
Advances in Materials Science and Engineering

Sustainable Asphalt Pavements
Using Alternative Binders

Lead Guest Editor: Ramadhansyah Putra Jaya
Guest Editors: Haryati Yaacob, Mohd Rosli Mohd Hasan, and Xu Yang

 



Sustainable Asphalt Pavements Using
Alternative Binders



Advances in Materials Science and Engineering

Sustainable Asphalt Pavements Using
Alternative Binders

Lead Guest Editor: Ramadhansyah Putra Jaya
Guest Editors: Haryati Yaacob, Mohd Rosli Mohd
Hasan, and Xu Yang



Copyright © 2022 Hindawi Limited. All rights reserved.

is is a special issue published in “Advances in Materials Science and Engineering.” All articles are open access articles distributed under
the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.



Chief Editor
Amit Bandyopadhyay  , USA

Associate Editors
Vamsi Balla  , India
Mitun Das  , USA
Sandip Harimkar, USA
Ravi Kumar  , India
Peter Majewski  , Australia
Enzo Martinelli  , Italy
Luigi Nicolais  , Italy
Carlos R. Rambo  , Brazil
Michael J. Schütze  , Germany
Kohji Tashiro  , Japan
Zhonghua Yao  , China
Dongdong Yuan  , China
Wei Zhou  , China

Academic Editors
Antonio Abate  , Germany
Hany Abdo  , Saudi Arabia
H.P.S. Abdul Khalil  , Malaysia
Ismael alejandro Aguayo villarreal  ,
Mexico
Sheraz Ahmad  , Pakistan
Michael Aizenshtein, Israel
Jarir Aktaa, Germany
Bandar AlMangour, Saudi Arabia
Huaming An, China
Alicia Esther Ares  , Argentina
Siva Avudaiappan  , Chile
Habib Awais  , Pakistan
NEERAJ KUMAR BHOI, India
Enrico Babilio  , Italy
Renal Backov, France
M Bahubalendruni  , India
Sudharsan Balasubramanian  , India
Markus Bambach, Germany
Irene Bavasso  , Italy
Stefano Bellucci  , Italy
Brahim Benmokrane, Canada
Jean-Michel Bergheau  , France
Guillaume Bernard-Granger, France
Giovanni Berselli, Italy
Patrice Berthod  , France
Michele Bianchi  , Italy
Hugo C. Biscaia  , Portugal

Antonio Boccaccio, Italy
Mohamed Bououdina  , Saudi Arabia
Gianlorenzo Bussetti  , Italy
Antonio Caggiano  , Germany
Marco Cannas  , Italy
Qi Cao, China
Gianfranco Carotenuto  , Italy
Paolo Andrea Carraro  , Italy
Jose Cesar de Sa  , Portugal
Wen-Shao Chang  , United Kingdom
Qian Chen  , China
Francisco Chinesta  , France
Er-Yuan Chuang  , Taiwan
Francesco Colangelo, Italy
María Criado  , Spain
Enrique Cuan-Urquizo  , Mexico
Lucas Da Silva  , Portugal
Angela De Bonis  , Italy
Abílio De Jesus  , Portugal
José António Fonseca De Oliveira
Correia  , Portugal
Ismail Demir  , Turkey
Luigi Di Benedetto  , Italy
Maria Laura Di Lorenzo, Italy
Marisa Di Sabatino, Norway
Luigi Di Sarno, Italy
Ana María Díez-Pascual  , Spain
Guru P. Dinda  , USA
Hongbiao Dong, China
Mingdong Dong  , Denmark
Frederic Dumur  , France
Stanislaw Dymek, Poland
Kaveh Edalati  , Japan
Philip Eisenlohr  , USA
Luís Evangelista  , Norway
Michele Fedel  , Italy
Francisco Javier Fernández Fernández  ,
Spain
Isabel J. Ferrer  , Spain
Massimo Fresta, Italy
Samia Gad  , Egypt
Pasquale Gallo  , Finland
Sharanabasava Ganachari, India
Santiago Garcia-Granda  , Spain
Carlos Garcia-Mateo  , Spain

https://orcid.org/0000-0003-0992-5387
https://orcid.org/0000-0003-2796-7302
https://orcid.org/0000-0003-2334-7392
https://orcid.org/0000-0001-6856-6092
https://orcid.org/0000-0002-6652-4742
https://orcid.org/0000-0003-3572-7528
https://orcid.org/0000-0001-6517-6611
https://orcid.org/0000-0001-5192-7277
https://orcid.org/0000-0002-3585-4335
https://orcid.org/0000-0002-7543-2778
https://orcid.org/0000-0001-9536-1260
https://orcid.org/0000-0002-7192-6711
https://orcid.org/0000-0002-9820-556X
https://orcid.org/0000-0002-3012-3541
https://orcid.org/0000-0002-7260-639X
https://orcid.org/0000-0003-2403-809X
https://orcid.org/0000-0002-7134-1692
https://orcid.org/0000-0001-6231-6578
https://orcid.org/0000-0001-5384-8476
https://orcid.org/0000-0002-4289-4298
https://orcid.org/0000-0002-3653-2506
https://orcid.org/0000-0001-8308-4016
https://orcid.org/0000-0001-6380-1962
https://orcid.org/0000-0003-1229-6745
https://orcid.org/0000-0003-2736-4915
https://orcid.org/0000-0003-0326-6368
https://orcid.org/0000-0001-5791-8750
https://orcid.org/0000-0002-8035-927X
https://orcid.org/0000-0002-9660-9894
https://orcid.org/0000-0002-4791-5123
https://orcid.org/0000-0001-8770-7129
https://orcid.org/0000-0001-8556-8014
https://orcid.org/0000-0003-1027-2520
https://orcid.org/0000-0001-8236-5043
https://orcid.org/0000-0001-6609-8168
https://orcid.org/0000-0002-9369-7964
https://orcid.org/0000-0002-1257-1754
https://orcid.org/0000-0002-2218-001X
https://orcid.org/0000-0003-1237-5873
https://orcid.org/0000-0002-6272-3429
https://orcid.org/0000-0002-1593-4573
https://orcid.org/0000-0002-1027-6233
https://orcid.org/0000-0003-4324-3558
https://orcid.org/0000-0003-3272-4591
https://orcid.org/0000-0002-1177-2896
https://orcid.org/0000-0002-1059-715X
https://orcid.org/0000-0002-4148-9426
https://orcid.org/0000-0001-8493-0309
https://orcid.org/0000-0001-5588-0621
https://orcid.org/0000-0002-0786-0156
https://orcid.org/0000-0002-1743-3000
https://orcid.org/0000-0002-2025-2171
https://orcid.org/0000-0003-4872-094X
https://orcid.org/0000-0003-3885-2121
https://orcid.org/0000-0002-8220-5995
https://orcid.org/0000-0001-8406-6864
https://orcid.org/0000-0001-6994-0816
https://orcid.org/0000-0002-0667-2639
https://orcid.org/0000-0003-2125-5865
https://orcid.org/0000-0001-8273-2413
https://orcid.org/0000-0001-5742-8647
https://orcid.org/0000-0002-2373-0247
https://orcid.org/0000-0002-4773-5077


Achraf Ghorbal  , Tunisia
Georgios I. Giannopoulos  , Greece
Ivan Giorgio  , Italy
Andrea Grilli  , Italy
Vincenzo Guarino  , Italy
Daniel Guay, Canada
Jenö Gubicza  , Hungary
Xuchun Gui  , China
Benoit Guiffard  , France
Zhixing Guo, China
Ivan Gutierrez-Urrutia  , Japan
Weiwei Han  , Republic of Korea
Simo-Pekka Hannula, Finland
A. M. Hassan  , Egypt
Akbar Heidarzadeh, Iran
Yi Huang  , United Kingdom
Joshua Ighalo, Nigeria
Saliha Ilican  , Turkey
Md Mainul Islam  , Australia
Ilia Ivanov  , USA
Jijo James  , India
Hafsa Jamshaid  , Pakistan
Hom Kandel  , USA
Kenji Kaneko, Japan
Rajesh Kannan A  , Democratic People’s
Republic of Korea
Mehran Khan  , Hong Kong
Akihiko Kimura, Japan
Ling B. Kong  , Singapore
Pramod Koshy, Australia
Hongchao Kou  , China
Alexander Kromka, Czech Republic
Abhinay Kumar, India
Avvaru Praveen Kumar  , Ethiopia
Sachin Kumar, India
Paweł Kłosowski  , Poland
Wing-Fu Lai  , Hong Kong
Luciano Lamberti, Italy
Fulvio Lavecchia  , Italy
Laurent Lebrun  , France
Joon-Hyung Lee  , Republic of Korea
Cristina Leonelli, Italy
Chenggao Li  , China
Rongrong Li  , China
Yuanshi Li, Canada

Guang-xing Liang  , China
Barbara Liguori  , Italy
Jun Liu  , China
Yunqi Liu, China
Rong Lu, China
Zhiping Luo  , USA
Fernando Lusquiños  , Spain
Himadri Majumder  , India
Dimitrios E. Manolakos  , Greece
Necmettin Maraşlı  , Turkey
Alessandro Martucci  , Italy
Roshan Mayadunne  , Australia
Mamoun Medraj  , Canada
Shazim A. Memon  , Kazakhstan
Pratima Meshram  , India
Mohsen Mhadhbi  , Tunisia
Philippe Miele, France
Andrey E. Miroshnichenko, Australia
Ajay Kumar Mishra  , South Africa
Hossein Moayedi  , Vietnam
Dhanesh G. Mohan  , United Kingdom
Sakar Mohan  , India
Namdev More, USA
Tahir Muhmood  , China
Faisal Mukhtar  , Pakistan
Dr. Tauseef Munawar  , Pakistan
Roger Narayan  , USA
Saleem Nasir  , Pakistan
Elango Natarajan, Malaysia
Rufino M. Navarro, Spain
Miguel Navarro-Cia  , United Kingdom
Behzad Nematollahi  , Australia
Peter Niemz, Switzerland
Hiroshi Noguchi, Japan
Dariusz Oleszak  , Poland
Laurent Orgéas  , France
Togay Ozbakkaloglu, United Kingdom
Marián Palcut  , Slovakia
Davide Palumbo  , Italy
Gianfranco Palumbo  , Italy
Murlidhar Patel, India
Zbyšek Pavlík  , Czech Republic
Alessandro Pegoretti  , Italy
Gianluca Percoco  , Italy
Andrea Petrella, Italy

https://orcid.org/0000-0001-7340-3095
https://orcid.org/0000-0002-0004-8421
https://orcid.org/0000-0002-0044-9188
https://orcid.org/0000-0003-4280-5029
https://orcid.org/0000-0003-1546-3721
https://orcid.org/0000-0002-8938-7293
https://orcid.org/0000-0001-7430-3643
https://orcid.org/0000-0002-1337-4074
https://orcid.org/0000-0001-5256-7525
https://orcid.org/0000-0001-6996-0884
https://orcid.org/0000-0001-5742-331X
https://orcid.org/0000-0001-9259-8123
https://orcid.org/0000-0003-4064-4364
https://orcid.org/0000-0003-3265-2348
https://orcid.org/0000-0002-6726-2502
https://orcid.org/0000-0002-1167-8066
https://orcid.org/0000-0002-4591-0812
https://orcid.org/0000-0001-5385-2248
https://orcid.org/0000-0002-3602-2514
https://orcid.org/0000-0003-2898-1827
https://orcid.org/0000-0001-5784-1327
https://orcid.org/0000-0003-4960-9477
https://orcid.org/0000-0001-5012-0666
https://orcid.org/0000-0002-4329-2678
https://orcid.org/0000-0003-0585-6396
https://orcid.org/0000-0002-7941-389X
https://orcid.org/0000-0001-7131-5972
https://orcid.org/0000-0001-5597-4521
https://orcid.org/0000-0002-4338-8944
https://orcid.org/0000-0002-8767-3026
https://orcid.org/0000-0002-9033-4885
https://orcid.org/0000-0002-7670-9206
https://orcid.org/0000-0003-1434-0412
https://orcid.org/0000-0002-8264-6424
https://orcid.org/0000-0002-0614-625X
https://orcid.org/0000-0002-5059-5984
https://orcid.org/0000-0002-0249-5647
https://orcid.org/0000-0002-1993-2655
https://orcid.org/0000-0001-9601-8640
https://orcid.org/0000-0002-6182-0358
https://orcid.org/0000-0001-7570-3868
https://orcid.org/0000-0001-6625-8811
https://orcid.org/0000-0003-0241-7347
https://orcid.org/0000-0003-1488-8699
https://orcid.org/0000-0002-4727-0943
https://orcid.org/0000-0002-5625-1437
https://orcid.org/0000-0002-4652-4198
https://orcid.org/0000-0001-9722-581X
https://orcid.org/0000-0002-7441-1617
https://orcid.org/0000-0001-8431-5242
https://orcid.org/0000-0002-0442-0390
https://orcid.org/0000-0002-4876-9869
https://orcid.org/0000-0002-4842-2785
https://orcid.org/0000-0003-0256-6465
https://orcid.org/0000-0003-2422-4589
https://orcid.org/0000-0002-7563-007X
https://orcid.org/0000-0003-1668-688X
https://orcid.org/0000-0002-6241-0801
https://orcid.org/0000-0001-6373-2741
https://orcid.org/0000-0003-0442-1964
https://orcid.org/0000-0003-0857-161X
https://orcid.org/0000-0001-9641-9735
https://orcid.org/0000-0003-3298-5839


Claudio Pettinari  , Italy
Giorgio Pia  , Italy
Candido Fabrizio Pirri, Italy
Marinos Pitsikalis  , Greece
Alain Portavoce  , France
Simon C. Potter, Canada
Ulrich Prahl, Germany
Veena Ragupathi  , India
Kawaljit singh Randhawa  , India
Baskaran Rangasamy  , Zambia
Paulo Reis  , Portugal
Hilda E. Reynel-Avila  , Mexico
Yuri Ribakov  , Israel
Aniello Riccio  , Italy
Anna Richelli  , Italy
Antonio Riveiro  , Spain
Marco Rossi  , Italy
Fernando Rubio-Marcos  , Spain
Francesco Ruffino  , Italy
Giuseppe Ruta  , Italy
Sachin Salunkhe  , India
P Sangeetha  , India
Carlo Santulli, Italy
Fabrizio Sarasini  , Italy
Senthil Kumaran Selvaraj  , India
Raffaele Sepe  , Italy
Aabid H Shalla, India
Poorva Sharma  , China
Mercedes Solla, Spain
Tushar Sonar  , Russia
Donato Sorgente  , Italy
Charles C. Sorrell  , Australia
Damien Soulat  , France
Adolfo Speghini  , Italy
Antonino Squillace  , Italy
Koichi Sugimoto, Japan
Jirapornchai Suksaeree  , ailand
Baozhong Sun, China
Sam-Shajing Sun  , USA
Xiaolong Sun, China
Yongding Tian  , China
Hao Tong, China
Achim Trampert, Germany
Tomasz Trzepieciński  , Poland
Kavimani V  , India

