP 2(4.5) and hottest (SSP5(8.5) model.............. 71
Table 4-4 : Descriptive statistics value of 98% reliability of pavement temperature. .................. 78
Table 4-5 T-test result of comparation of Two model (SHRP and LTPP) ........cccccccvvvivveiieenee, 79
Table 4-6 : Table of Adjusted Binder PG-Grade is provided in AASHTO MP-2..........cccccen...e. 84
Table 4-7 Traffic Classes for Flexible Pavement Design of Ethiopia........c.ccocvvvieiiieicinnnnne. 85
Table 4-8 -adjusted performance grade (PG)of Superpave specification in Ethiopia. ................. 86
Table 4-9 : PG Grading of 85/100 Original ...........c.cooviiiiiiiiiieccce e 87
Table 4-10 : PG Grading 0f 85/100 a0€d.........ccueiveiiieieiieie e 88
Table 4-11: PG Grading of Penetration DINGEr ... 89



List of Figures

Figure 2-1: Global DITUMEN USE .......coiviiieiiee e 6
Figure 2-2: Refining process of DItUMEN .........coviiiiiicc s 8
Figure 2-3 : Response of Elastic, Viscous and Viscoelastic materials ...........ccccceovierenciinnnnnn 11
Figure 2-4 : Creep test of viscos elastic material. ..o 12
Figure 2-5: Performance grading map of Nepal using SHRP model.........c.cccccoovvviiiviiiiieinennns 24
Figure 2-6 Performance grading map of Nepal using LTPP model ..........ccccovevvievieveciiecieens 24
Figure 2-7: Temperature Zoning for PG System in Pakistan ...........c.ccocoriiinieienc i 25
Figure 2-8: Recommended temperature zoning for bitumen specification for the Gulf region ... 25
Figure 2-9 : Map of PGs for Yemen based on SHRP model with 98% reliability. ...................... 26
Figure 2-10: East Africa’s PG ZONING MAP .....cceririeiiiiiiiinieieie et sie e siesesses e see e ssessessessens 27
Figure 2-11 : Temperature performance grade change in United states of America.................... 30
Figure 2-15 :Dynamic Shear RNEOMELET ........cc.ooviiiiiiiiiiiiieiee e 34
Figure 2-16 Relationship between (shear modulus and phase angle 6 )........cccoccvveviiiieinennns 37
Figure 3-1: Daily max and mini Temperature in Ethiopia for the year. ..........cccccooveveiieinenns 39
Figure 3-2 :Elevation and Temperature Relationship. ........c.cccovveii i 40
Figure 3-3: Metrological Station Location in Ethiopia. .........ccccoieiiiiiininiieiceeec e 41
Figure 3-4 : Research General WOrk FIOW. ..........cccooiiiiiiiiiiiec e 42
Figure 3-5. Pavement temperature prediction reliability ............cccoooeiiiiiiiciiic e 45
Figure 2-12 : Ethiopia Max temperature of 1991-2020, 2020-2039 of different scenario. ......... 47
Figure 2-13 : Scenario variability for Ethiopia future temperature. .........c.ccoceveierenencnenenenn 49
Figure 2-14:Country of modelling groups participating in CMIPG ...........c.cooviiiiiiieiiieee 50
Figure 3-6 : Flow chart of method of analysis for future pavement grade determination............ 52
Figure 3-7 : Future PG determination flIow chart..............c.ccooeviiii i 55
Figure 3-8 Flow chart of eXperiment deSign.........oooveiiiiiinieiie e 59
Figure 3-9. Dynamic Shear Rheometer (DSR) MaChine ...........ccocoiiiiiiiiniiincee e 61
Figure 4-1: Ave.Anually Max. daily Air temperature fluctuation in some selected area............. 62

Figure 4-2: Air temperature Historical and Bias corrected future projection data in SSP 2(4.5). 63
Figure 4-3. Air temperature Historical and Bias corrected future projection data for SSP5(8.5) 64
Figure 4-4 Prediction of Super Pave PG grades for different crude oil blends. ......................... 66
Figure 4-5 : Map of Grade Change station (SSP 5 (8.5)......cccceiriiriniiiiirisineee e 72

\



Figure 4-6: SHRP and LTPP Estimated High Pavement Temperatures vs. Air Temperature ..... 73

Figure 4-7: Graphical representation of Two model difference at baseline period...................... 74
Figure 4-8: Number of station Performance Grade (PG) result Using SHRP and LTPP Model.. 75
Figure 4-9 SHRP Model of PG Result Percentage eXpreSSion ...........ccoeierereeeeieenenesresesnesnenns 76
Figure 4-10 : LTPP Model prediction of PG Result Percentage eXpression ...........cccceceevvereenns 77
Figure 4-11 Baseline PG of Ethiopia by historical climate data (1990-2020)...........ccccceevvervennnns 81
Figure 4-12 :Future PG of Ethiopia SSP 2 (4.5) (2020-2100) ........cceiouerierierieieseesieenie e sieeniens 82
Figure 4-13 :Future PG of Ethiopia SSP 5(8.5) (2020-2100). .......ccccerurreriernieiesieseenie e sieeniens 83
Figure 4-14: Penetration grade bitumen performance fail temperature............cccocevveieiieinenns 90
Figure 4-15 :Relationship between fail temperature with PG grade...........ccccccoevvveiiiieiiieceenns 90
Figure 4-16: Penetration grade map for Ethiopia for CUrrent ............ccccoovviiiniciei s 91

Vil



LIST OF ACRONYMS

America petroleum Index

Assessment Report

American Association of State Highway and Transport Officials
Coupled Model Intercomparing Project Phase 6

Dynamic Shear Rheometer

Ethiopia National Metrological Agency

Intergovernmental Panel on Climate Change

Global climate model

Greenhouse Gas

Long term pavement performances
Network Common Data form

National Metrology Agency

Strategic highway research program
Shared Socioeconomic Pathway
Superior performance Asphalt pavement
Performance Grade.

World Meteorological Organization.

Working Group on Coupled Modelling.

VIl

API-
AR
AASHTO
CMIP6
DSR
ENMA
IPCC
GCM
GHG
LTPP
NetCDF
NMA
SHRP
SSP
Superpave
PG
WMO
WGCM



ACKNOWLEDGMENTS

| would like to express my deepest gratitude to Dr. Robeam Solomon for his invaluable guidance,
unwavering support, and exceptional mentorship throughout the course of my research. His
expertise, enthusiasm, and dedication have been instrumental in shaping the direction and success

of this research.

