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ABSTRACT 

 

 

 

 

Usage of fresh bitumen and aggregates in pavement construction and 

rehabilitation can be minimised by utilising reclaimed asphalt pavement (RAP). RAP 

is a waste material generated from old or damaged pavement surface. Although it has 

been practiced since 1970s and several suggestions on the usage of RAP in the new 

mixture have been introduced, there is a limited number of research has been found, 

discussing on the issue of second recycling of RAP (R2AP). Pavement made with RAP 

will reach the end of service life and there is a need to recycle again. This study focused 

on investigating the performance of mixtures incorporating RAP and R2AP. It was 

carried out in three phases. In the first phase, three ageing procedures consisted of 

eight laboratory ageing methods were conducted to select suitable method that 

produced most severe ageing effect. Ageing methods used were combination of rolling 

thin film oven (RTFO), pressure aging vessel (PAV), short term oven ageing (STOA) 

and long term oven ageing (LTOA). In the second phase, mixture tests were conducted 

to evaluate the performance of asphaltic concrete with 14 mm nominal maximum 

aggregate size (AC 14) mixture incorporating RAP and R2AP. Final phase involved 

the physical, rheological and chemical property tests of aged bitumen. Penetration, 

softening point, viscosity, dynamic shear, elemental analysis and Fourier transform 

infrared (FTIR) tests were performed on the bitumen which were extracted from the 

selected mixtures. Three mixtures consisted of 20, 40 and 60% RAP were evaluated 

in the first cycle and four mixtures consisted of 20, 40, 60 and 80% R2AP were 

evaluated in the second cycle. Results show that seven days of LTOA is the most 

suitable ageing method for AC 14. Mixture consisted of 40% RAP shows a better 

performance when it was mixed with 80-100 PEN (B1) bitumen whereas mixture with 

60% RAP performed better with 60-70 PEN (B2) bitumen compared to other mixtures. 

After seven days of LTOA, mixture consisted of 40% R2AP mixed with B1 and 40% 

R2AP mixed with B2 show better performance compared to other recycled mixtures. 

Physical, rheological and chemical analyses of the extracted bitumen also indicated 

that there were acceptable differences between first and second cycle. Hence, it is 

proven that R2AP is suitable to be used as an alternative material to minimise the usage 

of fresh bitumen and aggregates. Based on regression model of aged bitumen 

properties, it can be concluded that RAP was suitable to be recycled up to second time.
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ABSTRAK 

 

 

 

 

Penggunaan bitumen dan agregat segar dalam pembinaan dan pemulihan 

turapan dapat diminimumkan dengan penggunaan turapan tebus guna (RAP). RAP 

adalah bahan buangan yang terhasil daripada permukaan turapan lama atau rosak. 

Walaupun ia telah dipraktikkan sejak 1970an dan pelbagai cadangan berkenaan 

penggunaan RAP di dalam campuran baru telah diperkenalkan, kajian 

membincangkan tentang isu kitar semula RAP kali kedua (R2AP) yang ditemui adalah 

terhad. Turapan yang diperbuat daripada RAP akan mencapai penghujung jangka 

hayat perkhidmatannya dan perlu dikitar semula sekali lagi. Kajian ini memberi 

tumpuan untuk menyiasat prestasi campuran yang mengandungi RAP dan R2AP. Ianya 

dijalankan dalam tiga fasa. Dalam fasa pertama, tiga prosedur penuaan yang terdiri 

daripada lapan kaedah penuaan di makmal telah dilaksanakan untuk memilih prosedur 

yang memberi kesan penuaan yang paling ketara. Kaedah penuaan yang digunakan 

adalah gabungan antara rolling thin film oven (RTFO), pressure ageing vessel (PAV), 

penuaan ketuhar jangka pendek (STOA) dan penuaan ketuhar jangka panjang (LTOA). 

Dalam fasa kedua, ujian campuran dilaksanakan untuk menilai prestasi campuran 

konkrit berasfalt dengan 14 mm saiz nominal maksimum agregat (AC 14) yang 

mengandungi RAP dan R2AP. Fasa terakhir melibatkan ujian ciri-ciri fizikal, 

reologikal dan kimia aged bitumen. Ujian penusukan, titik lembut, kelikatan, dynamic 

shear, analisis elemen dan Fourier transform infrared (FTIR) telah dilaksanakan ke 

atas bitumen yang diesktrak daripada campuran terpilih. Tiga campuran terdiri 

daripada 20, 40 dan 60% RAP dinilai dalam kitaran pertama  dan empat campuran 

terdiri daripada 20, 40, 60, 80%  R2AP telah dinilai dalam kitaran kedua. Keputusan 