Matjaz Valant  , Slovenia
Mostafa Vamegh, Iran
Lijing Wang  , Australia
Jörg M. K. Wiezorek  , USA
Guosong Wu, China
Junhui Xiao  , China
Guoqiang Xie  , China
YASHPAL YASHPAL, India
Anil Singh Yadav  , India
Yee-wen Yen, Taiwan
Hao Yi  , China
Wenbin Yi, China
Tetsu Yonezawa, Japan
Hiroshi Yoshihara  , Japan
Bin Yu  , China
Rahadian Zainul  , Indonesia
Lenka Zaji#c#kova#  , Czech Republic
Zhigang Zang  , China
Michele Zappalorto  , Italy
Gang Zhang, Singapore
Jinghuai Zhang, China
Zengping Zhang, China
You Zhou  , Japan
Robert Černý  , Czech Republic

https://orcid.org/0000-0002-2547-7206
https://orcid.org/0000-0001-9101-0367
https://orcid.org/0000-0002-7836-4862
https://orcid.org/0000-0002-6390-1637
https://orcid.org/0000-0002-9750-1893
https://orcid.org/0000-0002-2944-6714
https://orcid.org/0000-0002-6677-5381
https://orcid.org/0000-0001-5203-3670
https://orcid.org/%200000-0002-4102-2252
https://orcid.org/0000-0003-2806-1422
https://orcid.org/0000-0001-7426-6803
https://orcid.org/0000-0003-4269-1228
https://orcid.org/0000-0002-5187-9508
https://orcid.org/0000-0001-7603-1805
https://orcid.org/0000-0002-2479-3792
https://orcid.org/0000-0001-8093-2550
https://orcid.org/0000-0002-0596-0348
https://orcid.org/0000-0001-6542-2050
https://orcid.org/0000-0002-7630-011X
https://orcid.org/0000-0001-5233-8589
https://orcid.org/0000-0001-9994-9424
https://orcid.org/0000-0002-1089-4541
https://orcid.org/0000-0001-9628-6928
https://orcid.org/0000-0002-3997-5337
https://orcid.org/0000-0002-9983-6283
https://orcid.org/0000-0002-5727-8332
https://orcid.org/0000-0001-7911-4243
https://orcid.org/0000-0002-6840-0006
https://orcid.org/0000-0003-2931-1497
https://orcid.org/0000-0002-5223-9203
https://orcid.org/0000-0002-4905-227X
https://orcid.org/0000-0002-6320-3388
https://orcid.org/0000-0002-4366-0135
https://orcid.org/0000-0001-8385-0884
https://orcid.org/0000-0003-4842-5676
https://orcid.org/0000-0002-7300-9271
https://orcid.org/0000-0002-1358-0556
https://orcid.org/0000-0002-1256-2196
https://orcid.org/0000-0003-3396-7974
https://orcid.org/0000-0001-6786-2180
https://orcid.org/0000-0002-2201-7482
https://orcid.org/0000-0001-9007-7156
https://orcid.org/0000-0002-4978-362X
https://orcid.org/0000-0002-3740-3597
https://orcid.org/0000-0002-6906-8906
https://orcid.org/0000-0003-1632-503X
https://orcid.org/0000-0002-5904-3705
https://orcid.org/0000-0003-1881-4005
https://orcid.org/0000-0002-0955-2886


Contents

�e Influence of Nano Titanium as Bitumen Modifier in Stone Mastic Asphalt
Khairil Azman Masri  , Nur Syafiqah Shamimi Mohd Zali  , Ramadhansyah Putra Jaya  , Mazlan Abu
Seman  , and Mohd Rosli Mohd Hasan 

Research Article (19 pages), Article ID 4021618, Volume 2022 (2022)

Investigating the Effect of Calcium Lignosulfonate on the Durability and Performance of Asphalt
Mixtures
Saeed Fatemi  , Jafar Bolouri Bazaz  , and Seyed Ali Ziaee 

Research Article (14 pages), Article ID 5260159, Volume 2022 (2022)

�e Effects of Using Waste Engine Oil Bottom on Physical, Rheological Properties and Composite
Modification Mechanism of SBS-Modified Asphalt
Yanbo Wang  , Ailian Liu, Weixiang Ding, Fangping Rao, Jun Yuan, Zhihua Zhang, Zhen Xu, and
Chuanzhou Dong
Research Article (12 pages), Article ID 2775950, Volume 2022 (2022)

A Review of Asphaltic Crack Healing Approaches and Its Mechanism
Mohd Fahmi Haikal Mohd Ghazali, Mohd Rosli Mohd Hasan  , Anasyida Abu Seman  , Dillon Dipagk
Dorett, Najib Mukhtar, and Ramadhansyah Putra Jaya 

Review Article (15 pages), Article ID 1093224, Volume 2021 (2021)

Physicomechanical Assessments and Heavy Metals’ Leaching Potential of Modified Asphalt Binders
Incorporating Crumb Rubber and Tin Slag Powders
Ali Huddin Ibrahim, Mohd Rosli Mohd Hasan  , Ashiru Sani, Sharvin Poovaneshvaran, Tracy Leh Xin
Wong, Megat Azmi Megat Johari, Kok Keong Choong, and Ramadhansyah Putra Jaya 

Research Article (10 pages), Article ID 2137957, Volume 2021 (2021)

https://orcid.org/0000-0003-0046-8669
https://orcid.org/0000-0002-3599-037X
https://orcid.org/0000-0002-5255-9856
https://orcid.org/0000-0002-7952-6165
https://orcid.org/0000-0001-6922-4158
https://orcid.org/0000-0001-6179-8181
https://orcid.org/0000-0002-5106-1845
https://orcid.org/0000-0002-1022-5583
https://orcid.org/0000-0001-6466-6205
https://orcid.org/0000-0001-6922-4158
https://orcid.org/0000-0002-5655-7997
https://orcid.org/0000-0002-5255-9856
https://orcid.org/0000-0001-6922-4158
https://orcid.org/0000-0002-5255-9856


Research Article
The Influence of Nano Titanium as Bitumen Modifier in Stone
Mastic Asphalt

Khairil Azman Masri ,1,2 Nur Syafiqah Shamimi Mohd Zali ,1

Ramadhansyah Putra Jaya ,1 Mazlan Abu Seman ,1 and Mohd Rosli Mohd Hasan 3

1Department of Civil Engineering, College of Engineering, Universiti Malaysia Pahang, 26300 Gambang, Kuantan,
Pahang, Malaysia
2Earth Resources and Sustainability Centre (ERAS), Universiti Malaysia Pahang, 26300 Gambang, Kuantan, Pahang, Malaysia
3School of Civil Engineering, Universiti Sains Malaysia, Engineering Campus, 14300 Nibong Tebal, Pulau Pinang, Malaysia

Correspondence should be addressed to Khairil Azman Masri; khairilazman@ump.edu.my

Received 10 November 2021; Revised 7 January 2022; Accepted 4 March 2022; Published 11 April 2022

Academic Editor: Qian Chen

Copyright © 2022 Khairil Azman Masri et al. )is is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Nanomaterials are emerging as one of the methods to improve the pavement industry. Due to that, this study explores the
influence of nano TiO2 modified binder and mixture with 60/70 grade bitumen.)e first stage discovers the physical properties of
bitumen by undergoing penetration and softening point tests. )en, the nano TiO2 modified binder is evaluated in terms of its
morphological and chemical properties. To verify the modified binder design, the mechanical performance of stone mastic asphalt
(SMA) is assessed in terms of volumetric properties. From the results, 5% nano TiO2 modified binder shows significant im-
provement in terms of penetration and softening point. )e results also show that the 3% nano TiO2 modified binder contributes
the highest improvement in terms of its chemical properties and the morphological properties. Based on the morphological
properties’ evaluation, FTIR and XRD observed a sharp peak of nano TiO2 while the bitumen containing nano TiO2 is well
distributed when SEM-EDX was applied. In addition, the volumetric properties of SMA also significantly improve with the
addition of nano TiO2. It can be said that the addition of nano TiO2 is able to enhance the overall properties of bitumen.

1. Introduction

Stone mastic asphalt has widely been used in countries such
as Unites States, Europe, and Asian countries like Malaysia
[1].)e need to use SMA is due to the increasing traffic users
over the years which make SMA a suitable choice since it is
known to withstand high loads [2]. SMA originated from
Germany only consists of coarse aggregates and bitumen as a
filler in which the mix is held by the strong elastic properties
of the binder [3]. However, with modernisation and new
technology introductions, the SMA has been incorporated
with many materials in such ways that the materials can
improve the SMA properties. A modification to the mixture
is one of the methods introduced. Some suggested changes
include adding materials as an additive, rejuvenators, or
even stabilizers. )e focus would be on the aftereffect of the

mechanical effect that the materials have on the SMA, but
binder modification has not been further researched in
depth [4].

Nanomaterials are chemical compounds or products
that are processed and used on a very small scale. )e size of
nanomaterials is between 1 to 100 nanometres (nm) [5].
)ey previously have been used in the healthcare industry,
beauty products, and biology-related field, and it is priorly
used in construction also before embarking to the pavement
industry [6]. Nanomaterials have many types of applications
depending on their respective type and size. Some of the
commonly used nano materials that are always encountered
are nano clay, nano silica, nano-sized metals such as copper,
zinc, and aluminium oxide [7]. Aging is a concern of asphalt
mixtures, and there are two types of it which are thermal
oxidative aging and photo oxidative aging [8]. )is is where
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the surface modified nanomaterials such as nano silica, nano
zinc oxide, and nano TiO2 act as they could improve the
antiaging behaviour of asphalt [9].

Nano clay is naturally occurring minerals, and its purity
could affect the final nanocomposite properties. Due to their
low cost of production, it is commonly used as it has po-
tential to improve mechanical and thermal binder properties
[10]. Nano silica properties such as its good stability, af-
fordable cost, high surface area, chemical purity, and good
dispersing ability have made it one of the most used ma-
terials over the years in improving the mechanical perfor-
mance of asphalt such as aging, fatigue, and cracking [11].

Among the mentioned nanomaterials, nano TiO2 was
chosen due to its properties such as higher reactivity with
bitumen due to its small size [12]. It possesses photocatalytic
properties which could help in eliminating hazardous gases
like nitrogen monoxide [13]. )is promotes the environ-
mentally friendly area of the asphalt pavement. Nano TiO2
also improve the asphalt aging properties [14]. Furthermore,
nano TiO2 could reduce binder drain down properties by
increasing the adhesion between aggregates and bitumen
when added into the mix as the nano particles fill the voids
that is present and make the structure more compact [15].

)is study is aimed to investigate the binder modifica-
tion by incorporating it with nano titanium and its effect to
the SMA. Different percentages of nano TiO2 starting from 1
to 5% will be mixed with the bitumen and will further be
accessed. Among the test that will be done on the samples
would be the traditional bitumen test which are penetration
test and softening point. )en, the sample would be further
analysed in terms of morphology and chemical aspects by
Fourier transform method analysis (FTIR), scanning elec-
tron microscope (SEM-EDX), and X-ray diffraction analysis
(XRD). )e volumetric properties of SMA are also inves-
tigated after the nano TiO2 modified bitumen is included in
the SMA mix. )e test results show that 3% nano TiO2
modified bitumen has improved the bitumen in terms of its
physical properties, rheology, morphology, and chemical
characteristics. )e volumetric properties of SMA also ex-
perience positive enhancement due to the binder
modification.

2. Materials and Methods

2.1. Nano Titanium. )e sizes of nano TiO2 are between 10
to 15 nanometres and in white powder form supplied by the
local supplier. Table 1 shows the properties of nano TiO2
used for experimental works. Based on Table 1, the usage of
nano TiO2 is suitable for bitumen modification due to its
high melting and boiling point as well as its structure.

2.2. Bitumen. )e bitumen currently utilised has a 60/70
penetration grade. Table 2 shows the properties of the as-
phalt binder used in the experimental works.

2.2.1. Preparation of Nano TiO2 Modified Binder. A me-
chanical mixer was used to prepare the nano TiO2 modified
binder at 1500 rpm and 160°C for 60 minutes. A

predetermined amount of bitumen was obtained and put in
the oven for approximately 1.5 to 2 hours until it melted.
About 500 g of bitumen was then weighted before mixing
with 1 to 5% nano TiO2. )e mixture was mixed for 30
minutes while adding the nano TiO2 gradually and further
30 minutes of additional mixing to ensure its homogeneity.

2.3. Experimental Methods

2.3.1. Stone Mastic Asphalt (SMA) Sample Preparation.
SMA samples were prepared according to the Malaysian
standard specification JKR/SPJ/S4, by incorporating 6.16%
optimum binder content [16] and compacted using a
Marshall compactor with 50 blows on each face. Figure 1
represents the aggregate grading used to fabricate asphalt
mixture specimens. Sieve analysis was performed to obtain
the required aggregated mass based on the targeted speci-
fication. )e SMA aggregate grading is shown in Figure 1.

2.3.2. Morphological Tests for the Bitumen

(1) Fourier Transform Infrared (FTIR) Spectroscopy. Fourier
Transform infrared (FTIR) spectroscopy is an analytical
technique used to identify organic, polymeric, and, in some
cases, inorganic materials. )e technique uses infrared light
to scan test samples and observe chemical properties. )e
qualitative analysis identifies characteristic absorption peaks
for the functional group of interest, such as polymer
components, carbon, and sulphur oxidation products [17].
In this study, the attenuated total reflectance Fourier-
transform infrared (ATR-FTIR) spectroscopy was used to
evaluate the modified binder. )e sample was prepared by
cooling off the bitumen-nano TiO2 mixture before being
compacted into a small sphere and placed on a small mi-
croscopic slide.

(2) X-Ray Diffraction (XRD). X-ray diffraction or XRD is a
nondestructive test method used to analyse the structure of
crystalline materials. XRD analysis identifies crystalline
phases present in a material, revealing chemical composition
information. X-rays are directed toward samples by applying
the voltage, and reflected X-rays are gathered by the detector
[18]. )e phase identification of bitumen was analysed using
XRD at [°2θ] theta. Samples were prepared by cooling the
bitumen mixture and made into small solid spheres. XRD
graph peaks were produced after the testing was finished.

Table 1: Properties of nano TiO2.