Dr. Robeam Solomon's insightful feedback and constructive criticism have challenged me to think
critically and push the boundaries of my research. His ability to provide clarity and direction, even

during the most complex situations, has been truly remarkable.

I am incredibly fortunate to have had the opportunity to work under Dr. Robeam Solomon's
mentorship. His patience, accessibility, and willingness to engage in fruitful discussions have
greatly enhanced my understanding of the subject matter and have fueled my passion for scientific

inquiry.

Finally, I would like to extend my gratitude to my classmates and my family members, Abey (My
mother) and Selam (my sister), for their unwavering support and encouragement throughout this
research journey. Their belief in my abilities and their constant encouragement have been a source

of inspiration.



ABSTRACT

The study aims to adapting a Superpave bitumen specification performance grading system for
Ethiopia, considering historical and future climate conditions. By conducting statistical analysis
and examines the performance characteristics of different bitumen grades across varying
temperatures. Historical climate data from 1990 to 2020, obtained from the Ethiopia National
Metrology Agency, establish the baseline climate conditions. Future climate projections from 2020
to 2100, based on two global climate models (CMIP6) and climate change scenarios (SSP 2(4.5)
and SSP 5(8.5)), are used to assess future conditions and prediction pavement temperature using
SHRP and LTPP models. The findings indicate that, for different reliability level, PG58-10 and
PG64-10 are predominantly required in historical contexts, yet future projections indicate a notable
transition towards PG64-10 and PG70-10, encompassing a larger expanse of the country.
Furthermore, the Afar region and western Ethiopia are projected to necessitate PG76-10 in the
future. A considerable number of locations in Ethiopia mandate one grade increment due to climate
change, exhibiting average percentage increases of 20%, 23%, and 27% for the moderate climate
change scenario SSP2 (4.5), and 44%, 27%, and 35% for hottest climate change scenario SSP5
(8.5) of the study area during 2020-2040, 2040-2070, and 2070-2100, respectively.

Climate change significantly impacts road pavement performance in Ethiopia, resulting in an
overall elevation of grade changes as observed. Specifically, under the SSP5 (8.5) scenario,
Adigrat and Sekota locations experience a two-grade increase. Additionally, t-test is employed to
compare two pavement temperature prediction models, revealing a statistically significant
difference in Superpave bitumen specifications due to the characteristic nature of the models.
However, both models demonstrate effectiveness in predicting pavement performance grade (PG)
and evaluate performance of currently used asphalt grade using DSR-machine with the SHRP PG
determination criteria of penetration-grade fail temperature for pet-grade 40/50(69.29°c unaged
and 7166 °c for Aged Sample),60/70((68.03°c unaged and 64.52 °c for Aged
Sample),80/100((59.13° unaged and 59.66 °c for Aged Sample) &85/100(62.35 °c unaged and
61.35 °c )then the recommended PG Grade are PG64,PG64,PG58&PG58 Respectively.

Finally, the study proposes a new performance grading system for Ethiopian roads, considering
future climate conditions. The findings provide valuable insights for policymakers and road

construction companies in Ethiopia.



Keyword: Superior performance Asphalt pavement (Superpave), Long term pavement
performances (LTPP), Strategic highway research program (SHRP), performance grade (PG),
Coupled Model Intercomparing Project Phase 6 (CMIP6), Shared Socioeconomic Pathway (SSP)
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CHAPTER -ONE

1 Introduction

Asphalt pavement is vital for transportation infrastructure worldwide, enabling efficient
movement of people and goods and contributing to economic development. However, climate
change poses challenges to the quality and longevity of asphalt pavement. In Ethiopia, road
transport is the dominant mode, supporting the majority of inter-urban freight and passenger
movements (Shiferaw et al., 2012). The Road Sector Development Program (RSDP) has improved
the road network significantly, but concerns remain about its quality, prompting the government

to recognize the need for better bitumen quality in asphalt pavement (Alder et al., 2022).

The performance of flexible pavements in Ethiopia is greatly influenced by the quality of
asphalt concrete. Despite highways being designed and constructed for a minimum of 20
years(ERA Manual, 2013), they often exhibit premature distresses like cracking, rutting, and
potholes. Factors such as high traffic intensity, overloaded trucks, and significant temperature
variations contribute to these issues. Various asphalt mix design methods and bitumen
specifications are practiced globally, but in Ethiopia, the penetration/viscosity grading systems are
commonly used. However, these empirical methods do not accurately simulate field conditions,

making it difficult to predict real-world performance(Harman, 2002).

The Superpave was developed to address these shortcomings, with the Strategic Highway
Research Program (SHRP) conducting research to overcome the limitations of empirical
systems(Kennedy, 1994). Climate change, a global phenomenon, brings about changes in
temperature, precipitation, and other environmental factors that impact asphalt pavement
performance. Higher temperatures lead to softening and deformation of asphalt, causing rutting,
while changes in precipitation patterns weaken the pavement structure and result in cracking and
damage (Delgadillo et al., 2020). The quality of asphalt pavement heavily relies on the quality of
the bitumen used as a binder. Bitumen, a complex mixture of hydrocarbons, possesses critical
properties such as viscosity, stiffness, and durability, which directly affect asphalt pavement
performance(Sabita., 2012).

2023 -
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This research focuses on Superpave bitumen specifications for Ethiopia using temperature data
from meteorological agency stations for baseline PG from 1990-2020. The study also assesses the
impact of different climate change using different scenarios, such as SSP2(4.5) and SSP5(8.5), on
the performance of asphalt pavement in Ethiopia from 2020 to 2100.

1.1 Statement of Problem

Ethiopia currently uses the conventional methods (penetration and viscosity Bitumen
Grading Systems) for different road projects. The penetration and viscosity bitumen grading
systems were developed based on past experiences and empirical methods, which can be
applicable as long as the past conditions still exist. However, Current traffic and climatic
conditions are highly different from those that prevailed when these systems were developed,
making past experiences have some limitation to establish binder grading. This Conventional
method are conducted at a unique test temperature, which means that they do not provide
information about low-temperature and high-temperature performance. But Bitumen is a
viscoelastic material where temperature and rate of load application have a great influence on its

behavior.