menunjukkan tujuh hari LTOA adalah kaedah penuaan yang paling sesuai untuk AC 

14. Campuran mengandungi 40% RAP menunjukkan prestasi yang lebih baik jika 

dicampur dengan bitumen 80-100 PEN (B1) sementara campuran dengan 60% RAP 

menunjukkan prestasi yang lebih baik jika dicampur dengan bitumen 60-70 PEN (B2) 

berbanding campuran lain. Selepas tujuh hari LTOA, campuran yang mengandungi 

40% R2AP dicampur dengan B1 dan 40% R2AP dicampur dengan B2 telah 

menunjukkan prestasi yang lebih baik berbanding campuran lain. Analisis fizikal, 

reologikal dan kimia daripada bitumen yang diekstrak juga menunjukkan terdapat 

perbezaan yang boleh diterima antara kitaran pertama dan kedua. Oleh itu, ini 

membuktikan bahawa R2AP sesuai untuk digunakan sebagai bahan alternatif bagi 

meminimumkan penggunaan bitumen dan agregat segar. Daripada model regrasi ciri-

ciri aged bitumen, dapat disimpulkan bahawa RAP sesuai dikitar semula untuk kali 

kedua. 
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CHAPTER 1  

 

 
 
 

INTRODUCTION 

 
 
 
 

1.1 Background of the Study 

 
 

In pavement design, flexible pavement is typically designed for about ten to 

fifteen years. During the service life, rehabilitation and maintenance activities are very 

crucial in order to ensure quality and improve serviceability of the particular road. 

Thus, demand on pavement materials is not only limited during the initial construction 

but it will continue throughout the service life. Nowadays, construction industry gives 

a greater attention on sustainability aspect. Sustainability issue in road construction 

focuses more in providing ways on how to reduce virgin materials, energy and waste 

in construction, without compromising the quality of the pavement itself. There are 

many factors contributing to the sustainable construction such as construction 

methods, design processes, machineries and materials used for the construction.  

 

Furthermore, price of virgin or fresh construction materials keep on rising as a 

result of rapid development and depletion of natural recourses. Demand for bitumen 

and aggregate for road construction is reflected as well. Figure 1.1 shows the market 

price trend of bitumen for peninsular and east Malaysia. The price index is based on 

the price of bitumen 80-100 PEN. The same trend occurred in the market price of 

aggregate as in Figure 1.2. It shows the price of 10 mm, 20 mm and 40 mm aggregates 

which are commonly used for wearing and binder course of pavement in Malaysia. 

Due to the price increased, Malaysia government spends about RM 20 billion for road 

construction and maintenance in 2015 (Abdelfatah et al., 2015). 
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Figure 1.1: Average unit price of bitumen in Malaysia. (Jabatan Perangkaan Malaysia, 

2016a; Jabatan Perangkaan Malaysia, 2016b) 

 

 

Figure 1.2: Average unit price of aggregates in Malaysia. (Jabatan Perangkaan 

Malaysia, 2016a; Jabatan Perangkaan Malaysia, 2016b) 

 

Materials recycling is one of the best solution that support sustainability aspect 

at the same time reduce the construction and material cost. Recycling a bituminous 

pavement is not a new idea. Advancements in recycling technology and equipment 
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occurred in 1970s. It conserved energy and non-renewable natural resources, preserved 

environment, reduced the usage landfill, reduced cost for construction and improved 

the overall pavement performance (Asphalt Recycling and Reclaiming Association, 

2001). 

 

One of the common methods in bituminous recycling is by using reclaimed 

asphalt pavement (RAP). RAP consists of waste materials, obtained from the milling 

process of pavement surface (wearing course, binder course or both). RAP will be 

mixed with fresh aggregates, bitumen, with or without recycling agents to produce a 

recycled mixture. Although usage of RAP in the pavement has been established, the 

performance and properties of recycle RAP (R2AP) is unclear. Very few documented 

research on R2AP has been reported and the knowledge on this need to be further 

explored. Therefore, a study in this area is really needed in order to address the 

suitability and effectiveness of RAP and R2AP for a better implementation of 

sustainability in road construction. Furthermore, properties of aged bitumen extracted 

from the respective mixtures were evaluated to forecast the recyclability of the 

mixture. 

 
 
 
 
1.2 Statement of the Problem 

 
 

During the pavement service life, rehabilitation is required to optimize the 

performance by improving the serviceability of the road. It may involve 

reconstruction, recycling or overlay of the surface materials. However, the continuous 

demand on the construction materials lead to the depletion of natural resources and 

increase the waste materials. Recycling of bituminous pavement materials is found to 

be the best method to minimize the usage of natural resources and to solve the materials 

disposal issues.  