Properties Descriptions
Colour White
Purity 99.9%
Primary particle size 20 nm
Structure Anatase, Rutile, Brookite
Melting point 1843°C
Boiling point 2972°C
Relative density at 25°C 4.26 g/cm3
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2.3.3. Scanning Electron Microscopy with Energy Dispersive
X-ray Analysis (SEM-EDX). Scanning electron microscopy
(SEM) with energy dispersive X-ray analysis (EDX) provides
detailed high-resolution images of the sample by repro-
jecting a focused electron beam across the surface and
detecting secondary or backscattered electron signal. Sample
preparation involves cooling the bitumen until it hardens
before scrapped into a small portion and observed under the
microscope at desired magnifications. Further analysis using
EDX was performed to identify the elements present in
bitumen samples.

2.3.4. Physical Tests for Bitumen

(1) Softening Point. Bitumen was melted and poured into a
pair of rings placed on a plate covered with Vaseline. After
the specimen cooled, the ring was suspended in distilled
water at 5± 2°C for 15 minutes. Steel balls were also placed
on the surface of the bitumen in the ring. )en, the bath
liquid was stirred and heated at a rate of 5± 2°C per minute.
A thermometer was placed in the middle of the ring holder,
levelled with the bottom of the ring. When the ball passed
and dropped into the base plate, the temperature was
recorded.

(2) Penetration Test. Specimens were prepared in a sample
container and placed in a water bath at room temperature
for 1 to 1.5 hours before the test.)en, the penetrometer dial
reading was set to zero. )e penetration needle was cleaned

and fixed into the holder and guide. For a normal test, the
precisely dimensioned needle was loaded to 100± 0.05 g.
Next, the needle was slowly lowered until the tip makes
contact with its image on the sample’s surface at right angles.
)e needle holder was released to penetrate the bitumen for
5± 0.1s at a constant temperature of 25± 0.1°C. )e pene-
tration was measured in millimetre (mm).

2.3.5. Volumetric Properties of SMA. )is test was con-
ducted on eight samples with two samples each for 0%, 2%,
3%, and 4%. Before testing, the samples were conditioned by
placing them in a water bath at a temperature of 60°C for 30
minutes. )en, the samples were placed on a Marshall
stability machine and subjected to a force sufficient to break
the sample to determine the Marshall Stability. Volumetric
properties obtained such as density, stability, flow, and
stiffness were recorded.

)e following tests were conducted according to the
flowchart provided Figure 2.

3. Results and Discussion

3.1. Fourier Transform Infrared Spectroscopy. Figure 3(a)
shows the IR spectrum of the original bitumen experienc-
ing a N-H stretching at 3395.75 cm−1. )is peak is observed
at the 3100–3500 cm−1 region which it could be seen that it
appears as a wide and broad-shaped spectrum with medium
strength. )e spectrum then becomes longer and shorter as
more nano TiO2 is added.)e two peaks at 2923.75 cm−1 and
2852.09 cm−1 which later appears are related to the C-H
symmetric stretching (-CH2) and the C-H asymmetric vi-
brations (-CH3 and -CH2) due to the presence of hydro-
carbon chain segments that usually exist in the bitumen.
Figure 3(b) shows some of the functional groups for the
bitumen.

Next, from Figure 3(c), it shows that all of the nano TiO2
modified bitumen have almost the same peaks, but at 3%
nano TiO2modified bitumen, there is a new absorption bond
that is observed. )at is when nano TiO2 is included the
original region of 3100–3500 cm−1 which then makes the
N-H bonds does not appear anymore. It is instead replaced
with the two peaks at the 2851–3100 cm−1 region which are
2923.14 cm−1 and 2851.96 cm−1. )ese peaks appear as there
are interactions between the C-H and O-H bonds of the
nano titanium with the bitumen mix; these bonds are
stretching with medium strength. )e results are consistent
with a study by Lin et al.

Going into the 1700 cm−1 region, a remarkable peak at
1700.49 cm−1 is observed at the carboxylic region indicating
that oxidation happens in this region and carbonyl group
(C�O) is present. Next, the two peaks observed at
1462.37 cm−1 and 1376.67 cm−1 are assigned to the O-H
bond which experiences bending with medium strength. In
which this 1376.67 cm−1 peak is a response to the phenol
group. Lastly, the 721.20 cm−1 peak is due to the presence of
C double bond (C�C) in the nano TiO2 modified bitumen
sample.

Table 2: Properties of 60/70 grade bitumen.

Properties Descriptions Material used
Specific gravity @25°C 1.01/1.06 kg/cm3 1.03
Penetration @25°C 60–70mm 65
Softening point @25°C 49–56°C 53
Ductility @25°C 100 cm 100
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Figure 1: )e SMA aggregate grading.
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3.2. X-Ray Diffraction (XRD). Figures 4 and 5 depict the
result of XRD on the unmodified andmodified bitumen with
nano TiO2 sample. A close check on the nano TiO2 powder is
also done revealing that the nano titanium is of crystallised
structure since sharp peaks are produced along the 25–75-
degree peaks. )e peak for the virgin bitumen is observed
between 20–25 degree which has the peak 23.96 and 26.27
degrees as these peaks are due to the aliphatic chains and
layers of condensed saturated rings since it is plain bitumen
and is completely amorphous.

After the addition of nano TiO2 in the bitumen, all of the
samples show that the peak intensity rises, and this indicates
that the nano TiO2 particles have successfully incorporated
themselves into the bitumen since the starting peak is higher
than the starting peak for the original bitumen. )e result
trend is consistent with a study by Razavi and Kavussi [18].

)e highest starts from 2%, followed by 3%, 5%, 4%, and 1%.
But only 2% and 3% show that the peak intensity continues
to develop up until 60 and 63 degrees, respectively. 3% is
chosen as the bitumen continues to develop furthest with the
influence of nano TiO2. )is shows that a little amount of
nano TiO2 such as 2% is able to contribute to the inner
structure improvement of virgin bitumen.

3.3. Scanning Electron Microscopy with Energy Dispersive
X-Ray Analysis (SEM-EDX). Figure 6 shows the morphol-
ogy of the bitumen both before and after being added with
nano titanium powder. Again, SEM analysis is performed to
see the condition of the nano titanium when mixed with
bitumen. For the unmodified bitumen, the black stripe is the
bitumen in the liquid state, and since the sample is semisolid,
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Figure 2: Flowchart of the research approach.
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Figure 6: SEM images of modified and unmodified bitumen samples.
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there seems to be a melted bitumen state and dry bitumen
from the image.

)e images generated from Figure 6 show the 0%, 1%,
2%,3%, 4%, and 5% addition of nano TiO2. )e images
generated show that some nano TiO2 powder is still not
blended well into the bitumen and the white spots are the
powders that has not been able to mix with the bitumen.)is
can be further verified with reference to the previous Table 1
(properties of nano TiO2). With the increasing amount of
nano TiO2, the bitumen has difficulty in blending well with
the nano TiO2 which then produces insoluble white lumps
that is observed with increasing nano TiO2 powder.
Meanwhile, 3% nano TiO2 modified bitumen can mix
thoroughly and have lesser white streaks or clumps. How-
ever, the dispersion is still acceptable, and the improvement
is verified based on the obtained results.

Next, EDX analysis is also carried out on the samples;
from the elements observed from Table 3 and Figures 7(a)–
7(f ), it is most likely that the white flakes or clumps ob-
served are from the aluminium or calcium residue com-
posed in the bitumen. )e visibility is due to the amount of
those elements that still exists inside the nano TiO2
modified sample. )e elements from table confirm that the
most abundant elements are carbon and oxygen. Other
elements that are obtained include aluminium, sulphur,
and calcium. )e results are consistent with a few recent
studies performed by Snehal et al. [11], Arshad et al. [19],
and Babagoli [15].

)e unmodified bitumen shows all the elements mentioned
before, but when nano TiO2 is added with various content, the
chemical composition changes according to the amount of nano
TiO2 added. Hence, the optimumnano TiO2 content in terms of
SEM-EDX analysis is at 3% nano TiO2 modified bitumen fol-
lowed by 5%, 4%, 2%, and 1%, as shown in Table 3. Only two
elements are present: carbon and oxygen,whichmainlymade up
the sample alongside nano TiO2 showing that the nano TiO2 is
mostly blended with the bitumen. Overall, 3% specimen has the
most influence on the chemical composition changes and en-
hancement of virgin bitumen.

3.4. Softening Point. As shown in Figure 8, the softening
point is the highest at 0% nano TiO2 at 44.4°C compared to
5% nano TiO2 which only record at 41.8°C. Further addition
of nano TiO2 makes the softening points drop lower than the
initial reading recorded. )e high softening point at 0%
implies that the resistance of the bitumen to the heat is
increased and shows that there is a low probability that the

bitumen will soften under high temperatures which is a
resemblance of the hot weather. However, 4°C is not a large
difference, and usually in summer seasons, the temperature
on pavement surface is larger than 50°C, so with this bi-
tumen, the risk of rutting exists always. )is makes the
bitumen less vulnerable when temperature changes. Rutting
is one of the deformations happening related to temperature,
and with this increase in softening point, the rutting would
be reduced.)e readings recorded are having the same trend
as previous research by Crucho et al. [20] in which the
increasing content of nano material added results in lower
softening point.

3.5. Penetration Test. )e results in Figure 9 show that
bitumen penetration varies with different nano TiO2 per-
centages. )e penetration for nano TiO2 mixture between 1
to 5% are 73 dmm, 61.5 dmm, 60.5 dmm, 55.5 dmm,
54.5 dmm, and 54 dmm, respectively. )e consistency of
bitumen is harder at 3% to 5% nano TiO2 compared with
0% nano TiO2 sample. )is result is consistent with the
earlier study on nano silica that observed a decrease in
penetration tests [20]. )ese results are also reflected in the
nano TiO2 usage in the binder, which is similar to the
utilisation of nanomaterials. )is is caused by the increased
viscosity of bitumen, as evident from the penetration value
at increasing nano titanium percentages. Essentially, nano
TiO2 addition caused bitumen to be more consistent and
harder. )us, improving rutting resistance produces much
stiffer bitumen which affects the resistance to fatigue
cracking.

3.6. Volumetric Properties

3.6.1. Stability. Figure 10 shows the density and stability of
the modified binder against nano TiO2 percentages between
0 to 4%. )e stability of the mixture is mostly influenced by
the cohesion and internal friction of the matrix, which
supports the coarse aggregates [21]. Figure 10 shows a
comparable trend for density and stability, especially for the
3% nano TiO2 addition. For this particular sample, the
density is 2.238 g/cm3, while the maximum stability is
5945N compared to 5879N for 0% nano TiO2 addition. It is
found that increasing nano TiO2 amount also increases the
stability and density. However, nano TiO2 addition beyond
3% does not increase both parameters.)is indicates that the
usage of 3% nano TiO2 in SMA mixture is more effective in
enhancing density and stability. )ese contribute to less

Table 3: Unmodified and modified bitumen elements.

Nano titanium (%)
Carbon Oxygen Sulphur Titanium

Weight (%) Atomic (%) Weight (%) Atomic (%) Weight (%) Atomic (%) Weight (%) Atomic (%)
0 76.36 84.83 12.32 10.28 5.68 2.36
1 96.49 98.69 — — 3.25 1.24 0.26 0.07
2 91.70 96.94 6.56 2.60 1.75 0.46
3 96.11 98.99 3.50 1.50 3.89 1.00
4 86.06 91.5 8.00 6.39 3.62 1.44 3.88 1.05
5 84.94 91.88 6.22 5.05 4.96 2.01 3.88 1.05
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permanent deformation in SMA [22]. Figure 11 shows the
stability and flow for various nano titanium percentages. 0%
nano TiO2 yields the highest flow, although further nano
TiO2 addition reduces the flow value.

3.6.2. Flow. Figures 12 and 13 show the flow performance of
asphalt mixtures with different nano TiO2 percentages.)e flow
value indicates the flexibility of asphalt mixtures [23]. )e
modified SMA20 mixture produces an inconsistent flow value
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Figure 7: (a) Control Sample. (b) 1% nano TiO2 modified bitumen. (c) 2% nano TiO2 modified bitumen. (d) 3% nano TiO2 modified
bitumen. (e) 4% nano TiO2 modified bitumen. (f ) 5% nano TiO2 modified bitumen.
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with the inclusion of nano TiO2. )e flow at 3% nano TiO2
complements both the density and stiffness. 0% nano TiO2
produces a relatively higher flow value (7mm) than the re-
quirement by the Public Work Department (between 3 to
5mm). )e addition of nano TiO2 reduces the flow, indicating
that nano TiO2 could influence the flow properties to a more
accustomed value.

3.6.3. Stiffness. Figures 14 and 15 exhibits the stiffness of
SMA mixtures against various nano TiO2 percentages. )e
highest stiffness value is obtained by the 3% nano TiO2
addition (965.67N/mm), compared to 833.3N/mm for 0%
nano TiO2 which is a 14.8% improvement. )is shows that
nano TiO2 addition improves the stiffness characteristic of
asphalt mixture.
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4. Conclusion

)e nano TiO2 modified binder significantly improves the
microstructural, chemical, and physical properties of bitu-
men, as well as enhancing the mechanical properties of the
SMA mixture. )e details are as follows:

(a) From FTIR results, the change in chemical bonds
happens when the nano TiO2 is added into the bi-
tumen showing that the nano TiO2 successfully
blends into the bitumen.

(b) XRD analysis peaks are higher and further compared
to the virgin bitumen which has lower peak starting.
)is proved the existence of nano TiO2 in the virgin
bitumen.

(c) SEM-EDX results show that bitumen mixture par-
ticles are well dispersed depending on the nano TiO2
percentages. )e 3% addition of nano TiO2 reveals
that it is able to merge the nano TiO2 particles fully
into the bitumen.

(d) )e penetration and softening point show a con-
sistent trend similar to previous research studies as
discussed earlier showing that 3% to 5% nano
modification contributes the optimum value.

(e) Improvements of the physical, morphological, and
chemical characteristics also enhance the mechanical
performance of SMA as evident from volumetric
properties.