In addition, climate change has become a major global concern, and its impact on asphalt
pavement performance with the changing climate, the asphalt pavement's thermal properties are
expected to be affected, which in turn affects its performance. There is a need to evaluate the
impact of climate change on asphalt pavement performance in Ethiopia Furthermore, although one
research has been done in Ethiopia on the ‘Mapping of temperature zones for binder
performance grading system”, the study used only the minimum required temperature data for
the past 20 years for 27 station and relied solely on the SHRP model(Mahlet Gashaw, 2018).
Therefore, there is a need for further research to explore the impact of climate change on asphalt

has not been extensively studied, particularly in the context of Ethiopia.

This research addressed such problem to shift binder grading system and to investigate the

impact of climate change on asphalt binder in Ethiopia.

2023




D
S iz
2
Vi \
% d <

B> Developing Superpave Bitumen Performance Grade Mapping for Ethiopia:
Adapting to Historical and Future Climate condition

1.2 Objective
1.2.1 General Objective

The General objective of the study adapt Superpave pavement bitumen specifications for Ethiopia
based on climate conditions. It analyzes temperature data to determine the baseline performance
grade (PG) of asphalt pavement. Additionally, develops customized specifications for future

climate conditions.

1.2.2 Specific Objective.

> Determine Performance grade (PG xx-yy) of representative area for Ethiopia using SHRP
and LTPP Model with different reliability percentage and compare two model.

Assess the climate change impact on performance grade of asphalt.

Determining rise of future asphalt binder grade.

Mapping temperature zoning for each representative area for both baseline and future.

Y V VYV V

Determine Performance grade of currently used in Penetration grade Binder using DSR.
1.3 Research Question.

» How to predict pavement temperature of asphalt binder?

» What is impact of climate change on Performance Grade (PG) of bitumen?
» What is the importance of determining future asphalt binder grade?

» Why we map the PG-temperature zoning?

1.4 Significant of The Study.

This study is to suggest essential information and guidelines for various stakeholders involved in
the industry, including contractors, consultants, and clients such as government entities and other
organizations. By providing this valuable knowledge, the study aims to assist these stakeholders
in making informed decisions and implementing effective strategies related to their respective
roles and responsibilities. The guidelines derived from this research will serve as a practical
reference, enabling contractors to enhance their construction practices, consultants to improve their

design and advisory services, and clients to make well-informed decisions regarding infrastructure

2023
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development and maintenance. Moreover, the findings obtained from this study will contribute to
the body of knowledge in the field and can serve as a valuable resource for future studies and

initiatives, promoting further advancements and improvements in the industry as a whole.

1.5 Limitation of the Study

The studies limited by the lack of data recording of Metrology agency, constraints in available
data, limited generalizability to other regions, a lack of long-term data, technological limitations
specific to the country, cost implications, factors beyond climate that influence pavement
performance, assumptions and simplifications made during the analysis, implementation
challenges, a limited focus on temperature in the analysis, and external factors outside the scope
of the research and Lack of Laboratory instrument(PAV-Pressure Air Vessel, Compaction
Gyration ) to do Long term aging of Binder , LAS(Linear Amplitude Sweep Test) and To compare

super pave and marshal mix design.

1.6 Paper organization

The paper is structured into six main sections. The first section is the introduction, the second
section is the literature review, which provides an overview of asphalt pavement and Superpave
specifications. It also discusses climate change and its potential impact on asphalt pavement, as
well as previous studies on Superpave pavement specifications in other countries. The third
section is the methodology, which outlines the data collection and analysis methods used in the
research. It also explains the establishment of the baseline performance grade of asphalt pavement
in Ethiopia, the assessment of the potential impact of climate change on asphalt pavement, and the
development of Superpave pavement specifications for each administrative zone. The fourth
section is the results and discussion, which presents the analysis of National Meteorological data
and maximum and minimum temperature data. It also includes the baseline performance grade of
asphalt pavement in Ethiopia, the potential impact of climate change on asphalt pavement, and the
Superpave pavement specifications for each station and method of Experimental plan. The fifth
section is the conclusion and recommendations, which summarizes the research findings and
provides recommendations for future research and implementation Finally, the sixth section is the

reference.
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CHAPTER TWO

2 Literature Review.

2.1 Bitumen Binder.

The term ‘bitumen’ is to describe refined crude oil, a hydrocarbon product produced by
removing the lighter fractions (such as liquid petroleum gas, petrol and diesel) from crude oil
during the refining process. In North America, bitumen is commonly known as asphalt binder or
asphalt. (Robert N Hunter, 2015)

Bitumen is the most commonly used binding and water-resisting material for highway
pavement construction, as it serves as a fundamental component of the upper layers. It possesses
the ability to withstand deformation and withstand variations in temperature. By binding the
aggregates together, bitumen prevents the loss of material from the pavement surface and
effectively inhibits the penetration of water into the pavement structure. There are two primary
types of bituminous binder that exist. The first is tar, which is derived from the production of coal
gas or the manufacturing of coke. However, due to reduced availability, tar is no longer widely
used. The second type is bitumen, which is obtained from the process of refining crude oil.
Bitumen has become the predominant choice for binding and providing water resistance in
highway pavement construction.(Rogers, 2003)

The vast majority of asphalt binders used throughout the world today are obtained from crude
oil (petroleum) refining. At room temperature (25°C) asphalt binder is a highly viscous, black
material whose primary purpose is to bind the aggregates in the production of asphalt mixtures for
pavement (Robeam.2020) With its adhesive properties, water resistance, thermoplastic, durability,
modifiability, and recyclability, bitumen has emerged as an ideal construction and engineering
material.

The production of asphalt binder can be divided into two primary phases: refining the
asphalt base stock and formulating it into a final asphalt binder. The introduction of new Superpave
specifications has led to the need for enhanced logistical control and heightened emphasis on
quality in both phases of production. Additionally, there has been a growing focus on the

environmental, health, and safety aspects of asphalt. This increased emphasis on environmental,
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health, and safety characteristics has generated a demand for asphalt binders with improved
properties, specifically lower volatility. The volatility of asphalt can be influenced by both the
refining and formulation stages of production. Efforts are being made to develop asphalt binders
with reduced volatility to address concerns related to emissions and potential health hazards. These
advancements aim to enhance the overall performance and sustainability of asphalt
materials.(Anderson, n.d.)