 

Many studies have proved that RAP could be incorporated into the pavement 

mixture for the first time. Furthermore, it has been practiced since 1970s and several 

suggestions on usage of RAP have been established. For example, few places in the 

US have successfully used RAP in the pavement mixture on site (Federal Highway 
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Administration, 2016). However, there are still mixed findings on the performance of 

RAP were discovered among the researchers especially on the suitable amount of RAP 

to be incorporated in the mixture. For example Yang and Lee (2016) suggested that 

RAP should be less than 25% from the total mixture, but other researcher claimed that 

higher RAP content with proper handling is still capable to perform as good as 

conventional mixture (Poulikakos et al., 2014). 

 

In addition, those pavements made with RAP will reach the end of service life. 

The same problem will occur during the second phase of rehabilitation on how to deal 

with milled RAP (R2AP) for the second time. Most of the existing research on RAP 

typically concentrate on evaluating the performance of mixture incorporating RAP 

while performance and properties of R2AP is very limited and still debatable. In R2AP 

study, Chen et al. (2009) suggested that up to 40% R2AP did not alter the mixture 

properties and performance, while Su et al. (2008) claimed that there are no distinct in 

certain parameter between conventional and second recycled mixture consists R2AP.  

 

Issues on different materials and climate also have led to a motivation in 

conducting this study, where it will be more specifically suits for tropical region 

Furthermore, findings of this research are also essential to improve public perception 

on the usage of waste materials especially R2AP in road construction. It is also 

expected that the findings can be used as a fundamental guideline to recommend the 

suitable proportion of RAP in road construction. Overall, this research is very 

significant to encourage relevant parties to conduct more studies and practices on the 

usage of RAP in the road construction.  

 
 
 
 
1.3 Objective of the Study 

 
 

The aim of this study was to determine the recyclability of bituminous mixture. 

The aim was achieved through the following objectives:   

a) To determine and select an appropriate method of laboratory ageing, which 

could produce most severe ageing effect on the mixture; 
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b) To evaluate the performance of bituminous mixtures incorporating RAP and 

R2AP (recycled mixtures)  in term of rutting and cracking resistances; 

c) To determine the physical, rheological and chemical properties of aged 

bitumen extracted from recycled mixtures; 

d) To forecast recyclability of the mixture based on the properties of aged 

bitumen. 

 
 
 
 
1.4 Scope of the Study 

 
 
The scopes of the study were: 

a) Recycled bituminous mixtures were designed by incorporating RAP and R2AP 

which are compatible with the conventional bituminous mixture. 

b) Mixture gradations used in this study were design in accordance to JKR (JKR, 

2008). 

c) Four laboratory ageing methods were used in the first phase. Combinations of 

two ageing methods were then classified as a complete ageing process. 

d) Three ageing processes were examined in first phase and the best process that 

produced the most severe ageing effect was used in second phase. 

e) Two grades of fresh bitumen (80-100 PEN and 60-70 PEN) were utilized in 

this study. 

f) Performance of the mixtures was evaluated based on laboratory samples and 

tests. 

 
 
 
 
1.5 Thesis Structure 

 
 

This thesis is organised into five chapters. Each chapter consists of several 

sections and sub-sections. The chapter details are explained as follows: 
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Chapter 1: Introduction 

Chapter 1 briefly describes the overall perspectives of the research including 

background, problem statement, aim and objectives that need to be achieved. 

 

Chapter 2: Literature Review 

Chapter 2 provides a comprehensive review from previous research and experiences 

related to laboratory ageing process, usage of RAP in bituminous mixture and 

properties of extracted binder from aged mixtures. 

 

Chapter 3: Research Methodology 

Chapter 3 explains in details the process and methods used in this research. It includes 

materials, equipment, procedures and standards applied throughout the research. The 

research was designed and conducted in three different phases.  

 

Chapter 4: Result and Discussion 

Chapter 4 presents the findings from the experimental results. The results were 

organised in three sections in line with the phases described in Chapter 3. 

 

Chapter 5: Conclusion and Recommendation 

Chapter 5 summarises the findings with conclusions and several recommendations for 

future research.  

 

 

 

 

 

 



REFERENCES 

 

 

 

 

Abdelfatah, A. S., Shah, M. Z. and Puan, O. C. (2015). Evaluating the Sustainability 

of Traffic Growth in Malaysia. Journal of Traffic and Logistics Engineering. 

3(1). 

Abdo, A. M. A. (2016). Utilizing reclaimed asphalt pavement (RAP) materials in 

new pavements - A review. International Journal of Thermal & 

Environmental Engineering. 12(1), 61-66.  

Ahmad, J. (2010). A Study on Moisture Induced Damage and Rutting of Hot Mix 

Asphalt. Ph.D. Thesis. Universiti Teknologi MARA.    