)e density, stability, flow, and stiffness properties of the
3% nano TiO2 addition mixture are better than the 0% nano
TiO2 due to the addition of the modified nano TiO2 binder.
)erefore, it can be concluded that overall, 3% nano TiO2

addition enhances the mechanical properties of SMA. Fi-
nally, the improvement of nano TiO2 modified binder di-
rectly enhances the quality of SMA performance in terms of
its volumetric properties [22].
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Using bitumen modifiers to prolong the asphalt mixture’s life has been considered a practical approach in constructing asphalt
mixtures. Among various bitumen modifiers, biomass ones have been more noteworthy because of their abundance, cost-ef-
fectiveness, renewability, and sustainability. Calcium lignosulfonate (CLS), as a plant-based bitumenmodifier, has been studied to
enhance the rheological properties of bitumen. However, the feasibility of using CLS as a rutting retarder of asphalt mixtures is still
unclear. )is study focused on the durability of asphalt mixtures containing CLS powder as a bitumen modifier. Specifically,
extensive laboratory tests were conducted to determine the performance of asphalt mixtures against traffic loadings. In this study,
to begin, CLS-modified bitumen was manufactured using a high-shear mixer at various CLS dosages (5, 10, 15, and 20 wt.%).
Afterward, the optimum bitumen content of asphalt mixtures was found using theMarshall mix design technique. Finally, a series
of dynamic tests, including resilient modulus, dynamic creep, and wheel-tracking tests, were combined with Zhou’s three-stage
model and Tukey method to determine the influence of CLS on asphalt mixture’s rutting potential. )e Tukey method found that
asphalt mixtures containing 15% CLS had the highest rutting performance among the samples tested under repetitive loadings.
Meanwhile, the surface morphology and elemental analysis of CLS powder were investigated using a field emission scanning
electron microscope (FESEM) and by energy-dispersive X-ray spectroscopy (EDX), respectively. )e FESEM and EDX results
showed that the CLS powder had a bumpy structure and its chemical structure contained metal oxide, carbon, magnesium,
calcium, and silicon. )e results indicated that the asphalt mixtures became stiff owing to the combination of CLS and bitumen,
which significantly affected the rutting improvement of asphalt mixtures. Moreover, Zhou’s three-stage model revealed that the
incorporation of CLS into bitumen enhanced the rutting resistance capacity of asphalt mixtures against traffic loadings.

1. Introduction

Nowadays, asphalt mixtures are used as a significant ma-
terial for road construction because of their good perfor-
mance, comfort, and ease of maintenance [1, 2]. Asphalt
mixtures consist of two major constituents, namely, stone
skeleton and bitumen [3]. )e pavements surface layer,
constructed by the asphalt mixture, transfers compressive
stress from the top to the bottom layer [4]. Moreover, the
surface layer protects the pavement’s body against envi-
ronmental factors, including moisture damage, UV radia-
tion, and oxygen [5]. When traffic loadings are conducted on
asphalt mixtures, the serviceability of roads encounters
degradation due to premature distress, including rutting,
cracking, and fatigue failure [6, 7]. )ey can reduce the

service life of pavements; therefore, the need for rehabili-
tation, which requires spending money and time, increases
[8].

Rutting can be defined as the progressive accumulation
of small deformations that occur by densification and shear
deformations under applied traffic loadings [9]. Among the
asphalt mixture’s premature distress, rutting is more no-
ticeable because it increases the risk of human life by dis-
turbing pavements smooth and safe surface for vehicles to
commute [10]. )erefore, rutting leads to endangering road
safety and increases the burden on governments by in-
creasing road maintenance costs [11, 12].

Various research studies have been conducted to de-
termine how well asphalt mixtures resist rutting. Re-
searchers showed that although bitumen formed a small
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proportion of the total weight of asphalt mixtures, bitumen
significantly affected the rutting potential of asphalt mix-
tures [13, 14]. )en, various bitumen modifiers have been
studied to enhance the positive effects of bitumen on the
rutting performance of asphalt mixtures. De Melo et al. [15]
used carbon nanotubes for bitumen modification. )e re-
sults revealed that carbon nanotubes increased the asphalt
mixture’s performance; moreover, they improved the rutting
resistance of asphalt mixtures. Yoo et al. [16] conducted an
experimental work on the combination of polypropylene
and bitumen; their findings showed that polypropylene
could enhance the rutting resistance of asphalt mixtures. In
2020, Ghanoon et al. [17] conducted experimental research
and used styrene–butadiene–styrene (SBS) as a bitumen
modifier. )e findings indicated that the SBS-modified bi-
tumen had a positive effect on the rutting behavior of asphalt
mixtures.

Biomass materials have been more noteworthy for re-
searchers among bitumen modifiers because of their
abundance, cost-effectiveness, renewability, and sustain-
ability [18]. Lignin, obtained from the biofuel and paper
industries, is classified as a significant waste biomass ma-
terial [19]. Lignin has the adequate capability to be used as a
bitumen modifier because lignin’s chemical structure con-
tains reactive chemical compounds that can be employed to
modify petroleum chemical substances [20]. Moreover, the
chemical structure of lignin is comparable to petroleum
bitumen’s chemical structure [21]. Several investigations
have examined the utilization of lignin as a bitumenmodifier
or extender. Batista et al. [22] studied the effect of lignin,
sourced from the pulp industry, on the aging performance of
bitumen. )e results revealed that lignin could retard bi-
tumen’s aging process.

Similarly, Xu et al. [23] indicated that although lignin in
bitumen could enhance bitumen’s aging resistance, incor-
porating lignin into bitumen degraded the fatigue perfor-
mance of modified bitumen. In 2020, apart from the role of
lignin in bitumen modification, Zhang et al. [24] examined
the influence of lignin fibers on the mechanical character-
istics of asphalt mixtures. )e results exhibited the positive
effect of lignin fibers on the asphalt mixture’s mechanical
properties, including abrasion resistance, fatigue life, and
moisture damage.

)e rutting potential of asphalt mixtures can be assessed
by two main laboratory methods: (1) static tests and (2)
dynamic tests [25]. )e former consists of static creep, in-
direct tensile, and Marshall tests; the latter contains dynamic
creep, wheel tracking, and resilient modulus tests [26].
Researchers believe that dynamic tests are more accurate
than static tests to appraise the asphalt mixture’s rutting
susceptibility [27]. Among dynamic tests, the dynamic creep
test is considered one of the most effective techniques be-
cause laboratory outputs achieved by the dynamic creep test
have a reasonable correlation with accumulated strains that
occurred under repetitive loading on-field situations [28]. It
is worth mentioning that the wheel-tracking test can de-
termine the exact rut depth of asphalt mixtures [29].

Comprehensive research has been carried out regarding
creation models to assess and predict the creep potential of

asphalt mixtures. )e outputs of the dynamic creep test have
been proposed for application in creep models because the
creep curve depicts the asphalt mixture’s rutting perfor-
mance based on the accumulation of permanent strain
versus the load repetition [30]. Previous research studies
revealed that creep models, including those by Barksdale,
Monismith, Ohio State, and Superpave, could not precisely
describe the creep curve of asphalt mixtures [31]. In 2004,
Zhou [31] defined three stages for describing the rutting
creep curve; moreover, he located two transition points
between stages [32].

Different types of lignin can be categorized based on their
chemical structure [33]. Organosolv lignin is obtained from
wood processing using liquid organic solvents to treat wood
chips [34]. Kraft lignin emanates from the pulping process,
converting coniferous wood to pulp [35]. Klason lignin comes
from the acid hydrolysis process of wood [36]. Applying the
enzymatic hydrolysis method to produce bio-ethanol leads to
the formation of enzymatic hydrolysis lignin [37]. Sulfonated
lignin emanates from black liquor; moreover, sulfonated
lignin is a nontoxic polymer [38]. Calcium lignosulfonate
(CLS) emanates from the sulfite pulping process, leading to
manufacturing of paper from softwood; moreover, CLS is a
brownish powder and an amorphous polymer [39].

)e annual production of CLS is estimated to be 50
million tons, but only one-half of them can be utilized.
)erefore, the use of CLS for the construction of asphalt
mixtures can reduce the consumption of natural materials
and reduce the mass of CLS that ends up in landfills [40].
)is study aims to investigate the rutting performance of
asphalt mixtures containing CLS-modified bitumen because
CLS contains chemical groups that tend to dissolve in pe-
troleum-based materials; therefore, its solubility potential in
bitumen is more than in lignin [41]. Moreover, the rutting
performance of asphalt mixtures containing CLS-modified
bitumen has barely been investigated.

2. Materials and Methods

2.1. Aggregate. In this experimental research, the stone
skeleton of the asphalt mixture consists of two principal
objects—crushed aggregates and mineral filler—supplied
from the limestone quarry. It has been used as the primary
source for constructing asphalt mixtures in Mashhad, Iran’s
northeastern province [42]. X-ray fluorescence (XRF)
analysis was used to assess the chemical composition of
aggregates. An ARL PERFORM’X spectrometer was used to
conduct the above-mentioned analysis [43]. )e weight
proportions of the major oxides are shown in Table 1 using
the bulk chemical analysis approach. Moreover, the physical
properties of the aggregates were obtained for comparison
with the specification limits (Table 2).

Based on the No. 4 gradation of the Iran Road Pavement
Code, an upper and a lower limit were given for the con-
struction of asphalt mixtures (Figure 1) [44]. As seen in Fig-
ure 1, the selected gradation was within the top and lower
bounds. It is worth mentioning that the selected gradation is
the preferred aggregate gradation for the construction of as-
phalt mixtures among consultants and contractors in Iran [42].
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2.2. Bitumen. )is research employed the 60/70 penetration
grade-paving bitumen supplied from the Shargh Oil Re-
finery (Mashhad, Iran). Table 3 shows its physical properties.
)e mentioned bitumen is compatible with Iran’s climate
conditions [45].

2.3. Calcium Lignosulfonate. Calcium lignosulfonate (CLS)
is a recovered powder made from lignin, a residue of the
wood and paper industries [46]. CLS provided for this study
was light yellow–brown in color; in addition, its CAS
number was 8061-52-7, and Ligno Tech South Africa Co.
Ltd. provided this powder. In Table 4, there is some in-
formation about the essential characteristics of CLS. A field
emission scanning electron microscope (FESEM) was
employed to determine CLS powder’s surface morphology
[47]. According to Figure 2, the CLS surface had a bumpy
structure. Simultaneously, the energy-dispersive X-ray
spectroscopy (EDX) analysis was carried out to determine
the elemental composition of CLS powder [48]. According
to Table 5, the major constituents of CLS powder were metal
oxide, carbon, magnesium, calcium, and silicon.

2.4. CLS-Modified Bitumen. At 160°C, a high-shear mixer
with a rotational speed of 3000 rpm was employed for
30minutes to incorporate CLS powder into virgin bitumen

[49]. Jedrzejczal and others [50] showed that the maximum
amount of lignin powder mixed into bitumen could not
exceed 20% because of the economic factors of the road
construction process. )erefore, the incorporation of CLS
into bitumen was limited to 20% during this study. In this
experimental research, four percentages of CLS powder (5%,
10%, 15%, and 20%) were blended with virgin bitumen (by
weight of bitumen).)e key advantage of incorporating four
levels of CLS into bitumen was to evaluate the effectiveness
of CLS on the durability and performance of asphalt mix-
tures based on the comparative approach.

3. Research Approach

According to ASTM D1559, the control samples optimum
bitumen content (OBC) was first determined using the
Marshall mix design technique. For the determination of
OBC, three Marshall samples of each bitumen content (4%,
4.5%, 5%, 5.5%, 6%, and 6.5%) were fabricated by 75 blows of
the Marshall hammer on each side of the asphalt mixtures.
)e OBC of the control sample was then determined based
on Marshall design parameters, including stability, flow, air
void content, bulk density, and voids in mineral aggregates
(VMA). After determining the OBC of the control sample, it
was considered for fabricating the CLS-modified Marshall
samples. At the next step, cylindrical samples were

Table 2: Physical characteristics of the coarse and fine aggregates.

Test properties Unit Value Standard ASTM Specification limitCoarse aggregate
Los Angeles abrasion value % 21 C131 ≤25
Fractured particles in one side % 96 D5821 ≥95
Fractured particles in two sides % 92 D5821 ≥90
Bulk specific gravity Gr/ m3 2.66 C127 –
Apparent specific gravity Gr/ m3 2.74 C127 –
Water absorption % 0.84 C127 ≤2.5
Fine aggregate
Bulk specific gravity Gr/ m3 2.66 C128 –
Apparent specific gravity Gr/ m3 2.87 C128 –
Water absorption % 3.3 C128 ≤2.5
Sand equivalent % 74 D2419 ≥50
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Figure 1: Upper, lower, and selected criteria for aggregate gradation.

Table 1: Chemical composition of aggregates.

Constituent MgO Al2O3 SiO2 K2O CaO FeeO3 Loi (950°C)

Wt. (%) 17.6 0.03 0.29 0.06 35 0.22 46.8
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manufactured using a Superpave gyratory compactor (SGC)
for resilient modulus and dynamic creep tests. Moreover,
during the wheel-tracking test, a kneading compactor was
employed to prepare slab specimens for rut depth
calculation.

3.1. Marshall Stability Parameters. )e determination of
Marshall parameters for asphalt mixtures involved several
steps. )e Marshall hammer was used to first manufacture a
total of 15 Marshall samples. Second, the manufactured
samples were classified into five categories based on their CLS

(a) (b)

Figure 2: )e FESEM images of CLS powder taken at (a) 500x zoom and (b) 1000x zoom.

Table 5: Elemental analysis of CLS powder by EDX.

Elt Line Int Error K Kr W% A% Zaf Ox% Pk/Bg
C Ka 20.0 4.4546 0.2282 0.0929 23.70 31.61 0.3920 0.00 75.92
O Ka 82.9 4.6018 0.4700 0.1914 59.57 59.65 0.3212 0.00 954.11
Mg Ka 50.9 1.5427 0.1030 0.0419 7.26 4.78 0.5777 0.00 30.88
Al Ka 2.3 1.5659 0.0045 0.0018 0.30 0.18 0.6229 0.00 3.36
Si Ka 6.3 1.5891 0.0131 0.0053 0.73 0.41 0.7346 0.00 5.37
Ca Ka 45.2 0.5246 0.1812 0.0738 8.45 3.38 0.8738 0.00 31.25

1.0000 0.4073 100.00 100.00 0.00

Table 3: )e virgin bitumen’s physical characteristics.

Test properties Standard ASTM Unit Test result
Penetration @ 25 °C D5 0.1mm 67
Softening point C36 °C 51
Viscosity @ 135 °C Pa.s 0.354
Specific gravity D70 Gr/ cm3 1.02
Ductility @ 25 °C D113 Cm +100
Flash point D92 °C 280
PG - 64–16

Table 4: Physical properties of the CLS powder.

Test Unit Results
Color — Light brown
Dry matter % min 93.0
PH (10% solution) — 7.5± 0.8
Insolubility (v/v) % Max 0.5
Bulk density kg/ m3 500
Reducing sugars % 3
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content. It is worth mentioning that the compaction energy for
sample preparation was equally simulated to heavy traffic
loadings (i.e., 75 blows on each side of the asphalt mixtures) by
the Marshall hammer [51]. After the compaction process, the
Marshall stability, flow value, and Marshall quotient (MQ)
were determined according to ASTM D1559 [52].