It is produced to meet a variety of specifications based upon physical properties for
specific end uses.85% of all the bitumen is used as the binder in various kinds of asphalt
pavements: pavements for roads, airports, parking lots, etc. About 10% of the bitumen is estimated
to be used for roofing: shingles, hot applied built up roofing, cold applied roll on roofing. The
remaining part (approximately 5% of the total), is used for a variety of applications each small in

volume: (Asphalt Institute & European Bitumen, 2015)

Global Demand (Million T/A); 87

Secondary
Uses

. . Europe
Asia & Pacific Other 11% Roofing

< ,
/ European

Union 17%

Africa
3%

South America, . Paving
CCA 7% North America

25%
Figure 2-1: Global bitumen use (Source: Asphalt Institute & Euro bitumen)

Bitumen has a long history of usage, dating back to our ancestors, and in the late 19th century,
it became a popular choice for constructing roads and pavements. The discovery of oil and the
subsequent production of residual bitumen opened up vast possibilities for its utilization. However,
not all crude oils contain a sufficient number of heavy components to economically yield bitumen.
For instance, crude oils from Indonesia and Nigeria, referred to as light crudes, have limited
suitable heavy residue for bitumen production. On the other hand, heavy crude oils sourced from
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the Middle East and South America often possess a substantial amount of heavy residue suitable
for bitumen production.(Member of RAHA Group, 2022) Bitumen is derived through the refining

process of petroleum crude oil, but it can also be naturally found as a deposit. (Sabita., 2012) .

2.1.1 Composition of bitumen binder

Bitumen is a complex mixture of hydrocarbons that contains small amounts of sulfur,
oxygen, nitrogen, and trace metals such as vanadium, nickel, iron, magnesium, and calcium. Crude
oils typically contain a small quantity of polycyclic aromatic hydrocarbons (PAHSs), some of which
are present in bitumen. The composition of most bitumen, which is produced from various crude
oils, consists of approximately 82-88% carbon, 8-11% hydrogen, 0-6% sulfur, 0-1.5% oxygen,
and 0-1% nitrogen.(Sabita., 2012)

2.1.2 Refining Method of Bitumen

The quality of asphalt binder specifications is strongly influenced by both the specific crude
oil used and the refining processes employed. Crudes can be classified based on their API gravity,
with lower gravity crudes typically containing a higher percentage of bitumen in their distillable
overhead fractions. On the other hand, higher gravity crudes have a higher proportion of overhead
fractions with a lower bitumen content. Crudes with low API gravity are often referred to as heavy
or sour crudes if they have a high sulfur content. In contrast, if high API gravity crudes have a low
sulfur content, they are commonly referred to as light crudes or sweet crudes. The fractional
composition of a crude oil is a crucial factor for refiners as they need to strike a balance between
product yield and market demand. Crude oils are identified by their name or source in conjunction
with their API gravity for reference purposes.(Corbett, 1984)

The API (American petroleum institute) gravity is a scale expressing the gravity or density of a
crude oil or crude oil products and is calculated by the empirical equation:
API gravity = (141.5/SG at 60 deg F) —131.5.cccuiiueeiernnrenennnnnn. Equation 2-1

where SG is the specific gravity of the fluid. (Puzinauskas et al., 1990)
Asphalt is produced in two types of petroleum refineries: 1. Integrated refineries are operated
primarily to produce transportation and heating fuels in large volumes, as well as petrochemical

feedstocks; 2. Asphalt refineries at which asphalt is the major or the primary product, and which
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produce relatively small volumes of blending components for transportation and heating fuels and
petrochemical feedstocks.(Puzinauskas et al., 1990)

In the 1920s, fractional distillation was developed. In this method, petroleum is heated then
piped into a distillation column or fractionation tower. Inside the tower or column are perforated
trays, which catch liquid petroleum products at various levels and drain the separated components
off to storage or further processing.(pavement interactive, 2023)

2.1.3 Refining Process
» Desalting: -Once crude oil enters the refinery, water and salts are removed to make
processing easier and less expensive. Sand, rust, minerals, salts, and other contaminants
would foul a distilling column.
> Distillation: - The charge pump pumps crude from storage or the desalting tanks into the

system. After desalting, crude oil passes through a series of heat exchangers to raise its

temperature.
Gas, Propane, Butane _
I E_—_ Distillates to
= Gasoline other refinery
o [ units
T |_Kerosene - -
_ o
B | Gasoil T 5
= =
= E = | Vacuum
1] =
= 2 E GasQil
& § =3
Crude il =] Fuel Oil 2 o
——-
300-350°C E I =
=T

. | "" CAS# 64741-56-6
Non-distilled Bitumen EINECS# 265-057-8

Fraction
CAS#8052-42-4
EINECS# 232-490-9

Figure 2-2: Refining process of bitumen

This process can occur in one or several towers, and the towers may be at atmospheric

pressure or can be pressurized, depending on the product and refinery.
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» Vacuum Flashing or Vacuum Distillation: - Above 900 degrees Fahrenheit, cracking
occurs. Cracking is when high temperatures cause the large hydrocarbon molecules to
crack into smaller ones.

» Refining Vacuum Flasher: - This distillation tower produces a bottom residual, which tests
as a PG 64-22. It also produces flasher tops, or light vacuum gas oil, and flasher bottoms,
or heavy vacuum gas oil, which are sent to a catalytic cracker offsite. From this tower, the

asphalt is moved to storage tanks.

2.1.4 Property of bitumen Binder

2.1.4.1 Chemical property:

Generally believed that performance-based specifications for binders will be mainly
physical property tests. Chemical studies of asphalt are important to note that many chemical
properties will not correlate with performance. The measurable chemical properties that are
believed to relate to the mechanical or structural strength of a pavement are several.(Robertson,
1991)

%+ asphalt or asphalt binder, exhibits several chemical properties that contribute to its
characteristics and behavior. Some key chemical properties of bitumen include:
Composition, Oxidation, Volatility, Chemical, Reactivity, Compatibility and
Waterproofing.

2.1.4.2 Physical property

Bitumen is a type of material that exhibits unique characteristics depending on temperature.
At room temperature, it is either a solid or semi-solid substance, which becomes softer as the
temperature rises and harder as it decreases. However, when heated, bitumen transforms into a
Newtonian liquid, meaning its viscosity decreases with higher temperatures. Consequently,
bitumen needs to be heated before it can be effectively handled and applied in various applications.
Another important aspect of bitumen is its Visco-elastic nature. It behaves like an elastic solid
when subjected to short loading times, but acts like a viscous liquid when subjected to longer
loading times. This property enables bitumen to respond to different types of stresses and strains.

Since bitumen is primarily used in engineering applications, the specifications for this material
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focus more on defining its physical properties rather than its chemical composition.(Asphalt
Institute & European Bitumen, 2015).