Ahmad, J., Yusoff, N.I.M., Hainin, M.R., Rahman, M.Y.A. and Hossain, M. (2014). 

Investigation into hot-mix asphalt moisture-induced damage under tropical 

climatic conditions. Construction and Building Materials. 50(0), 567-576. 

Airey, G. D. (2003). State of the art report on ageing test methods for bituminous 

pavement materials. International Journal of Pavement Engineering, 4(3), 

165-176. doi: 10.1080/1029843042000198568 

Ajideh, H., Bahia, H., Carnalla, S., and Earthman, J. (2013). Evaluation of fatigue 

life of asphalt mixture with high RAP content utilizing innovative scanning 

method. Airfield and Highway Pavement 2013. 9-12 June 2013.  California, 

1112-1121.  

Al-Qadi, I. L., Elseifi, M., and Carpenter, S. H. (2007). Reclaimed asphalt pavement 

- A literature review. Research Report FHWA-ICT-07-001. Illinois Center for 

Transportation.  



140 
 

 

Alavi, M. Z., He, Y., Harvey, J., and Jones, D. (2015). Evaluation of the Combined 

Effects of Reclaimed Asphalt Pavement (RAP), Reclaimed Asphalt Shingles 

(RAS), and Different Virgin Binder Sources on the Performance of Blended 

Binders for Mies with Higher Percentages of RAP and RAS. Research Report 

UCPRC-RR-2015-06. University of California Pavement Research Center. 

American Association of State Highway and Transportation Officials (2002). R30-02 

Mixture Conditioning of Hot-Mix Asphalt (HMA).AASTHO, Washington, 

DC. 

American Society of Testing and Materials (1982). ASTM D4123. Standard Test 

Method for Indirect Tension Test for Resilient Modulus of 

BituminousMixtures. ASTM International, West Conshohocken, PA. 

American Society of Testing and Materials (2008). ASTM D7175. Standard Test 

Method for Determining the Rheological Properties of Asphalt Binder Using 

a Dynamic Shear Rheometer. ASTM International, West Conshohocken, PA. 

American Society of Testing and Materials (2010). ASTM D7460. Standard Test 

Method for Determining Fatigue Failure of Compacted Asphalt Concrete 

Subjected to Repeated Flexural Bending. ASTM International, West 

Conshohocken, PA. 

American Society of Testing and Materials (2011a). ASTM D2041. Standard Test 

Method for Theoretical Maximum Specific Gravity and Density of Bituminous 

Paving Mixtures. ASTM International, West Conshohocken, PA. 

American Society of Testing and Materials (2011b). ASTM D2172. Standard Test 

Method for Quantitative Extraction of Bitumen From Bituminous Paving 

Mixtures. ASTM International, West Conshohocken, PA. 

American Society of Testing and Materials (2012a). ASTM D2872. Standard Test 

Method for Effect of Heat and Air on a Moving Film of Asphalt (Rolling 

Thin-Film Oven Test. ASTM International, West Conshohocken, PA. 

American Society of Testing and Materials (2012b). ASTM D36. Standard Test 

Method for Softening Point of Bitumen (Ring-and-Ball Apparatus). ASTM 

International, West Conshohocken, PA. 



141 
 

American Society of Testing and Materials (2012c). ASTM D4402. Standard Test 

Method for Viscosity Determination of Asphalt at Elevated Temperatures 

Using a Rotational Viscometer. ASTM International, West Conshohocken, 

PA. 

American Society of Testing and Materials (2012d). ASTM D6931. Standard Test 

Method for Indirect Tensile (IDT) Strength of Bituminous Mixtures. ASTM 

International, West Conshohocken, PA. 

American Society of Testing and Materials. (2013). ASTM D6521. Standard Test 

Method for Accelerated Aging of Asphalt Binder Using a Pressurized Aging 

Vessel (PAV). ASTM International, West Conshohocken, PA. 

American Society for Testing Materials. (2015). ASTM D5581. Standard Test 

Method for Marshall Stability and Flow of Asphalt Mixtures. ASTM 

International, West Conshohocken, PA. 

Arega, Z. A., Bhasin, A., and De Kesel, T. (2013). Influence of extended aging on 

the properties of asphalt composites produced using hot and warm mix 

methods. Construction and Building Materials. 44, 168-174.  

Asphalt Institute (2007). MS-4. The Asphalt Handbook 7th Edition. Manual Series 

No.4. 

Asphalt Recycling and Reclaiming Association. (2001). Basic asphalt recycling 

manual. The Asphalt Recycling and Reclaiming Association. 