Marshall stability depends on the pressure loading ap-
plied on samples during the Marshall test. )erefore,
Marshall stability can be defined as a specimens maximum
bearing capacity under uniform vertical loading [53]. )e
samples deformation during vertical loading up to the
maximum load denotes the flow value [54]. )e Marshall
quotient is calculated by dividing the Marshall stability by
the flow value [55]. Higher MQ values indicate higher
stiffness and better resistance against traffic loadings [56].

3.2. Resilient Modulus. )e elastic stiffness of samples was
determined by the resilient modulus test. )e correlation
between the applied load and the sample’s deformation
during repetitive loadings denotes the stiffness value [57].
Compared to the asphalt mixture’s strength, the resilient
modulus test is nondestructive because the load suffered by
the sample is negligible [58].

)e resilient modulus can calculate the optimum
pavement thickness to design a new pavement [42]. In this
research, the resilient modulus test was conducted at a
temperature of 25°C with a haversine loading applied on
samples using a universal testing machine (UTM) according
to ASTM D4123 [59]. Figure 3 shows the resilient modulus
test’s loading pattern and testing machine. After 15 cycles of
preloading, the computer software determined the average
values at the last five cycles. Afterward, the resilient modulus
was determined using the following equation [42]:

Mr �
P(] + 0.27)

tΔH
, (1)

where Mr is the resilient modulus, P is the repetitive load
(N), ] is Poisson’s coefficient, ΔH is the average of reversible
horizontal deformations (mm), and t is the specimen
thickness (mm) [60]. It is worth mentioning that Poisson’s
coefficient was equal to 0.35 based on the test temperature
[42]. Table 6 presents the setup parameters of the resilient
modulus test.

3.3. Dynamic Creep Test. )e dynamic creep test determines
the tendency of asphalt mixtures to permanent deformations
[61]. Cyclic loadings are applied to the specimens during the
dynamic creep test to simulate actual traffic loads [62]. )e
significant outcome of the dynamic creep test is the vertical
deformation against the loading cycles. While the dynamic
creep test outputs do not correspond to the real rut depth,
they can compare the rutting resistance of various asphalt
mixtures [32].

As depicted in Figure 4, the creep curve obtained from
the dynamic creep test can be divided into three zones. )e
creep strain rate increases sharply in the first phase due to
the compaction process of the asphalt mixture [30]. )e
second phase involves an approximately constant strain rate.

)e creep strain rate experiences an upward trend at the
beginning of the tertiary phase, which denotes rutting failure
[42]. )e flow number (FN) can then be defined as the
number of loading cycles at the beginning of the tertiary
phase. Researchers determine the FN value as a benchmark
to compare the rutting potential of asphalt mixtures [42, 63].

)is study conducted the dynamic creep test on speci-
mens of asphalt mixtures by UTM-14 at the Ferdowsi
University of Mashhad following the AS-2891.12.1 standard
(Figure 4) [64]. At the beginning of the dynamic creep test,
samples were subjected to a static preloading stress of 10 kPa,
which took 5minutes to establish proper contact between
the sample’s surface and the loading’s platen [42]. After the
preloading stage, a cyclic stress level of 400 kPa with a
frequency of 5Hz was applied to the samples. )e dynamic
creep test was conducted at 50°C. Moreover, samples were
treated at a temperature of 50°C for four hours before
starting the test due to providing homogenous temperature
within asphalt mixtures. Table 7 summarizes the required
variables of the dynamic creep test.

3.4. Wheel Tracking Test. )e Hamburg wheel-tracking
(HWT) test has been used to measure the rut depth caused
by the rolling wheel (Figure 5) [65]. )e HWToutputs show
the permanent deformations emanating from applying cy-
clic loadings on the surface of asphalt mixtures [57]. )e
HWT test was performed on 300 × 300 × 50mm compacted
slabs with a 4% air void content at 50°C following the
AASHTO T324 code (Figure 5) [66]. Moreover, the rubber
wheel with an average contact stress of 50 psi was subjected
to the slab samples with a 52 + 2 passes/minute loading rate
[67]. A linear variable differential transformer (LVDT),
placed at the side of the wheel, measured the rut depth data
at each cycle. )e HWT test was automatically terminated
after 120minutes. Figure 5 illustrates the HWT test appa-
ratus and the compacted slab of the asphalt mixture.

)e value of the wheel-tracking slope in the air (WTSair),
which denotes the grade of the deformation on the track for
1000 load cycles, was calculated using the following equation
[68]:

WTSair �
d6000 − d3000( 􏼁

3
, (2)

whereWTSair corresponds to the wheel-tracking slope (mm/
103 load cycles) and d3000 and d6000 denote the rut depth
values (mm) at 3000 and 6000 load cycles, respectively.

It is worthmentioning that the RD value, which indicates
the total rut depth at the termination time (120minutes), was
determined [69]. To analyze the dynamic stability of asphalt
mixtures, the DS parameter was obtained by the following
equation [70]:

DS �
N t2 − t1( 􏼁

d2 − d1
, (3)

where DS corresponds to the dynamic stability (cycle/min);
d1 and d2 are the deformations of the asphalt mixture at
rutting times t1 and t2, respectively (min); and N corre-
sponds to the rolling rate (52 cycles/min).
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Figure 3: Resilient modulus test: (a) resilient modulus test apparatus and (b) loading shape.

Table 6: Setup parameters of the resilient modulus test.

Parameter Unit Value
Temperature °C 25
Applied load N 650
Poisson’s ratio — 0.35
Loading period ms 100
Rest period ms 900
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Figure 4: Dynamic creep test: (a) dynamic creep test apparatus and (b) permanent strain curve.

Table 7: Variables of the dynamic creep test.

Parameter Unit Value
Loading pattern — Rectangular
Rest period ms 750
Loading period ms 250
Contact stress kPa 10
Applied repeated stress kPa 400
Termination criteria — Until the tertiary stage appeared
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3.5. Outline of Zhou Model and Tukey Method. Zhou con-
sidered three separate stages for creep behavior of asphalt
mixtures based on the permanent deformation curve [27].
)e power–law function was recommended to define the
primary stage. )e second stage was then described using a
linear function. Finally, the exponential function was pro-
posed to predict the tertiary stage [31]. )e three-stage
permanent deformation model proposed by Zhou can be
calculated based on the following equations [27]:

N≤NPS, εP � aNb
, (4a)

NPS ≤N≤NST,

εPS � aNb
PS,

εP � εPS + C N − NPS( 􏼁,

(4b)

N≥NST,

εST � εPS + C NST − NPS( 􏼁,

εP � εST + d e
f N− NST( ) − 1􏼒 􏼓,

(4c)

where a, b, c, d, e, and f are the material constants; NPS and
NST denote to the number of load repetitions corre-
sponding to the end of the primary and secondary stages,
respectively; furthermore, εPS and εST correspond to the
permanent strain at the end of the primary and secondary
stages, respectively.

)is study calculated the permanent strain per cycle
using UTM software for each sample during the dynamic
creep test. In the next step, NPS, NST, εPS, and εST were
determined according to Zhou’s three-stage permanent
deformation model. In addition, the one-way analysis of
variance (ANOVA) was used to determine the effect of
CLS on the creep behavior of the asphalt mixtures. )e
Tukey method with a 95% confidence level was also
considered to rank the creep performance of asphalt
mixtures [71].

4. Results and Discussion

In order to calculate the optimum bitumen content (OBC) of
control asphalt mixtures, their Marshall design parameters
are summarized in Table 8. According to the Iran Road
Pavement Code, the OBC of control asphalt mixtures was
the average of values achieved based on the following
criteria:

(1) )e OBC should provide 4% air voids within the
compacted asphalt mixture.

(2) )e OBC presents the maximum stability of the
compacted asphalt mixture.

(3) )e OBC brings the maximum specific gravity for
compacted asphalt mixture.

After the determination of OBC, other Marshall design
parameters, including voids in mineral aggregates (VMA),
voids filled with bitumen (VFB), and flow values, were
checked whether they satisfied the local code specification
limits. )e determined OBC for the control asphalt mixture
was 4.9%. It is worth mentioning that the OBC of the control
sample was selected to prepare CLS-modified samples.

4.1. Marshall Stability Parameters. When the OBC of the
asphalt mixture was obtained, the Marshall stability pa-
rameters were determined for the five combinations cate-
gorized based on the CLS content. Figure 6(a) shows that the
Marshall stability values experienced an upward trend versus
an increment in the CLS content from 0% to 15%. Additional
CLS within the bitumen from 15% to 20% decreased the
Marshall stability value from 7.26 kN to 6.67 kN, respec-
tively. Furthermore, the asphalt mixture containing 15%
CLS shows a 31% increase in the Marshall stability value
compared with the control asphalt mixtures. Figure 6(b)
shows that the CLS-modified samples recorded lower flow
values than the control sample; moreover, the asphalt sample

(a) (b)

Figure 5: Wheel-tracking test: (a) wheel-tracking test apparatus and (b) manufactured slab of asphalt mixture.
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containing 15% CLS had the lowest flow value among all
samples. )e lowest flow value of asphalt mixtures was
3.01mm, approximately 20% lower than the control sam-
ple’s flow value.

)e trend of Marshall stability and flow values depicted
in Figure 6 is compatible with previous investigations on the
effect of CLS on bitumen’s stiffness potential [72, 73].
Figure 6(c) shows that when CLS content increased by more
than 15% within the bitumen, the brittleness potential of
asphalt mixtures soared. )en, the Marshall stability value
decreased, and the flow value enlarged. )e Marshall test
results achieved are in accordance with our earlier obser-
vation, which showed that the combination of CLS and
bitumen improved the consistency and stiffness of CLS-
modified bitumen, leading to improvement in the asphalt
mixture’s Marshall parameters [33, 39].

Figure 6(c) reveals that the addition of CLS into the bi-
tumen improved the performance of asphalt mixtures against
rutting. )e MQ values of CLS-modified asphalt mixtures
were higher than those of the specimen fabricated by virgin
bitumen. As depicted in Figure 6, the MQ values experienced
a 64% increase when the CLS content increased from 0% to
15% and hit a peak containing a value of 2.42 kN/mm. )en,

asphalt mixtures containing 15% CLS showed the highest
resistance to shear stress. )e achieved Marshall quotient
values were compatible with the findings of McCreedy and
Williams [74]. )ey showed that lignin’s presence in asphalt
mixtures enhanced the asphalt mixture’s rigidity.

4.2. ResilientModulus. Figure 7 shows the resilient modulus
values of asphalt mixtures. )e resilient modulus test
evaluated the response of asphalt mixtures under repeated
loadings [75]. Moreover, that test was conducted at 25°C to
simulate intermediate temperature conditions for asphalt
mixtures [42]. As illustrated in Figure 7, the addition of CLS
to the bitumen increased the resilient modulus of asphalt
mixtures. )e highest resilient modulus was about 17%
higher than the resilient modulus of the control sample.
More than 15% of CLS into the bitumen brought about a
downward trend in resilient modulus values. )erefore, the
stiffness of asphalt mixtures improved by adding CLS to the
bitumen, which enhanced the asphalt mixture’s durability
against permanent deformations. On the other hand, an
excessive increase in the resilient modulus values reduced
the asphalt mixture’s flexibility, which was responsible for

Table 8: Fitted equations of the Marshall design parameters.

Marshall parameter Unit Fitted equation R-squared
Marshall stability kN y � −5750x2 + 542.04x − 7.38 0.956
Flow mm y � −1328.6x2 + 182.87x − 2.08 0.954
Unit weight gr/m3 y � −292.86x2 + 31.44x + 1.59 0.977
Air voids % y � 4821.4x2 − 726.82x + 28.34 0.968
VMA % y � 10257x2 − 1024.8x + 39.86 0.983
VFB % y � −19071x2 + 3510.5x − 55.95 0.961
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Figure 6: Marshall tests results: (a) Marshall stability outputs, (b) Marshall flow values, and (c) Marshall quotient results.
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the asphalt mixture’s brittleness potential. In accordance
with the resilient modulus results of the current study, Prez
and others. [76] found that lignin could enhance the stiffness
of asphalt mixtures, which led to a 10.48% increase in re-
silient modulus of asphalt mixtures containing 20% lignin
compared with that of the control sample.

Based on the AASHTO flexible pavement design guide
and Van Til and others’ estimation method, the calculated
thickness reduction for surface layers constructed by CLS-
modified bitumen is presented in Table 9. It can be con-
cluded that bitumenmodification with CLS led to the surface
layer’s thickness reduction. As shown in Table 9, the
thickness of the asphalt mixture containing 15% CLS was
11.61% lower than the thickness of the control sample during
the road pavement’s construction.

4.3. Dynamic Creep. )e dynamic creep test was conducted
on unmodified and CLS-modified specimens to determine
their creep behavior. It is worth mentioning that the dynamic
creep test continued until samples reached the third phase of
the cumulative strain curve. )ree samples were fabricated
with the same design procedure for each CLS content and
tested using the UTM-14 machine under the same condition.
Figure 8 shows that the asphalt mixture with 15%CLS had the
lowest cumulative strain values. Moreover, all CLS-modified
samples experienced higher rutting resistance than the
control sample.)e flow number (FN), determined at the end
of the second phase of the dynamic creep curve, is reported in
Figure 9. As shown in Figure 9, the presence of CLS can delay
the plastic failure of the asphalt mixture due to traffic loads.
For example, the FN value of the asphalt samples containing
15% CLS was recorded as 1013, which was about 1.8 times
higher than the FN value of control samples. )ese findings
are consistent with that of Xu et al. [23], who showed that
incorporating lignin into bitumen could enhance the rutting
performance of asphalt mixtures at high-temperature levels.
Moreover, it is encouraging to compare the dynamic creep
test results of the current study with the findings of Zhang
et al. [24], who demonstrated that adding 2%, 4%, 6%, and 8%
lignin into bitumen improved the resistance of asphalt
mixtures against rutting.

4.4. Wheel Tracking. Figure 10 demonstrates the curves of
rut depth versus passing time derived from the HWT test.
It can be observed that in contrast with the rut depth of

CLS-modified samples, rut depth was more considerable
for control specimens at 60°C. Moreover, the mixture
containing 15% CLS had the lowest rut depth, and the
control sample had the highest value after 120minutes. At
the end of the HWT experiment, when the CLS content
increased from 0% to 15%, a decrease of about 45% in the
rut depth was observed. )erefore, CLS had a beneficial
impact on the rutting resistance of asphalt mixtures. )e
HWT test results are compatible with previous research
performed by Xie et al. [77], who found that lignin could
strengthen the high-temperature performance of asphalt
mixtures.