Some key physical properties of bitumen include-Viscosity and Penetration, Density, Softening

Point, Ductility and Solubility and Adhesion

2.1.4.3 Rheological (Visco-elastic) properties asphalt binder.

Binder rheology involves the study of the flow and deformation of binders to predict their
performance in pavements. The three key performance measures for asphalt binders are rutting,
fatigue cracking, and low-temperature cracking. These measures assess the binder's behavior under
different conditions and help evaluate its resistance to permanent deformation, repetitive loading-

induced cracking, and cracking at low temperatures.(Robeam, 2020)

Viscoelasticity is a time-dependent material behavior, typical of materials showing both elastic
and viscous characteristics when experiencing deformation.(Salvatore Magnifico, 2014)and
Visco-elastic behavior of a material can be quantified using a dimensionless number known as the
Deborah number (De). This number, proposed by Marcus Reiner, a professor at the Israel Institute
of Technology, is used to measure the extent of a material's Visco-elasticity.(Robert N Hunter,
2015)(Poole, 2012)

De = A/to .................................. Equation 2-2

where A is the relaxation time and t,, is the observation time?

In transient (steady) flow, the Weissenberg number (Wi) which applies to dynamic flows is used
to determine the nature of the Visco-elastic response. If the relaxation time is long and the rate of

deformation high, then a material will display non-linear Visco-elastic behavior. (Poole, 2012)

Wi = A eeeiiiiiiiieiinteneesntensecasansonsennss Equation 2-3

where A is the relaxation time and y is the Shear rate

Bitumen or asphalt binders in road pavement undergo different types of chemical and
mechanical stresses, such as stress, tension, bending, impact, and their combined effects.

Understanding the resistance of bitumen to these stresses is crucial, including the rate and
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conditions under which it can withstand them. In the medium to high temperature range, bitumen
binders exhibit a viscoelastic behavior, meaning they possess characteristics of both viscosity and
elasticity.(RemiSova et al., 2016) It also a thermoplastic liquid that behaves as a viscoelastic
material depending on temperature and time of loading. At low temperatures elastic properties
dominate. At high temperatures, the bitumen behaves like a liquid, usually with Newtonian viscous
flow properties. At normal pavement temperatures, the bitumen has properties that are in the

viscoelastic region.(l1zzi & Yusoff, 2012)

The descriptions given of elastic, viscous and viscoelastic response are for a linear
response; that is the deformation at any time and temperature is directly proportional to the applied
load. Non-linear response, especially for viscoelastic materials, is extremely difficult to
characterize in the laboratory or to model in practical engineering applications.(Gordon da airey,
1997) The principal viscoelastic parameters that are obtained from the DSR are the magnitude of
the complex shear modulus (|G*|) and the phase angle (d). |G*| contains elastic and viscous
components which are designated as the storage modulus (G’) and loss modulus (G’”) respectively.

(Airey & Collop, 2002)

________BJY

b) Elastic response

O Wt

(a)Applied stress (¢ ) Viscous response

M

(d) Viscoelastic response

Figure 2-3 : Response of Elastic, Viscous and Viscoelastic materials

Source: (Mahlet Gashaw, 2018)
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Determining of viscos elastic property of Asphalt

There are two different modes of strain or stress application during tests to determine viscos-elastic

properties of materials:
% Transient flow on this mode there are two different method

Creep test: Creep is a physical phenomenon that causes non-reversible deformation of a material
exposed to constant stress over a given length of time. The behavior of a viscos-elastic material in

creep tests varies with time and consists of three regions.(Robert N Hunter, 2015).

» an instantaneous elastic response
» adelayed elastic response

» asteady state viscous response

Sress

Tirmee
L oad on Load ofif

Sitrain Wisocous

response _
Delayed elastic __— .
response o Elastic

>
— Delayed

F — elastic

Elastic responses T—

Paermmanaent

Creep Recowery

Figure 2-4 : Creep test of viscos elastic material.
source:(Robert N Hunter, 2015)

s Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis (DMA) is a commonly employed technique for assessing the
properties of materials, considering factors such as temperature, time, frequency, stress,

atmosphere, or a combination of these parameters. In the case of bituminous binders, different
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forms of DMA, typically utilizing oscillatory-type Dynamic Shear Rheometer (DSR) testing, are
used to measure their rheological properties. These tests help characterize the behavior of bitumen
under varying conditions and provide valuable insights into its viscoelastic properties.(l1zzi &
Yusoff, 2012).

2.2 Bitumen Binder specification.

2.2.1 Penetration and viscosity specification

The development of binder testing at 1888, when H. C. Bowen invented the Bowen
Penetration Machine, after several modifications of penetration equipment, by 1910 the
penetration equipment became the standard for establishing the consistency of asphalt at 25 °c.
The penetration grading system for asphalt was introduced by the Bureau of Public Road in the
United States in 1918. Subsequently, in 1931, the American Association of State Highway and
Transportation Officials (AASHTO) published a standard specification to establish the grading of
asphalt based on penetration. The next major change in asphalt grading specification came with
the introduction of viscosity grading system in early 1960s. Both ASTM and AASHTO adopted
the viscosity grading system and provided grading specification by measuring the viscosity at 60
°c when these systems were developed, making past experiences have some limitation of this
Conventional method are conducted at a unique test temperature, which means that they do not
provide information about low-temperature and high-temperature performance. But Bitumen is a
viscoelastic material where temperature and rate of load application have a great influence on its
behavior.(Pak.j. Engg &Appl.Sci, 2021)

2.2.2 Superior Performing Asphalt Pavements (Superpave) Specification.

The Strategic Highway Research Program (SHRP) in the United States conducted a project
from 1987 to 1993 to address the limitations of existing penetration and viscosity-based grading
systems for asphalt. As a result of this project, a performance-based binder specification known as
SUPERPAVE (Superior Performing Asphalt Pavements) was developed.

This binder specification includes a new set of tests and is applicable to both modified and
unmodified asphalt binders, including those with dispersed, dissolved, or reacted modifiers. The
performance-based asphalt binder specification relies on evaluating the rigidity of the binder after

it has undergone either short term and long-term aging, considering particular traffic loading and
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environmental circumstances. This allows for the selection of a single binder grade based on the
anticipated pavement temperatures for a given design, considering high and low temperature
performance. The high-temperature performance is associated with a vehicle speed of 100 km/hr

and a traffic volume of less than 10 million equivalent single axle loads (ESALS).(Kennedy, 1994).