Behera, P. K., Singh, A. K., and Amaranatha Reddy, M. (2013). An alternative 

method for short-and long term ageing for bitumen binders. Road Materials 

and Pavement Design. 14(2), 445-457.  

Belgian Road Research Centre (2013). Bitumen analysis by FTIR spectrometry: 

testing and analysis protocol. The Belgian Road Research Centre. 

Bell, C. A., AbWahab, Y., Cristi, M. E., and Sosnovske, D. (1994). Selection of 

laboratory aging procedures for asphalt-aggregate mixtures. Report SHRP-

A-383. Strategic Highway Research Program. 

Besamusca, J., Sorensen, A., and Southwell, C. (2012). Addressing ageing 

characteristics of bituminous binders in Europe. 5th Eurasphalt & Eurobitume 

Congress. 13-15 June 2012. Istanbul. 



142 
 

Bowers, B. F., Huang, B., Shu, X., and Miller, B. C. (2014). Investigation of 

reclaimed asphalt pavement blending efficiency through GPC and FTIR. 

Construction and Building Materials. 50, 517-523.  

British Standard Institution (2005). BS EN 12697-1. Bituminous mixtures - Test 

methods for hot mix asphalt - Part 1: Soluble binder content. BSI, London. 

British Standard Institution (2005). BS EN 12697-25. Bituminous mixtures - Test 

methods for hot mix asphalt - Part 25: Cyclic compression test. BSI, London. 

Brown, E. R., Kandhal, P. S., Roberts, F. L., Kim, Y. R., Lee, D.-Y., and Kennedy, 

T. W. (2009). Hot mix asphalt materials, mixture design and construction. 

(3rd Edition). Maryland: NAPA Research and Education Foundation. 

Brown, S., and Scholz, T. V. (2000). Development of laboratory protocols for the 

ageing of asphalt mixtures. 2nd Eurasphalt & Eurobitume Congress. 20-22 

September 2000. Barcelona. 83-90. 

Chen, J. S., Huang, C. C., Chu, P. Y., and Lin, K. Y. (2007). Engineering 

characterization of recycled asphalt concrete and aged bitumen mixed 

recycling agent. Journal of Materials Science. 42(23), 9867-9876.  

Chen, J. S., Wang, C. H., and Huang, C. C. (2009). Engineering properties of 

bituminous mixtures blended with second reclaimed asphalt pavements 

(R2AP). Road Materials and Pavement Design. 10, 129-149.  

Chen, L. Y., Qiu, X., Wang, X. K., and Yang, Q. (2011). Laboratory properties 

evaluation of wearing course asphalt mixtures incorporating RAP materials. 

Advanced Materials Research.  30, 398-401. 

Cipione, C. A., Davison, R. R., Burr, B. L., Glover, C. J., and Bullin, J. A. (1991). 

Evaluation of solvents for extraction of residual asphalt from aggregates. 

Transportation Research Record. 1323. 

Colbert, B., and You, Z. (2012). The determination of mechanical performance of 

laboratory produced hot mix asphalt mixtures using controlled RAP and 

virgin aggregate size fractions. Construction and Building Materials. 26(1), 

655-662.  

Dave, E. V., Paulino, G. H., and Buttlar, W. G. (2010). Asphalt pavement aging and 

temperature dependent properties through a functionally graded viscoelastic 



143 
 

model, Part-I: Development, implementation and verification. Materials 

Science Forum. 631-632, 47-52. 

De La Roche, C., Van De Ven, M., Van Den Bergh, W., Gabet, T., Dubois, V., 

Grenfell, J., and Porot, L. (2009). Development of a laboratory bituminous 

mixtures ageing protocol. In Loizos A., Partl M. N., and Al-Qadi I. L. (Ed.). 

Advanced Testing and Characterization of Bituminous Materials (331-345). 

London: Taylor & Francis. 

Ei-Mikawi, M. and Mosallam, A.S. (1996). A methodology for evaluation of the use 

of advanced composites in structural civil engineering applications. 

Composites Part B: Engineering. 27(3), 203-215. 

Federal Highway Administration (2016). Asphalt Pavement Recycling with 

Reclaimed Asphalt Pavement (RAP). Available from: 

<www.fhwa.dot.gov/pavement/recycling/rap> [10 March 2016]. 

Hajj, E., Salazar, L., and Sebaaly, P. (2012). Methodologies for Estimating Effective 

Performance Grade of Asphalt Binders in Mixtures with High Recycled 

Asphalt Pavement Content: Case Study. Transportation Research Record: 

Journal of the Transportation Research Board. 2294, 53-63.  

Hamzah, M. O., Omranian, S. R., Jamshidi, A., and Hasan, M. R. M. (2012). 

Simulating laboratory short term aging to suit Malaysian field conditions. 