Table 10 presents the final rut depth, dynamic stability,
and wheel-tracking slope values of the HWT test. It can be
found that the rutting parameters (i.e., RD, WTS, and DS)
had lower values for CLS-modified samples than for the
control specimen. Meanwhile, the samples containing 15%
CLS exhibited the highest performance during the HWTtest.
)en, modification of bitumen by the CLS could effectively
improve the rutting performance of asphalt mixtures.

4.5. Zhou Model and Tukey Method. Table 11 presents the
cycle’s repetition number and permanent deformation at
transition points of asphalt mixtures based on Zhou’s three-
stage model. According to Table 11, when the CLS content
increased from 0% to 15%, the loading repetition number of
primary and secondary stages increased. It can be observed
that the stiffness of CLS-modified samples improved their
rutting performance. Although 20% CLS decreased the
rutting performance of asphalt mixtures compared to those
containing 15% CLS, control samples had the highest sus-
ceptibility to rutting.

Table 12 explains the findings of the one-way ANOVA
conducted by Minitab software. )e statistical analysis was
performed based on the null hypothesis in which all means
were assumed equal. )e p value was less than 0.05, indi-
cating that the null hypothesis was unacceptable at the
transition points. )en, the p value indicates that the
presence of CLS had a significant influence on the rutting
performance of asphalt mixtures.

As shown in Table 13, the Tukey method is used to rank
the performance of asphalt mixtures in terms of creep be-
havior. It can be concluded that while the asphalt mixtures
containing 15% CLS had the highest rutting performance,
control specimens had the lowest rutting performance
against traffic loadings. As can be seen from Table 13, the
Tukey method did not show any significant differences in
second transition point values between samples containing
10% CLS and 20% CLS.
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Figure 7: Resilient modulus of asphalt mixtures.

Table 9: )ickness reduction results based on resilient modulus
values.

Mix type Layer coefficient )ickness reduction (%)
CLS-0% 0.311 0
CLS-5% 0.320 2.9
CLS-10% 0.334 7.4
CLS-15% 0.347 11.61
CLS-20% 0.338 8.6
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Figure 10: Measurements of the rut depth at 60°C.

Table 10: Final rut depth, wheel-tracking slope, and dynamic stability values of mixtures emanated from the wheel-tracking test.

Mix type RDair (mm) WTSair (mmper 103cycles) DS (cycle/min)

CLS-0% 5.81 0.64 1554
CLS-5% 5.04 0.48 2094
CLS-10% 4.05 0.34 2928
CLS-15% 3.24 0.31 3351
CLS-20% 3.65 0.41 2492
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5. Conclusions

)e following results can be obtained with regard to the
effects of adding CLS as a bitumen modifier in hot mix
asphalt mixtures:

(i) )e bumpy surface structure of CLS particles was
detected through the FESEM test. Moreover, metal
oxides, carbon, magnesium, calcium, and silicon
were the significant elements of CLS, according to
the EDX analysis.

(ii) Although the Marshall stability of CLS-modified
asphalt mixtures recorded higher values than con-
trol samples, the flow outputs of asphalt mixtures
containing the CLS powder had lower values than
the control specimen. As a result, the presence of
CLS increased the stiffness of asphalt mixtures.
According to the Marshall quotient values, the
highest stiffness was achieved for the asphalt mix-
ture containing 15% CLS.

(iii) )e incorporation of CLS into bitumen improved
the response of the asphalt mixture to cyclic load-
ings because CLS-modified asphalt mixtures had a

higher resilient modulus than control specimens.
Moreover, CLS could decrease the thickness of the
surface layer, leading to cost-benefit features during
the road construction process.

(iv) )e addition of CLS into bitumen enhanced the
rutting performance of asphalt mixtures against
cyclic loadings. Among the four kinds of asphalt
mixtures made by 5%, 10%, 15%, and 20% CLS, the
asphalt mixture with 15% CLS demonstrated the
highest resistance to cyclic loadings during the
dynamic creep test.

(v) Increasing the CLS content up to 15% achieved the
lowest value of rut depth during the wheel-tracking
test. )e rutting susceptibility of asphalt mixtures
experienced an upward trend when the CLS content
increased more than 15%.

(vi) In future investigations, it will be interesting to
evaluate the rutting performance of asphalt mix-
tures containing CLS powder based on different
loading shapes during the dynamic creep test.
Moreover, further research can investigate the
temperature and loading’s frequency interactive

Table 11: Creep curve models derived from Zhou’s transition points.

Sample code
First transition point Second transition point

First stage model End of the first stage Second stage model End of the second stage
CLS-0% εP � 3043.7691N0.5044 107 εP � 32142.0423 + 121.9299(N-107) 558
CLS-5% εP � 1466.2776N0.5279 135 εP � 19536.2273 + 103.2894(N-135) 621
CLS-10% εP � 2330.5186N0.4641 146 εP � 23546.6286 + 78.4503(N-146) 803
CLS-15% εP � 1400.5292N0.5302 160 εP � 20655.0756 + 36.3122(N-160) 1013
CLS-20% εP � 4630.2121N0.3316 151 εP � 24442.7261 + 56.5546(N-151) 828

Table 12: One-way ANOVA: transition point values versus CLS content.

Source Df Adj SS Adj MS F-value P value
First transition point

CLS content 4 5012.4 1253.1 55.94 <0.001
Error 10 224 22.4
Total 14 5236.4

Second transition point
CLS content 4 391504 97875.9 352.83 <0.001

Error 10 2774 277.4
Total 14 394278

Table 13: Classification of transition points using the Tukey procedure with a confidence level of 95%.

CLS content (%) N Mean Grouping
First transition point

15 3 160 A
20 3 151 A B
10 3 146 B C
5 3 135 C
0 3 107 D

Second transition point
15 3 1013 A
20 3 828 B
10 3 803 B
5 3 621 C
0 3 558 D
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effects on the rutting potential of CLS-modified
asphalt mixtures based on the response surface
methodology.
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Based on the logical request of the responsible author, all
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P. Lastra-González, and D. Castro-Fresno, “Use of plastic
scrap in asphalt mixtures added by dry method as a partial
substitute for bitumen,” Waste Management, vol. 87,
pp. 751–760, 2019.

[69] Q. Lv, W. Huang, M. Zheng, H. Sadek, Y. Zhang, and C. Yan,
“Influence of gradation on asphalt mix rutting resistance
measured by Hamburg Wheel Tracking test,” Construction
and Building Materials, vol. 238, p. 117674, 2020.

[70] X. Yan, R. Ying, J. Jin, and Y. Zhang, “Study on cracking
resistance of basalt fiber-reinforced microbond asphalt
macadam,” Advances in Civil Engineering, vol. 2021, 2021.

[71] H. Ziari, A. T. Barakoohi, and A. Moniri, “Laboratory in-
vestigation of the effect of temperature on frictional properties
of concrete pavements containing crushed glass,” Interna-
tional Journal of Pavement Research and Technology, vol. 10,
no. 4, pp. 297–303, 2017.

[72] M. Zarei, A. Abdi Kordani, and M. Zahedi, “Pure mode I and
pure mode II fracture resistance of modified hot mix asphalt
at low and intermediate temperatures,” Fatigue and Fracture
of Engineering Materials and Structures, vol. 44, no. 8,
pp. 2222–2243, 2021.

[73] M. Zarei, A. Abdi Kordani, Z. ghamarimajd, M. khajehzadeh,
M. Khanjari, andM. Zahedi, “Evaluation of fracture resistance
of asphalt concrete involving Calcium Lignosulfonate and
Polyester fiber under freeze-thaw damage,” 7eoretical and
Applied Fracture Mechanics, vol. 117, Article ID 103168, 2022.

[74] N. S. McCready and R. C. Williams, “Utilization of biofuel
coproducts as performance enhancers in asphalt binder,”
Transportation Research Record: Journal of the Transportation
Research Board, vol. 2051, no. 1, pp. 8–14, 2008.

[75] M. Karami, H. Nikraz, S. Sebayang, and L. Irianti, “Laboratory
experiment on resilient modulus of BRA modified asphalt
mixtures,” International Journal of Pavement Research and
Technology, vol. 11, no. 1, pp. 38–46, 2018.
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'is research explores the effects of using waste engine oil bottom on physical, rheological properties and composite modification
mechanism of SBS-modified asphalt. 'e SBS asphalt binder was modified by WEOB with different concentrations (2, 4, and 6wt
%). 'e GC-MS and FTIR spectrometry were conducted to evaluate the chemical compositions of WEOB- and WEOB-modified
asphalt. RV, DSR, and BBR were tested to evaluate high- and low-temperature pavement performance. Fluorescence microscope
(FM) test, bar thin layer chromatograph (BTLC) test, and AFM test were performed to evaluate the micromorphologies and
modification mechanism.'e test results showed that a new characteristic peak appeared in the infrared spectrum of the WEOB-
modified SBS asphalt, indicating a chemical reaction in themodification process. Incorporation ofWEOB improves both the high-
temperature and low-temperature properties of the SBS asphalt binder. It was confirmed that with the increase of WEOB
concentration, the content of colloid gradually increases, which promotes the swelling and compaction of SBS polymer network
structure. Furthermore, WEOB promotes the polarity of SBS and forms graft product MAH-g-SBS with asphalt, thus inhibiting
the thermal movement of asphalt molecules. On the contrary, light components have a good correlation with the surface
roughness of modified asphalt; the results show that the modified asphalt has good rutting resistance.

1. Introduction

'e large-scale construction of highway pavement is ac-
companied by a large consumption of asphalt, which is a
nonrenewable material [1]. 'erefore, modifying or
regenerating asphalt to improve the quality of binder or
reducing the consumption of new asphalt is an important
means to save fossil fuel. 'rough the simple processing of
waste oil materials, it can become an effective additive to
modify asphalt. On the basis of improving the property of
asphalt, it can also play a significant effect in environmental
protection [2–4].

With the development of transportation industry and
the continuous growth of car ownership, the production of
waste engine oil (WEO) after vehicle maintenance is also

ever-growing. WEO is classified as a hazardous waste be-
cause it poses a certain threat to the environment and human
production and life [5]. 'e WEO is usually treated by
combustion, which inevitably leads to soil and air pollution
to a certain extent [6]. At present, WEO is generally recycled
by ecological methods such as sedimentation and distilla-
tion, and the residue after process becomes waste engine oil
bottom (WEOB) [1, 4, 7].'is method can maximize the use
of resources and become the mainstream WEO disposal
method.

A new survey shows that America can generate millions
of gallons of WEOB annually [6]. 'e engine oil and asphalt
belong to different products in the process of petroleum
refining and have homology, which has been confirmed in
previous studies [8]. In the process of production and use,
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the engine oil will inevitably change after passing through an
environment of high temperature and high pressure [9, 10].
In addition, certain physical and chemical changes will also
occur in the process of refining and purifying waste engine
oil. 'erefore, the research on the properties of WEOB and
asphalt blend has been a hot topic. Hesp’s research team has
been carrying out research on the properties after mixing
between WEOB and asphalt in the recent 10 years [11].

'e research team detected the existence of WEOB in
asphalt by microscopic methods and verified the hypothesis
that the early failure of asphalt pavement is related to the
existence of WEOB [12]. After that, some researcher studied
the influence of WEOB from different sources on the
property of asphalt binder and found that WEOB had a
negative impact on the high- and low-temperature perfor-
mance of asphalt [13, 14].

However, different researchers hold diametrically op-
posite views on the promotion effect of WEOB on the
property of asphalt binder [4, 14–16]. For instance, Qurashi
et al. [7] evaluated the properties of WEOB-modified bi-
tumens and found that WEOB increases the grade span and
reduces the cracking performance of bitumen. Some re-
search reported that the asphalt added withWEOB has good
stress relaxation ability under short-term aging conditions
[15]. Moreover, as it contains light components, WEO can
act as a rejuvenator to recover some properties of asphalt
[7, 17].

However, little research results have been reported at this
point concerning the influence of the fusion of WEOB and
SBS polymers on the properties of modified asphalt. In fact,
modified asphalt is more used as binder in road construc-
tion. 'erefore, it is particularly important to carry out the
research between SBS-modified asphalt and WEOB
modifier.

In this paper, four kinds of WEOB concentration were
selected to prepare four types of WEOB-modified SBS as-
phalt. 'e effects of organic reagents on the properties of
modified asphalt were studied in the microstructure level.
'us, the objectives of this study will be as follows:

(1) To evaluate the synergistic effect of WEOB and SBS
polymer on physical and rheological properties of
asphalt binder and then recommend an optimum
WEOB content

(2) To explore the modification mechanisms of WEOB/
SBS-modified asphalt

For convenience, the flowchart of this work is sum-
marized and illustrated in Figure 1.

2. Materials and Methods

2.1. Materials. Tests were performed on representative
samples of SBS-modified binder (the dosage of SBS was
4.3 wt%), and its properties are listed in Table 1. WEOB used
was purchased from local Motor Madness. It was a
byproduct of refining waste engine oil through vacuum
distillation, centrifugal separation, and other processes.

Figure 2 shows the processing technology of WEOB. Ele-
mental compositions of WEOB are listed in Table 2.

2.2. Preparation of WEOB-Modified Binders. As engine oil
and bitumen are products of crude oil refining, they are
homologous, which makes direct mixing possible [18].
WEOB-modified SBS asphalt was prepared by heating
blending method, the details of which are presented in
Figure 3. 'e WEOB contents were selected based on the
conclusions of previous research, as shown in Table 3. Four
WEOB contents were designed as 0%, 2%, 4%, and 6% of
asphalt binder mass, respectively.

2.3. Experimental Methods. 'e Brookfield viscosity test was
introduced to evaluate the viscosity of different kinds of asphalt
binders, which was done at test temperature ranges from 110°C
to 180°C at intervals of 10° according to the AASHTOmethod.

'e multiple stress creep recovery (MSCR) was con-
ducted at repeat loading of 0.1 kPa and 3.2 kPa to evaluate
the deformation resistance, which was characterized by the
parameter of the average recovery rate (R) and unrecover-
able flexibility (Jnr).

'e bending beam rheometer (BBR) was obtained to
characterize the cracking resistance of WEOB-modified
asphalt. Tests were performed at −12°C and −18°C.

'e gas chromatograph (GC-MS) was conducted to
evaluate the chemical component of WEOB. 'e potential
chemical reaction of WEOB- and SBS-modified asphalt was
obtained by FTIR (NICOLET 6700 TM).