On this specification, the physical characteristics of the asphalt binder remain consistent
across all grades. However, the specific temperature requirements at which these properties must
be met vary depending on the climate conditions in which the binder will be utilized. For example,
a PG 58-40 grade is designed to be used in an environment where the average seven day maximum
pavement temperature is 58 °C and a minimum pavement design temperature of 40 °C.(john read,
2003)

An asphalt binder graded as PG 58-40 would comply with the specification for a maximum
high 7-day pavement temperature below 58°C and a minimum low annual pavement temperature
above -40°C. However, it's important to note that due to the intermediate temperature requirements
primarily related to fatigue, an asphalt binder graded as PG 64-28 may not meet the criteria for a
lower high-temperature grade, such as PG 52-28.(Kennedy, 1994)

To determine the required PG of asphalt binder, the weather data covering at least 20 years
should be used(Kennedy, 1994). For each year and weather station, the hottest consecutive seven-
day period is identified and the average temperature of these seven days is calculated. Similarly,
the lowest one-day air temperature is determined for each year. The mean and standard deviation
of the average seven-day maximum air temperatures and minimum air temperatures of all years
are computed for each location. The air temperatures, along with other factors, are utilized to
estimate the high and low temperatures experienced by the pavement. These temperature
predictions are crucial in determining the appropriate Performance Grade (PG) binder grades
required for each specific location. Superpave defines the high pavement design temperature at a
20-mm depth below the pavement surface, and the low pavement temperature at the pavement
surface(Abo-Hashema et al., 2016);( Kennedy, 1994)

2.2.3 History of Pavement Temperature prediction model development.

Pavement temperature prediction has been extensively investigated by many researchers

all over the world(Arangi & Jain, 2015), They adopted three primary methods: numerical and
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finite elements, theoretical and analytical, and statistical and probabilities techniques(Adwan
et al., 2021) The Enhanced Integrated Climatic Model (EICM) (NCHRP 1 -37A is used in the
mechanistic empirical pavement design guide (MEPDG) for pavement temperature prediction.
Several empirical models based on linear regression analysis have been developed to predict
maximum and minimum temperatures in the pavement(Arangi & Jain, 2015). In united states of
America 2002 Mechanistic Empirical Pavement Design Guide was developed by ERES
Consultants (A division of Applied Research Associates, Inc.) through a contract from the
AASHTO Joint Task Force on Pavements (JTFP), under the National Cooperative Highway
Research Program (NCHRP Project 1-37 A) which is administrated by the Transportation Research
Board of the National Research Council.(Quintero, 2007)

Barber, one of the early researchers, focused on calculating maximum pavement
temperatures using weather reports. Through observations in Hybla Valley, Virginia, USA, he
noticed that changes in pavement temperature roughly followed a sine curve pattern with a daily
cycle. His analyses indicated that by incorporating solar radiation and air temperature, the sine
approximation offered reasonable estimates of surface temperatures. However, his model utilized
a total daily radiation factor instead of a more precise measure like hourly radiation. Additionally,
he proposed a correlation model that related pavement surface temperatures and temperatures at a
depth of 3.5 inches with information from weather stations. (Quintero, 2007)

Until the inception of the Long-Term Pavement Performance (LTPP) program, there was
limited published activity in the general literature regarding the topic. However, in 1969, Rumney
and Jimenez created nomographs to predict surface and 50 mm depth pavement temperatures based
on collected data that included pavement temperature and hourly solar radiation. Subsequently, in
1970, Dempsey developed a simulation model based on the principles of heat transfer and energy

balance at the pavement surface.(Al-Qadi et al., 2006).

As (H. F. Hassan, A. S. Al-Nuaimi, R. Taha, and T. M. A. Jafar) said that in was Developed
models in 2005 to predict high and low asphalt pavement temperatures in Oman. To monitor air
temperatures, pavement temperatures, and solar radiation, a pavement monitoring station was set
up at the campus of Sultan Qaboos University (SQU). Data was collected for 445 days. Daily
minimum and maximum temperatures were recorded. A regression analysis was used to develop

the low pavement temperature model. To develop high temperature models, a stepwise regression
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approach was employed, utilizing air temperature, solar radiation, and the duration of solar
radiation as independent variables. The instrumentation used is described and collected data are
presented. The developed models were compared with the SHRP and LTPP models(Hassan et al.,
2005). the Strategic Highway Research Program (SHRP) was launched in both Canada and the
United States in 1987. This comprehensive study spanned a period of 20 years and aimed to
enhance the characterization of pavement performance in real-world conditions. Apart from this,
the study introduced a new bitumen classification system called Performance Grading
(PG)(Adwan et al., 2021)

The Urban Heat Island (UHI) effect refers to a phenomenon where noticeable temperature
variations occur between urban areas and their adjacent rural surroundings, or even within different
parts of a city itself. It manifests as higher temperatures in urban regions compared to their non-
urban counterparts.(O’Malley et al., 2014).

Current models for predicting the asphalt pavement’s temperature consider environmental
factors’ impact on the asphalt pavement. However, these models do not consider the reverse impact
that occurs from the heated pavement and thus contributing to heat accumulation in the
surrounding environment, such as that found in urban heat island (UHI) effects. To summarize,
these models cannot fully reflect the two-way interactions that become apparent between the
pavement and the environment, thus making them incapable of evaluating the effect of pavement
on UH]I effects.(Adwan et al., 2021).
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2.2.4 Pavement Temperatures prediction Model

Table 2-1: Pavement temperature prediction Model develop in different country.

Model and year of develop | Location Influencing Factors Summary and Findings
e Pavement temperature e The model was applied to asphalt pavements with a thickness of 6.35 cm.
e Wind e The actual temperature was compared with the obtained results; the expected
Barber (1957) e Precipitation maximum temperature error is about 3 °C and occasionally exceeds 5 °C.
USA e Air temperature e The model calculated the maximum temperature and was able to predict the minimum
e Solar radiation temperature

e Coefficient of thermal properties

Solaimanian and Kennedy USA e Maximum air temperature e The model did not consider winter conditions since this study investigated maximum

(1993) e Hourly solar radiation temperature

e Thermal conduction of asphalt
Highter and Wall (1984) e pavement temperature at a different specific density e A typical recycling process where an external heat source applied to asphalt
USA pavements. A significant difference was observed in the surface limestone course’s
thermal conduction spread and base limestone course, which is apparently due to the

gradient and total size of aggregates.