International Journal of Civil, Environmental, Structural, Construction and 

Architectural Engineering.6(12), 1126-1130.  

He, G.P. and Wong, W.G. (2007). Laboratory study on permanent deformation of 

foamed asphalt mix incorporating reclaimed asphalt pavement 

materials.Construction and Building Materials, 21(8), 1809-1819. 

Heneash, U. (2013). Effect of the Repeated Recycling on Hot Mix Asphalt Properties. 

Ph.D. Thesis. University of Nottingham.    

Huang, B., Li, G., Vukosavljevic, D., Shu, X., and Egan, B. (2005). Laboratory 

investigation of mixing hot-mix asphalt with reclaimed asphalt pavement. 

Transportation Research Record: Journal of the Transportation Research 

Board. 1929, 37-45.  



144 
 

Huang, B., Shu, X., and Vukosavljevic, D. (2011). Laboratory investigation of 

cracking resistance of hot-mix asphalt field mixtures containing screened 

reclaimed asphalt pavement. Journal of Materials in Civil Engineering. 

23(11), 1535-1543.  

Jabatan Kerja Raya. (2008). Standard Specification for Road Works, Section-4: 

Flexible Pavement. Kuala Lumpur: Jabatan Kerja Raya Malaysia. 

Jabatan Perangkaan Malaysia.  (2016a). Siaran Khas Sabah & Sarawak untuk Kerja-

kerja Kejuruteraan Awam. Kuala Lumpur. Jabatan Perangkaan Malaysia. 

Jabatan Perangkaan Malaysia.  (2016b). Siaran Khas Semenanjung Malaysia untuk 

Kerja-kerja Kejuruteraan Awam. Kuala Lumpur. Jabatan Perangkaan 

Malaysia. 

Jung, S. H. (2006). The effects of asphalt binder oxidation on hot mix asphalt 

concrete mixture rheology and fatigue performance. Ph.D. Dissertation. 

Texas A&M University.    

Kumar, A. and Goetz, W. H. (1977). Asphalt hardening as affected by film thickness, 

voids and permeability in asphaltic mixtures. In Association of Asphalt 

Paving Technologists Proc .46. 

Krishnankuttynair, H. (2008). Evaluation of indirect tensile strength as design 

criteria for Superpave mixtures. Ph.D. Dissertation. North Carolina State 

University.   

Lamontagne, J., Durrieu, F., Planche, J. P., Mouillet, V. and Kister, J. (2001). Direct 

and continuous methodological approach to study the ageing of fossil organic 

material by infrared microspectrometry imaging: application to polymer 

modified bitumen. Analytica chimica acta, 444(2). 241-250. 

Lee, M.-G., Tia, M., Ruth, B. E., and Page, G. C. (1997). Comparison between the 

aging processes for asphalt mixtures and those for asphalt binders Progress of 

Superpave (Superior Performing Asphalt Pavement): Evaluation and 

Implementation: ASTM International. 

Lee, S. -J., Amirkhanian, S. N., Shatanawi, K., and Kim, K. W. (2008). Short-term 

aging characterization of asphalt binders using gel permeation 



145 
 

chromatography and selected Superpave binder tests. Construction and 

Building Materials. 22(11), 2220-2227.  

Li, X., Clyne, T. R., and Marasteanu, M. O. (2004). Recycled asphalt pavement 

(RAP) effects on binder and mixture quality. Technical Report MN/RC – 

2005-02.1 Minnesota Department of Transportation 

Li, X., Zofka, A., Marasteanu, M., and Clyne, T. R. (2006). Evaluation of field aging 

effects on asphalt binder properties. Road Materials and Pavement Design, 

7(sup1), 57-73.  

Lu, X., and Isacsson, U. (2002). Effect of ageing on bitumen chemistry and rheology. 

Construction and Building Materials. 16(1), 15-22.  

McDaniel, R. and Anderson, R.M. (2001).Recommended use of reclaimed asphalt 

pavement in the superpave mix design method: guidelines (No. 253). 

Transportation Research Board, National Research Council. 

McDaniel, R., Soleymani, H., and Shah, A. (2002). Use of reclaimed asphalt 

pavement (RAP) under Superpave specifications: A regional pooled fund 

project. Technical Report No. FHWA/IN/JTRP-2002/6. Purdue University. 

McDaniel, R., Soleymani, H., Anderson, R. M., Turner, P., and Peterson, R. (2000). 

Recommended use of reclaimed asphalt pavement in the Superpave mix 

design method. NCHRP Web Document 30 (Project D9-12): Contractor’s 

Final Report. National Cooperative Highway Research Program. 

Mill, T., Tse, D., Loo, B., Yao, C., and Canavesi, E. (1992). Oxidation pathways for 

asphalt. ASC Division of Fuel Chemistry. 37, 1367-1375.  