In view of the different fluorescence effects of asphalt and
SBS polymer, the swelling property of the WEOB-modified
asphalt were evaluated by FM (MIKON, USA) images.

'e AFM equipment (Bruker Corporation, Innova,
USA) was proposed to observe the micromorphology
characteristics of the binders. 'e test method adopts
tapping mode and the resonance frequency of 260 KHz.

'e content of four components (asphaltene, resin, ar-
omatic hydrocarbon, and saturated hydrocarbons) of asphalt
will change during the modification process. 'erefore, the
layered adsorption of different components can be quan-
titatively analyzed by bar thin layer chromatograph (BTLC)
equipment, which is shown in Figure 4.

3. Results and Discussion

3.1. Chemical Components ofWEOB. Figure 5 shows the GC-
MS chromatogram ofWEOB, fromwhich we can see the peaks
formed by different compounds. 'e name and molecular
structure of the compound can be found by analyzing the
corresponding peak positions.'e results are shown in Table 4.
It can be seen that WEOB is mainly composed of cycloalkanes,
linear alkanes, various anhydrides, and their derivatives. 'e
molar mass of each compound is small, belonging to olefin oil
and aromatic solvents, while anhydride ismainly the anhydride
product formed by synthetic engine oil compound through
high-temperature and high-pressure engine degreasing and
other reactions.
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3.2. Viscosity. Figure 6 shows the influence trend of WEOB
on the viscosity of SBS-modified asphalt. It can be seen from
the figure that the rotational viscosity of modified asphalt has
a significant correlation with the test temperature and
WEOB content. Specifically, the increase of temperature and
the decrease of WEOB content will weaken the viscosity of
modified asphalt. 'e increase of ambient temperature
weakens the thermal movement limit of asphalt molecules,
while the addition of WEOB improves the expansion of SBS
polymer network structure, makes the three-dimensional
structure more uniform and denser, and limits the flow
capacity of asphalt molecules to a certain extent. In order to
facilitate construction, the specification has strict require-
ments on rotational viscosity, that is, at 135°C, the rotational
viscosity shall not exceed 3.0 Pa·s. It can be seen from the
figure that the limit rotational viscosity value of WEOB-
modified asphalt does not exceed the threshold under this
temperature condition. 'erefore, under certain dosage
conditions, the addition ofWEOB canmeet the construction
requirements.

3.3. High-Temperature Property. 'e cumulative strain re-
sults of modified asphalt with different WEOB content
under 64°C and 3.2 kPa stress are shown in Figure 7. Ob-
viously, compared with SBS-modified asphalt without
WEOB, the cumulative strain of asphalt decreases sharply
after adding, and the downward trend is more obvious with
the increase of content, which shows that WEOB has a
positive effect on improving the high-temperature defor-
mation resistance of SBS-modified asphalt. 'e result is the
same as the conclusion of rotational viscosity.

To quantitatively evaluate the influence of WEOB on the
cumulative strain of modified asphalt at high temperature,
the R and Jnr are calculated based on the data (Figure 7) and
equations (1) and (2), and the results are shown in Figure 8.
Regardless of the stress level and test temperature, the
concentration dependency of R and J are remarkable in that

the R increase and J reduces as WEOB content rises, which
indicates that the existence of WEOB improves the high-
temperature recovery ability of WEOB-modified asphalt
more, and the larger WEOB content corresponds to the
better high-temperature property. 'is result can be
explained by the fact that the light component contained in
WEOB reacts with SBS polymer to form a network structure,
and the more the content is, the denser the structure is, and
the stronger the high-temperature deformation resistance is.

To distinctly compare the high-temperature creep and
recovery behaviors of SBS-modified binders with various
WEOB contents, the data at the fifth loading stage from
Figure 7 are extracted and plotted in Figure 9. 'e creep
behavior (Figure 9(a)) is first discussed. It is obvious that a
decrease of accumulated strain is observed with the intro-
duction ofWEOB into asphalt, meaning that the existence of
WEOB causes a reduction in the creep behavior of the SBS-
modified binder. Figure 9(a) also demonstrates that among
these WEOB/SBS-modified binders, the binder containing
6wt% of WEOB exhibits larger creep behavior than the
counterparts with 2wt% and 4wt% WEOB which have little
difference in creep behavior. Furthermore, the strain of all
binder samples increases exponentially with time. Based on
this curve feature and the previous work by You et al. [21],
Burgers model (see Equations (1) and (2)) is applied to fit the
creep behavior of these binders, and the fitting results are
shown in Table 5. It can be seen that the correlation coef-
ficients exceed 0.999, suggesting the excellent applicability of
Burgers model in fitting the creep behavior of SBS/WEOB-
modified binders. Importantly, the elastic and viscous de-
formations are further divided into instantaneous and
delayed parts, respectively, which provides the possibility to
better understand the deformation process of the binder.

To facilitate evaluation of the WEOB content influence
on the high-temperature recovery behavior of the binder, the
strain in the recovery stage is normalized and then plotted in
Figure 9(b). 'e normalized value is referred to as residual
deformation [22]. As it can be seen, the residual

SBS modified asphalt

WEOB/SBS modified binders

Micro-morphology analysis Low-temperature
performance

High-temperature
performance

RV MSCR TS FM AFM FTIR BTLC BBR

WEOB (0%, 2%, 4%, 6%)

Figure 1: Flowchart of experimental procedure.

Table 1: Properties of SBS-modified binder.

Test properties Unit Test result
Penetration (25°C, 100 g, 5 s) 0.1mm 50.7
Ductility (5°C, 5 cm/min) cm 40.5
Softening point (TR&B) °C 71.6
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deformations from large to small are 0.64, 0.60, 0.52, and
0.29 corresponding to SBS-modified binders with theWEOB
content of 2%, 4%, 0%, and 6%, respectively. Considering the
residual deformation is a consequence of viscous flow, the

creep deformation of the binder with 6wt% of WEOB is
primarily caused by elasticity. However, other binders that
have the residual deformation larger than 0.5 show more
viscous deformation than elastic deformation. In view of the

Oil pump
Heater

Coarse filter Shearing Machine

Heater

Oil drain pump

Vacuum
tank

Centrifugal
separator

Oil spill
skimmer

Molecular
Separation

Purifier

WEOB

WEO

Figure 2: Processing technology of WEOB.

Table 2: Elemental composition and technical properties of WEOB.

Phosphorus (%) Sulfur (%) Calcium (%) Iron (%) Copper (%) Zinc (%) Molybdenum (%) Dynamic viscosity (Pa·s) pH
1.39 1.68 0.91 0.15 0.4 0.59 0.04 18.2 @60°C 3.4

Melting Swelling
Gringing

Shear Development

Physical map

170°C~175°C
800 rpm 30 min

170°C~175°C
4500 rpm 40 min

165°C~175°C
800 rpm 10 min

155°C~170°C
60 min

WEOB

Figure 3: Preparation process of WEOB/SBS-modified binder.

Table 3: WEOB or WEO content in existing studies and practices.

Content Asphalt type Literature
0%, 2%, 4%, 6%, 8% VG-30 Qurashi and Swamy [7]
6%, 8% Polymer-modified binders Paliukaiteet al. [19]

0%, 4%, 8% 60/80 pen-grade base asphalt and
SBS-modified asphalt Liu et al. [20]
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similar curve feature in Figure 9(a), the curves in Figure 9(b)
can be fitted by Burgers model as well. According to the
result in Table 6, it is obtained that Burgers model is capable
of perfectly fitting the recovery behavior of SBS/WEOB-
modified binders owing to the R2 exceeding 0.99.

ε(t) �
σ0
E1

+
σ0
η1

+
σ0
E2

1 − e
− E2t/η2􏼐 􏼑. (1)

ε(t) �
E1η1E2

η1E2 + E1E2t + E1η1 1 − e
−E2t/η2􏼐 􏼑

, (2)

where σ0 is the initial stress (Pa), Young’s modulus (Pa) is
recorded as E, and η is the viscosity (Pa·s).

3.4. Low-Temperature Property. 'e creep stiffness modulus
(S) and creep slope (m) of modified asphalt with various
WEOB content under different low-temperature

environments are shown in Figure 10. Generally, a larger S
represents more tensile stress, and a larger m value means
more stress relaxation. Apparently, the small S value and
large m value at low temperature are preferred for asphalt
binder. It can be seen from Figure 10 that at the temperatures
of −12°C and −18°C, with the increase of WEOB content, S
value decreases and m value increases, which significantly
improves the low-temperature deformation resistance of
surface asphalt with the addition of WEOB. 'e possible
reason for this phenomenon is that the addition of light
components, which increases the maltenes concentration of
asphalt. Moreover, the SBS polymer expands effectively in
the surplus light component environment and forms a
network structure with resistance to low-temperature
cracking and deformation. In addition, under the action of
MAH, WEOB and SBS form graft products, which play a
positive role in improving the relaxation and deformation
ability.
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Figure 4: Setup for bar thin layer chromatography analyzer.
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3.5. Mechanical Analysis
3.5.1. SARA Fractions. SARA fraction contents play an
important role in explaining the property changes of asphalt
binder. Figure 11 records the quantitative analysis results of
four components of asphalt. As WEOB contains a certain
number of light components, with the increase of theWEOB
contents, the number of aromatic hydrocarbons and satu-
rated hydrocarbons in the four components gradually

increases, which plays a good role in improving the low-
temperature property of asphalt. On the contrary, the
content of asphaltene shows a downward trend because it is
dissolved by the light components in WEOB. However, the
resin content has increased to a certain extent. It is spec-
ulated that the possible reason is that a large number of
aromatic hydrocarbons in WEOB are compatible with SBS
and penetrate into the branch chain to produce substances

Table 4: 'e chemical composition of WEOB.

Retention
time (min) Formula Structure Retention

time (min) Formula Structure

6.72 C4H2O3 11.36 C16H32O2

OH

8.19 C15H24O
O OO

12.93 C17H32O2

9.10 C16H26O3
O

O

13.57 C19H40

O

OH

9.63 C20H42 O

O

14.30 C28H48O

10.75 C15H24O2

HO
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Figure 6: Viscosity results of the WEOB/SBS-modified binders.
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similar to resins, which increases the stability of SBS network
structure. 'is is also proved by the improvement of high-
temperature performance of asphalt.

3.5.2. FluorescenceMicroscopy. 'e fusion degree of different
contents of WEOB- and SBS-modified asphalt can be seen
from the fluorescence microscopic image in Figure 12. In
Figure 12(a), it can be seen that in the modified asphalt
without WEOB, SBS presents uniform monomer particle
dispersion, and there is little fusion between SBS polymers.
After adding WEOB, SBS polymer shows a network structure
after expansion and fusion, and with the increase of content,
the structure gradually develops from two-dimensional plane

network structure to three-dimensional network structure, as
shown in Figures 12(b)–12(d), and the thermal movement of
asphalt molecules is limited to a certain extent. When the
content of WEOB increased to 6%, the expanded network
structure was denser and uniform. In addition, the maleic
anhydride in WEOB reacted with SBS. Under the dual action
of swelling and grafting, the high-temperature performance of
WEOB-modified asphalt was significantly improved [23, 24].

3.5.3. FTIR. 'e FTIR spectra of the SBS-modified asphalts
with various WEOB contents are given in Figure 13. A peak
at 724 cm−1 was awarded to the bending vibration of −CH2,
while that at 1,713 cm−1 was credited to tensile vibration of
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C�O, indicating the presence of ketones or carboxylic acids
in the asphalt. 'e two strong absorptions at 1,376 cm−1 and
1,456 cm−1 were the flexural vibration peak of saturated C–H
bond. 'e stretching peak of methyl C�C bond appeared at
1,608 cm−1, suggesting the existence of olefins. 'is result is
consistent with a previous study. At 1,780 cm−1, the sym-
metrical tensile vibration peak is −OH, which is the char-
acteristic peak of maleic anhydride (MAH), proving the
existence of SBS-g-MAH. 'e several peaks in the

2852–2923 cm−1 wavenumber range are attributed to the
stretching of the alkane –CH bond.

3.5.4. Atomic Force Microscope. A typical “bee-like”
structure AFM image of asphalt is shown in Figure 14.
Studies have shown that the volume and distribution of
black-and-white “bee-like” structure are related to
asphaltene in asphalt. It can be seen from the Figures 14(a)–
14(d) that the size and shape of “bee-like” structure are
various under different WEOB content, but they all show a
state of uniform distribution. With the increase of WEOB
content, the bee-like structure gradually becomes smaller,
and the length decreases from 3.21 μm to 1.27 μm. It is
speculated that the reason is that more light components in
WEOB dissolve parts of asphaltene, and the movement
resistance between asphaltenes is reduced and the com-
patibility is improved, so that the bee-like structure is
dispersed more evenly.

Quantitative microstructures can be identified with
surface roughness using the Nanoscope Analysis 1.5
software. 'eoretically, surface roughness can be used to
evaluate the adhesion and self-healing performance of
asphalt materials. 'e higher the surface roughness of the
asphalt binders, the better the adhesion and self-healing
properties of the asphalt binders. 'e statistical results for
surface roughness of four asphalt types are presented in
Table 7. It can be seen that the surface roughness of
asphalt binder increases with the increasing contents of
WEOB.

Figure 15 shows that the variation trend of lightweight
components and surface roughness with WEOB content. It
is obvious to see that the lightweight components and
surface roughness of SBS-modified asphalt specimens are in

Table 5: Regression analysis of creep for SBS modifier asphalt with
different WEOB content in Burgers model.

Ratio
Regression equation and parameters of Burgers model

Equation R2

0 ε(t) �
σ0

500.16 +
σ0

9347.2 +
σ0

1126.08 (1 − e− 1126.08t/901.44) 0.9995

2 ε(t) �
σ0

285.664 +
σ0
9760 +

σ0
1077.76 (1 − e− 1077.76t/875.2) 0.9999

4 ε(t) �
σ0

345.28 +
σ0

8377.6 +
σ0

1264.32 (1 − e− 1264.32t/896.64) 0.9995
6 ε(t) �

σ0
1091.2 +

σ0
5001.6 +

σ0
2109.44 (1 − e− 2109.44t/1332.48) 0.9994

Table 6: Regression analysis of relaxation for SBS modifier asphalt
with different WEOB content in Burgers model.

Ratio
Regression and equation parameters

of Burgers model
Equation R2

0 ε(t) � 5.6∗105
4.1+376t+312(1−e−657.28t/154.976)

0.9955

2 ε(t) � 4.6∗105
3.2+320t+241(1−e−1845.44t/418.88)

0.9957

4 ε(t) � 1.8∗105
2.6+134t+74.8(1−e−2414.08t/476.16)

0.9936

6 ε(t) � 8.34∗104
1.23+111t+51(1−e−1652.16t/260.48)

0.9981
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Figure 9: Comparison of measured and predicted values of SBS asphalt with different WEOB content in Burgers Model.
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good correlation with their WEOB contents. Meantime, the
Ra and Rq of modified asphalt binder advance as the
lightweight components increase, which indicates that the
adhesion property has improved.