Liang and Niu 1998) e Ambient air temperature e The main findings showed that the temperature distribution within depth could be
USA e Pavement surface temperature non-linear, especially when considering the daily temperature change.

e The analytical solution to the temperature distribution was in a three-layer system
using a simplified boundary condition that involved only heat transfer between the pavement

surface and ambient air.

e Ambient air temperature e The analytical solution can be expanded to understand or predict temperature
Liu and Yuan (2000) USA e Pavement surface temperature e distribution within the asphalt pavement over weeks or months

e Depth

e Time
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133101077 c05Z + 0T, - he(Ts — Ta) — 164k — eoTs* = 0
where « s absorptivity of pavement surface, 2 is heat conduct coefficient

The model based on the assumption of a balance of energy during the highest

temperatures, which is an erroneous assumption

SHRP (1987) USA for air, Z is 20 degrees latitude, ¢ is pavement surface emissivity, ¢ is the The energy balance was not achieved despite the stability of solar radiation, wind
Stefan-Boltzman constant (5.7 x 108 W/m?), I is surface coefficient of speed and atmospheric circumstances
heat transfer (W/ m? °C), k 1 heat conduction coefficient (W/ m? °C), This
air temperature (K), and T5 is surface temperature (K),
T(d) =3.714 + 1.006T(a) - 0.146d The model could predict maximum and minimum temperatures that play an essential
where T(d) is pavement temperature at depth d (°C), T(a) is air role in asphalt pavement.
temperature (°C), and d is depth below pavement surface (cm). Saudi Arabia is located in a desert region where ambient temperature fluctuation is
Abdul Al-Wahhab et al. Saudi Arabia minimal throughout the year.
(2001)
Park et al. (2001) Td =Ts + (-0.3451d -0.0432d2 + 0.00196d3) *sin (0.325C+ 5.0967) This model was verified for a surface temperature range of between -28.4 to 53.7 °C
where Td is the temperature of pavement (°C), Ts is the surface and a depth ranging from 14 to 27.7 cm.
USA temperature (°C), d is depth (mm), C is the coefficient associated with time.
Tpmax = 3.2935 + 0.6356Tmax + 0.1061Y - 27.7975Pd This model can be used for the four seasons and across different climate zones after
Diefenderfer et al. (2003) Tpmin =1.6472 + 0.6504Tmin + 0.0861Y + 7.2385db confirming the equation using the data from SMP sites in the United states
USA where Tpmax is predicted maximum temperature (°C), Tmax is the
maximum daily temperature (), Tpmin is predicted minimum
temperature (°C), Tmin is the minimum daily temperature (°C), Y is one
day of the year (1 to 365), and db is depth below the surface (m).
Tsurf =-1.437 + 1.121 Tair The experimental application of these formulae is used to predict the temperature at a
T20mm = 3.160 + 1.319 Tairx particular pavement depth.
Hassan et al. (2004) Oman where Tsurf is minimum temperature of pavement (°C), Tair is minimum

temperature of air (°C), T20mm is pavement temperature at 20 mm in °C,

and Tairx is maximum air temperature in °C.
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Tp=P1l+ (P2Ta5+P3(Q5)2)+H (P4Ta+P5Q)+ (P6 H+P7H2+P8

H3) +P9Tm where Tp is pavement temperature at H cm, Ta is air can be improved to make it more suitable for use in fieldwork.

The model has many variables, which makes it impractical for fieldwork. This model

Jia et al. (2008) China temperature, Q is solar radiation, kW/m2, Ta5 is average air temperature for
the previous 5 h, Q5 is average solar radiation for the previous 5 h, kW/m2,
H is the depth of prediction points in cm, P1-P8 are the undetermined
regression coefficients for the prediction model, Tm is the monthly historical

average air temperature for the past 20 years.

e One drawback of this model is that it is not able to give the maximum and minimum

Tabatabaie et al. (2008) T = 0.94Sur + 0.94Sin (27 t/24) -2.99 log(d) - 0.02 comp + 0.02Air asphalt temperature, which is crucial in the design of asphalt pavement.
+0.32BP+ 0.1/BT - 0.34 e The relationship between asphalt temperature and climate influences is linear.
Iran where T is asphalt temperature (°C) air is air temperature (°C), S is

surface temperature (°C), t is time of day in a 24-h system, d is depth (cm),
comp is level of compaction (number of blows), BP is bitumen content, BT
is bitumen type (1 for 40/50 and 2 for 60/70), and BP is bitumen content

Tpave-rising = 1.170 T air-rising- 0.50h + 3.55
Tpave-falling = 1.085 Tair-falling - 0.07h + 4.3

Tpave = 1.118Tair - 0.23h + 4.1 e The resulting models are practical and straight-forward. A comparison of the
where Tpave-rising is temperature of asphalt pavement at depth h during measured and predicted data shows a very accurate application value. This model
Zheng et al. (2011) China the period of rising air temperature (°C). Tair-rising is a period of rising air cannot be used in all countries

temperature, and h is a depth of pavement (cm).

Tpave-falling asphalt pavement temperature at depth h during period of
falling air temperature (°C). Tpave-falling is a falling of air temperature
(°C), and h is a depth of pavement (cm). Tair is air temperature, and h is the
depth of pavement (cm).

e This linear regression is a simple and practical model but was not validated.
TPave = 3.175 + 0.04866Z + 0.946Tair

where Tpave is pavement temperature (°C), Z is depth below pavement
Al-Hamed and Maryam Iraq surface (cm), and Tair is air temperature (°C).

(2011)
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ymax = 0.963288xmax — 0.151137xd + 4.452996
ymin = 1.004801xmin - 0.1992731xd + 0.051532

The equation is linear in the first order without

complications.

Matic et al. (2013) Serbia where ymax is maximum pavement temperature (°C), xmax is maximum air e The model can be used in fieldwork and is preferred by

temperature, xmin is air temperature (°C), ymin is minimum pavement road design engineers.

temperatures (°C), and Xd is depth (cm). e Serbia is located in Europe, and the temperature is low

throughout the year. The developed model cannot be used
in other parts of the world.
e The researcher uses a small amount of data from a short period and therefore is not

Tmaxpav, d = 7.059 + 0.7764246 Tmaxsur d + 0.054628Day -0.000141Day? reliable for developing models.