Mills-Beale, J., and You, Z. (2010). The mechanical properties of asphalt mixtures 

with recycled concrete aggregates. Construction and Building Materials. 

24(3), 230-235.  

Mind Tools (2016). Decision Matrix Analysis: Making a Decision by Weighing up 

Different Factors Available from: <https://www.mindtools.com/pages/article/ 

newTED_03.htm. [10 March 2016]. 

Miró, R., Valdés, G., Martínez, A., Segura, P., and Rodríguez, C. (2011). Evaluation 

of high modulus mixture behaviour with high reclaimed asphalt pavement 



146 
 

(RAP) percentages for sustainable road construction. Construction and 

Building Materials. 25(10), 3854-3862. 

Mookhoek, S. D., Liu, G., Erkens, S. M. J. G., Giezen, C., and Voskuilen, J. L. M. 

(2014). Accelerated ageing protocols for (polymer modified) PA to obtain 

representative (rheological) properties, mimicking field aged materials. 1st 

International Conference on Ageing of Materials & Structures. 26-28 May. 

Delft University of Technology. 118-125. 

Newcomb, D. E., Brown, E. R., and Epps, J. A. (2007). Designing HMA mixtures 

with high RAP content: A practical guide. National Asphalt Pavement 

Association. 

Oke, O. L., Parry, T., Thom, N. H., and Airey, G. D. (2010). Laboratory Ageing 

Protocols for Asphalt Recycling in Hot Climates. Proceedings of Special 

Technical Sessions, 1st International Conference on Sustainable Materials 

and Technologies. 28-30 June. Ancola.  

Oliveira, J., Silva, H. M. R. D. d., and Jesus, C. M. G. (2011). Asphalt mixtures 

produced with 100% reclaimed materials. Conference WASTES: Solutions, 

Treatments and Opportunities. 12-14 September. Guimarães, Portugal. 30-35. 

Pasandín, A. R., Pérez, I., Oliveira, J. R. M., Silva, H. M. R. D., and Pereira, P. A. A. 

(2015). Influence of ageing on the properties of bitumen from asphalt 

mixtures with recycled concrete aggregates. Journal of Cleaner Production. 

101, 165-173.  

Petersen, J. C. (1984). Chemical composition of asphalt as related to asphalt 

durability: state of the art. Transportation Research Record: Journal of the 

Transportation Research Board. 999.  

Petersen, J. C. (1998). A dual, sequential mechanism for the oxidation of petroleum 

asphalts. Petroleum Science and Technology,16(9-10), 1023-1059. 

Petersen, J. C., and Glaser, R. (2011). Asphalt oxidation mechanisms and the role of 

oxidation products on age hardening revisited. Road Materials and Pavement 

Design. 12(4), 795-819.  

Poulikakos, L. D., dos Santos, S., Bueno, M., Kuentzel, S., Hugener, M., and Partl, 

M. N. (2014). Influence of short and long term aging on chemical, 



147 
 

microstructural and macro-mechanical properties of recycled asphalt 

mixtures. Construction and Building Materials. 51, 414-423. 

Pradyumna, T. A., Mittal, A., and Jain, P. K. (2013). Characterization of reclaimed 

asphalt pavement (RAP) for use in bituminous road construction. Procedia-

Social and Behavioral Sciences. 104, 1149-1157.  

Prowell, B.D. and Brown, E.R. (2006). Methods for determining the endurance limit 

using beam fatigue tests. Proceedings of International Conference on 

Perpetual Pavement. 13-15 September. Columbus, Ohio. 

Qin, Q., Schabron, J. F., Boysen, R. B., and Farrar, M. J. (2014). Field aging effect 

on chemistry and rheology of asphalt binders and rheological predictions for 

field aging. Fuel. 121, 86-94.  

Reyes-Ortiz, O., Berardinelli, E., Alvarez, A.E., Carvajal-Muñoz, J.S. and Fuentes, 

L.G. (2012). Evaluation of hot mix asphalt mixtures with replacement of 

aggregates by reclaimed asphalt pavement (RAP) material. Procedia-Social 

and Behavioral Sciences. 53, 379-388. 

Ruan, Y., Davison, R. R., and Glover, C. J. (2003). The effect of long-term oxidation 

on the rheological properties of polymer modified asphalts. Fuel. 82(14), 

1763-1773.  

Šelih, J., Kne, A., Srdić, A. and Žura, M. (2008). Multiple‐criteria decision support 

system in highway infrastructure management. Transport. 23(4), 299-305. 

Shu, X., Huang, B., and Vukosavljevic, D. (2008). Laboratory evaluation of fatigue 

characteristics of recycled asphalt mixture. Construction and Building 

Materials. 22(7), 1323-1330.  

Siddiqui, M. N., and Ali, M. F. (1999). Studies on the aging behavior of the Arabian 

asphalts. Fuel. 78(9), 1005-1015.  

Silva, H. M. R. D., Oliveira, J. R. M., and Jesus, C. M. G. (2012). Are totally 

recycled hot mix asphalts a sustainable alternative for road paving? 

Resources, Conservation and Recycling. 60, 38-48.  

Singh, D., Zaman, M., and Commuri, S. (2011). Effect of long term oven aging on 

dynamic modulus of hot mix asphalt. Geo-Frontiers Congress 2011. 



148 
 

Sondag, M. S., Chadbourn, B. A., and Drescher, A. (2002). Investigation of recycled 

asphalt pavement (RAP) mixtures.  

Standards and Industrial Research Institute of Malaysia (1996). MS 124. 

Specification for Penetration Grade of Bitumen for Use in Pavement 

Construction. Standards & Industrial Research Institute of Malaysia. 

Malaysian Standard. 

Stephens, J. E., Mahoney, J., and Dippold, C. (2001). Determination of the PG binder 

grade to use in a RAP mix. Report No. JHR 00-278. Connecticut Department 

of Transportation.  

Su, K., Hachiya, Y., and Maekawa, R. (2008). Laboratory investigation of possibility 

of re-recycling asphalt concretes. Proc. 6th ICPT, 435-442.  

Su, K., Hachiya, Y., and Maekawa, R. (2009). Study on recycled asphalt concrete for 

use in surface course in airport pavement. Resources, Conservation and 

Recycling. 54(1), 37-44. 

Tabaković, A., Gibney, A., McNally, C. and Gilchrist, M.D. (2010). Influence of 

recycled asphalt pavement on fatigue performance of asphalt concrete base 

courses.Journal of Materials in Civil Engineering, 22(6). 643-650. 

Tahirou, M. (2009). Influence of Bitumen Ageing on Asphalt Quality, Comparison 

between Bitumen and Asphalt Ageing. Ph.D Thesis, Universiteit Gent Vrije 

Universiteit Brussel, Belgium. 

Valdés, G., Pérez-Jiménez, F., Miró, R., Martínez, A., and Botella, R. (2011). 

Experimental study of recycled asphalt mixtures with high percentages of 

reclaimed asphalt pavement (RAP). Construction and Building Materials. 

25(3), 1289-1297.  

Widyatmoko, I. (2008). Mechanistic-empirical mixture design for hot mix asphalt 

pavement recycling. Construction and Building Materials. 22(2), 77-87.  

Wu, S., Pang, L., Mo, L., Chen, Y., and Zhu, G. (2009). Influence of aging on the 

evolution of structure, morphology and rheology of base and SBS modified 

bitumen. Construction and Building Materials. 23(2), 1005-1010.  



149 
 

Xiao, F., and Amirkhanian, S. N. (2010). Laboratory investigation of utilizing high 

percentage of RAP in rubberized asphalt mixture. Materials and Structures, 

43(1-2), 223-233.  

Yamada, M., Ninomiya, T., and Mise, T. (1987). Recycled asphalt mixtures in Osaka 

and their performance. Memoirs of the Faculty of Engineering, Osaka City 

University. 28, 197-201. 

Yang, S. H. and Lee, L. C. (2016). Characterizing the chemical and rheological 

properties of severely aged reclaimed asphalt pavement materials with high 

recycling rate. Construction and Building Materials. 111, 136-146. 

Yang, X. (2013). The Laboratory Evaluation of Bio Oil Derived From Waste 

Resources as Extender for Asphalt Binder. Master Thesis. Michigan 

Technological University 

Yousif, R. A., Muniandy, R., Hassim, S., Jakarni, F., and Aburkaba, E. (2015). An 

overview of quantification of fatigue resistance of asphalt mixture using pre-

aged binder. WALIA Journal. 31(S1), 125-132. 

Yu, J., Wang, L., Zeng, X., Wu, S., and Li, B. (2007). Effect of montmorillonite on 

properties of styrene–butadiene–styrene copolymer modified bitumen. 

Polymer Engineering & Science. 47(9), 1289-1295.  

Zeng, W., Wu, S., Wen, J., and Chen, Z. (2015). The temperature effects in aging 

index of asphalt during UV aging process. Construction and Building 

Materials. 93, 1125-1131.  

 

 

 


	thesisStatusDeclaration.pdf
	Initial page (corrected after viva).pdf
	Chpter 1-5 (corrected after viva).pdf
	References (corrected after viva).pdf
	Appendix (corrected after viva).pdf