+0.000006CumSR - 0.053402Lat e Libya has more than one climate (marine and desert); the difference in air
Salem (2015) Libya Tminpav, d = 9.8364 + 0.0.668591Tminsur + 0.259098d + 0.099289Day + temperatures is enormous, and thus the reactions of asphalt pavement cannot be

0.000261Day2-0.000025CumSR - 0.053402Lat integrated into standardized models

where Tmaxpav.d is maximum daily pavement temperature (°C), Tmax

sur is maximum daily surface temperature (_C), d is distance from surface

(cm), is day of the year, Day2 Day? is the square of the day of the year,

CumSRCumSR is cumulative solar radiation (W/m2), and Lat is latitude of

the section (degrees). Tmin pav. d is minimum daily pavement temperature

at distance d from the surface (°C) and Tmin sur is minimum daily surface

temperature (°C).

T.00=10.813 +0.919 RH e Indonesia has a tropical climate, plenty of sunshine, rain, and high humidity during

T.20=6.898 + 0. 687T.Air + 0.640 T.00 the year.
Ariawan et al. (2015) Indonesia T.70 =1.965 + 0. 755T.Air + 0.331 T.00 e The model is accurate, practical and straight-forward but is limited to the depths stated

where RH is humidity, T. Air is air temperature (°C), T.00 is surface
temperature (°C), T.20 is temperature at a depth of 20 mm (_C), and T.70 is
temperature at a depth of 70 mm (°C).

in the equations; the temperature at any other depths cannot be determined.
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Viljoen algorithms (Mokoena
etal., 2019)

South Africa

Tamax) = Ts(max) (1-4.237* 102 d +2.95 * 10° d?- 8.53 *10°® d°)
T (min) = 0.89 T air(min) +5.2

Where: (Mokoena et al., 2019)

Td(max) = Maximum daily asphalt temperature at depth d in °C
Ts(max) = Maximum daily asphalt surface temperature in °C from
d = depth in mm.

Td(max) = Maximum daily asphalt temperature at depth d in °C

Ts(max) = Maximum daily asphalt surface temperature in °C from

This equation for Calculating the minimum pavement temperature is purely empirical.

LTPP (Long term Pavement

performance Model)

Tpav, h, d =54.32 + 0.78Tair — 0.0025Lat? — 15.14 logl0(d + 25) + z (9
+ 0.61c%air)?®

Tpav, I= —1.56 + 0.72Tair — 0.004Lat? + 6.26 logl0(d + 25) —z (4.4 +
0.520%air)?°

Tpav, h= High AC pavement temperature at 20 mm from surface, °C
Tpav, h, d=High AC pavement temperature at depthd from surface, °C
Tair= High 7-day mean air temperature, °C

Lat = Latitude of the section, degrees d= Pavement depth, mm

, Tpav, | = Low AC pavement temperature, °C

Tair=1-day minimum mean air temperature, °C

o air= Standard deviation of the 7-day maximum air temperature, °C

z = 2.055 for 98% reliability, and z = 0.0 for 50% reliability

This model:

develop a data base of pavement temperatures using the Long-Term Pavement

Performance Study’s Seasonal Monitoring Program (LTPP-SMP) data; and

develop low and high pavement temperature models for the purpose of improving the

Strategic Highway Research Program's (SHRP) asphalt binder selection procedure

used in SUPERPAVE.

Source: (Adwan et al., 2021)
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In 2014 Egyptian researcher were Compare models to predict pavement temperatures
from air temperatures. The Long-Term Pavement Performance (LTPP) model was chosen to
forecast low pavement temperatures, leading to the determination of lower Performance Grade
(PG) asphalt binder grades. As for the high pavement temperature prediction, both LTPP and the
performance model were used to select the high PG grade. The later was an improved performance
model applied to identify the high temperature PG grade for asphalt binders based on the rutting
damage concept but later model are conservative (Safwan A. Khedr, ,2014)

The high and the low pavement temperatures calculated using the SHRP-SP2 algorithm,
the high and the low pavement temperatures calculated using the FHWA-LTPP (Long-term
Pavement Performance), bind program algorithm. it is noted that both algorithms produce almost
the same results. It should be noted that reliability should be considered when calculating the high
and low temperatures. In the SHRP models, there is no reliability, whereas in the FHWA-LTPP
models, the reliability has been considered. In addition, the differences in the maximum pavement
temperature between the SHRP models and FHWA-LTPP models are due to modelling
computations.(Ghuzlan & Al-Khateeb, 2013)

The Superpave pavement temperature predictions algorithms, as contained in Kennedy et al
(1994), and the algorithms developed for temperature prediction in the South African climate by
Viljoen (2001), are compared(Mokoena et al., 2019). the Viljoen model predictions show less
scatter and have a lower standard deviation compared to the Superpave model (CSIR International
Convention Centre, Pretoria, South Africa, 2007.).

A. Maximum Pavement Temperature Prediction Model.

For this study the Following are the high temperature model developed under SHRP and LTPP are
used because of it is well known around the world.

» SHRP- Model
Tpav, h= (Tair — 0.00618Lat? + 0.2289Lat + 42.4) (0.9545) —17.78 + z s air...... Equation 2-4
(Kharbuja et al., 2020)

» LTPP — Model
Tpav, h, d = 5432 + 0.78Tair — 0.0025Lat?> — 15.14 logl0(d + 25) + z (9 +
0.616%air)%°.....cccuuenn... Equation 2-5
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where,
Tpav, h= High AC pavement temperature at 20 mm from surface, °C
Tpav, h, d=High AC pavement temperature at depthd from surface, °C
Tair= High 7-day mean air temperature, °C
Lat = Latitude of the section, degrees d= Pavement depth, mm
o air= Standard deviation of the 7-day maximum air temperature, °C
z = 2.055 for 98% reliability, and z = 0.0 for 50% reliability

There are different maximum asphalt surface temperature predictions equations in Superpave
(Kennedy ,1994), LTPP and other but thus, are quite uncomplicated in their final form. They are
based however, on the energy balance concept, and calibration of the equations involves
identifying the best fit of values for the asphalt surface absorptivity, the transmission coefficient
of air, the emissivity of air, the emissivity of the asphalt surface, the asphalt surface heat transfer
coefficient and the conductivity of the asphalt material (Arangi & Jain, 2015).

B. Low pavement Temperature Prediction Model.

» Model developed by SHRP(Kharbuja et al., 2020)

Tpav, I= Tair + 0.051 d — 0.000063 d? — z 6 aIr ................ Equation 2-6
> Model developed by LTPP

Tpav, I= —1.56 + 0.72Tair — 0.004Lat? + 6.26 logl0(d + 25) — z (4.4 + 0.52¢2ir)°° .......
Equation 2-7.

where,
Tpav, | = Low AC pavement temperature, °C
Tair=1-day minimum mean air temperature, °C

o air= Standard deviation 