4. Conclusion

In this paper, the influence of WEOB as an additive on SBS-
modified asphalt has been studied, including chemical
compounds, low- and high-temperature property, and
rheology. 'e mechanism for the influences was analyzed.
Based on the above results and discussion, the following
conclusions can be drawn:

(1) WEOB is mainly composed of small molecular
compounds similar to the asphalt composition, such
as cycloalkanes, linear alkanes, various anhydrides,
and their derivatives, which favored their physical
miscibility between WEOB and asphalt.

(2) Adding WEOB can improve the high-temperature
resistance against rutting performance and low-
temperature fatigue cracking resistance of SBS-
modified asphalt.

(3) With the increase of WEOB concentration, the
contents of colloid gradually increases, which

promotes the swelling and compaction of SBS
polymer network structure. Furthermore, WEOB
promotes the polarity of SBS and forms graft product
MAH-g-SBS with asphalt, thus inhibiting the ther-
mal movement of asphalt molecules. On the con-
trary, light components have a good correlation with
the surface roughness of modified asphalt, the results
show that the modified asphalt has good rutting
resistance.

(4) As a preliminary study, the data in this paper were
limited because only one WEOB source was included
in evaluating the properties of SBS-modified asphalt.
'erefore, a follow-up study should focus on increasing
the number of different samples, in addition, it is
necessary to investigate the aging resistance of the
modified asphalt binders, to verify and evaluate the
overall performance of WEOB-modified SBS asphalt.
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Table 7: Statistical results of surface roughness.

Asphalt type Average surface roughness (Ra) RMS value of roughness (Rq)
0% WEOB 2.38 4.00
2% WEOB 2.75 4.62
4% WEOB 3.22 5.09
6% WEOB 3.54 5.42
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Figure 15: (a) Ra and (b) Rq of the specimens with different WEOB contents.
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(e concept of self-healing has an excellent potential to extend the life of asphalt pavement. (is technology can be considered a
sustainable technology due to its ability to reduce the utilization of asphalt mixture production materials used for road
maintenance, polluting the environment. It is a complex physicochemical process wherein the molecular diffusion healing
mechanisms in asphalt materials are inspired by self-healing polymeric systems, which describe the self-recovery behaviors based
on polymer chain dynamics. Several methods have been adopted to improve the self-healing of asphalt, one of which is induction
healing. It is the process of heating the asphalt pavement incorporated with an electrically conductive material such as steel fibers,
wherein asphalt healing is undertaken via electric field induction. Induction healing via induction heating occurs with eddy
current where the electric current flows within the conductive fibers when magnetically susceptible under the magnetic field.
Microwave heating is another self-healing method similar to induction in which magnetic radiation is employed to treat asphalt
mixtures instead of the electric field-induced induction healing processes. (e conductive fibers can absorb the electromagnetic
(EM) waves to convert them into heat energy through doublet polarization, interface polarization, and electrical conduction
dissipation when placed in the microwave field. (ese two types of heating systems, which are induction heating and microwave
heating, are compared and discussed thoroughly in this study. Finally, some recommendations for the future development of self-
healing asphalt are proposed.

1. Introduction

1.1. Asphalt Concrete in Civil Engineering. Asphalt concrete
(AC) consists of a mixture of bitumen and aggregate pro-
duced as a composite of viscoelastic and nonviscoelastic
materials used primarily on civil engineering structures such
as airports and highways [1, 2]. It is a material that deforms
at high temperatures and can become brittle at low tem-
peratures [3]. Asphalt concrete is utilized to build flexible
pavements and road networks that connect one city to
another. According to the Asia Trade Hub website,

Malaysia’s road network covers 144,403 kilometers, where
116,169 kilometers are paved and 1,821 kilometers are ex-
pressways [4]. However, after several years in service, the
flexibility and relaxation capacity of these asphalt concrete
roads gradually decrease due to the repeated daily traffic
loads and environment interchange (mainly temperature
and moisture) [5]. (e asphalt binder becomes brittle,
lowering its adhesion capabilities, thereby causing the
separation of aggregates and the binder [2]. (erefore, from
time to time, such paved asphalt concrete needs to be
maintained to ensure the estimated lifespan of the road is

Hindawi
Advances in Materials Science and Engineering
Volume 2021, Article ID 1093224, 15 pages
https://doi.org/10.1155/2021/1093224

mailto:cerosli@usm.my
https://orcid.org/0000-0001-6922-4158
https://orcid.org/0000-0002-5655-7997
https://orcid.org/0000-0002-5255-9856
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/1093224


achieved while preventing traffic accidents from occurring
due to the asphalt pavement distress [6]. One of the primary
indications of asphalt pavement distress is cracks. (e
cracking mechanism related to bituminous materials is
complicated and depends on traffic loading conditions and
atmospheric temperatures. Atmospheric conditions that can
cause oxidation are one of the main reasons for the deg-
radation of asphalt mixtures. (is event is also known as
aging, where the asphalt binders and their viscoelastic
properties become stiffer compared to their original states.
As time goes by, the materials will reach a certain level of
stiffness that causes them to become brittle, hence unable to
resist and recover during loading/unloading conditions,
which eventually leads to cracking at microscopic and
macroscopic levels. Many researchers have conducted
studies to solve the damage caused by cracking failure via
promoting crack closure at an early stage. Although the
capability of asphalt as a self-healing material has been
proven, its ability to heal is obviously limited due to nonstop
traffic loading and is not enough to accommodate the as-
phalt degradation that keeps happening due to atmospheric
conditions. (erefore, the induction of self-healing tech-
nology into asphalt mixtures was investigated and intro-
duced to overcome these problems [7].

1.2. Asphalt as Self-Healing Materials. Asphalt concrete is a
self-healingmaterial that has the capability of restoring some
of its functionality.(is usually occurs due to the potential of
bitumen to behave like a Newtonian fluid at temperatures
ranging from 30 to 70°C, depending on the type of bitumen
[8]. Dai et al. [3] reported the healing behavior of asphalt as
the self-recovery capability of asphalt materials under spe-
cific loading and/or environmental conditions, especially
during rest time. Xu et al. [9] also mentioned that the
fundamental of self-healing in asphalt pavement depends on
the initiation of a “mobile phase” during the rest period that
gradually results in crack closure. (e self-healing material
will regain a certain rate of its functionality where the bi-
tumen can flow and diffuse to close its microcracks when it is
not exposed to loads [10, 11].(is process mainly occurs due
to the viscosity and gravitational force acting on the bitumen
[12]. However, it would not be possible to halt traffic on the
roads and allow enough self-healing and recovery at ambient
temperatures [13]. Hence, the healing of asphalt mixtures
becomes somewhat influenced by external conditions,
wherein further propagation of micro-to macrocracks re-
sults from consistent loading, loading level, number of load
repetitions, aging, and moisture conditions [14].

(e primary goal of self-healing technology is to
ensure that the material heals after being subjected to
fatigue damage. It is a technology that plays a role mainly
during maintenance in areas where pavement distresses
occur. Even without a self-healing technology, a fatigued
pavement can be restored but it will consume a lot of time
and energy to recover its initial performance. (us, this
technology aims to overcome the local or global level of
damage, extend, and renew the damaged part, system, or
component [15]. Fatigue damage occurs when shear forces

are exerted on the stones within the road surface. (is
causes strain within the adhesive bridges between the
stones. With recurring forces (repeated traffic load),
“fatigue taxation” will occur. Fatigue in these adhesive
bridges leads to the first stage of the three-stage damage
mechanism: crack initiation. (e second stage is crack
growth, which is followed by the third stage: a complete
breakage of a singular adhesive bridge [16].

According to Tabaković and Schlangen [17], the self-
healing or self-repairing property of a material is referred to
as “its ability to substantially return to an original, proper
operating state or condition before exposure to a dynamic
and susceptible environment by making the necessary ad-
justments to restore to normality and/or its ability to resist
the formation of irregularities and/or defects.” (e repair is,
in principle, an automatic initiated response to damage or
failure. In order to repair the damage, the self-healing system
must be able to identify and perform the restoration
mechanism. Fischer [15] states that repair is classified into
two categories:

(1) Attributive repair: Attempting to restore the attri-
butes of the system to their initial state.

(2) Functional repair: To restore the functionality of the
system. If the functionality cannot be fully reinstated,
the residual resources are utilized to supplement the
existing functionality.

Moreover, self-healing is also known as a very complex
physicochemical process. (e molecular diffusion healing
mechanisms in asphalt materials are derived based on self-
healing polymeric systems, which describe its self-recovery
behavior based on polymer chain dynamics [18]. Wool and
O’Connor [19] divided the theory of crack healing into five
stages based on molecular interdiffusion. (ese five stages
are as follows:

(1) (e surface rearrangement stage that affects the
diffusion initiation function and topological features
of the interface

(2) Approach stage that affects the healing mode
(3) (e wetting stage that controls the wetting distri-

bution of the two faces of microcrack
(4) Diffusion stage that develops the mechanical prop-

erties during healing
(5) Randomization stage that involves complete loss of

memory of the crack interface

According to Tabaković and Schlangen [17], wetting,
diffusion, and randomization are the only primary stages in
an autonomous asphalt self-healing process. Meanwhile,
Qiu et al. [14] mentioned that self-healing is influenced by
the hydrogen bond and vanWaals forces betweenmolecules.

Moreover, Sun et al. [2] observed an ongoing event
between healing and fatigue in pavement during its service
life. (is process was noticed to be dependent upon vari-
ations in the pavement temperature. Figure 1 shows the
schematic diagram of its mechanism.Moreover, asphalt type
and properties also influence the wetting capacity of
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aggregate phases during healing. (e wetting rate is directly
proportional to the asphalt surface energy. Hence, the dif-
fusion ability can be said to correspond to the portability of
the asphalt molecules. Nonetheless, some researchers have
discovered that the asphalt consisting of more molecules
with fewer and longer branched chains has higher molecule
mobility than smaller chains and larger branches [2].

Several methods of inducing self-healing in asphalt
pavement design have been presented and critically analyzed
concerning their functionality, design, and performance to
prolong its service life [20]. Some of the methods of self-
healing, as proposed by Tabaković and Schlangen [17], are as
follows:

(1) Incorporation of nanoparticles
(2) Induction healing
(3) Rejuvenation

(is paper will focus on the mechanisms of induction
healing using different approaches based on different studies
reported in the literature.

2. Induction Healing Technology

(e practice of heating asphalt surface layer “in situ” has
been in use for a long time. Despite the poor heat con-
ductivity of asphalt due to mineral aggregates, the road
surfaces were heated up using infrared heaters. (e desired
level of heating to the asphalt layers especially at its lowest
layer was obtained by overheating the asphalt for a long
period of time by using “additive heat radiation.” One of the
disadvantages of this method was accompanied by great
waste of energy and constant burning of the bitumen in the
asphalt surface layer [16]. (e poor heat conductivity of the
mineral aggregates in the asphalt mixture and too much loss
in heat energy were addressed by using electrically con-
ductive asphalt.

(e first induction heating technology was invented by
Minsk [21]. His invention was based on preventing ice and
snow accumulation on flexible pavements by adding
graphite particles in an asphaltic concrete to make it elec-
trically conductive. Garćıa et al. [22] and Liu et al. [13]
defined a conductive asphalt concrete as the portion of
asphaltic concrete that contains the bitumen, aggregates, and
conductive particles such as carbon fibers. Hence, an in-
duction heating device can effectively achieve localized
heating of the particles through heat diffusion, thereby
heating the binder and healing the cracks [23]. Asphalt-
containing conductive particles are exposed to a high fre-
quency alternating electromagnetic field during induction
heating by inducing eddy currents in electrically and
magnetically susceptible materials. (e induced eddy cur-
rents heat the metallic fibers while the heat energy diffuses
into the bitumen to increase its temperature. Such induction
mechanism is conducive in aiding asphalt mixtures heal
quickly because bitumen mostly behaves as a Newtonian
fluid when its temperature is above its softening point [24].
Hassan et al. [55] observed that a very small volume of fibers
of more than 0% served to increase binder temperatures via
induction heating. Meanwhile, Garćıa et al. [22] found that
there is an optimum volume of fibers for each mixture below
which the conductivity of the material suddenly drops to
that of a nonconductive material. However, above such
volume of fiber, they experienced difficulties in mixing while
the increase in the conductivity was also very low [22].
Furthermore, Garćıa et al. [25] reported that the resistivity of
the mastic sample would keep reducing with the volume of
conductive additive. Until a certain level of conductive
volume content, the increasing of conductive volume will
not reduce the resistivity of the mastic sample any further.
(is can be seen in Table 1 based on a study by Garćıa et al.
[25] where the conductive additive reaches its peak for steel
wool, with a 5.83% steel wool + graphite and 6.54% steel
wool + graphite at approximately 2, 1, and 1Ωm,

Diffusion

Wetting

Flow

Fatigue

Crack
initiation

Crack
propagation

Failure

Loss of
modulus

Loss of
strength

Strength
recovery

Modulus
recovery

Healing

Figure 1: (ree-step healing mechanism in asphalt [2].
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respectively. Further increment of steel wool content can
cause the mixing to become harder and form a cluster ball.
(us, it is limited to approximately 6% steel wool content in
his study. Next, the test was conducted on the asphalt mastic
sample prepared with graphite (without steel wool), the
resistivity keeps reducing due to the filler particle size of
graphite where the connection between one particle and
another particle to induce current are weaker compared to
steel wool. (is condition can be illustrated as in Figure 2
where the steel wool fibers form a connection between one
and another to form a conductive asphalt mastic.

Furthermore, Garćıa et al. [22] and Dai et al. [3] utilized
the gel permeation chromatography technique to test
inducted healed specimens and noninducted specimens,
which demonstrated the chemical properties of the asphalt,
such as its averagedmolecular weight not to be influenced by
induction healing. Similarly, the effect of chemical com-
position was also observed to exhibit a strong influence on
the induction healing properties of asphalt by which asphalt
with higher small molecule content/large molecular content
ratio combined with higher aromatics content had greater
self-healing abilities than those with smaller molecular and
lower aromatic contents [26].

2.1. InducedHealing via InductionHeating. Asphalt concrete
mixtures are generally added with conductive fibers in order
to improve their electrical conductivity so as to facilitate
effective induction heating. (e process of adding the steel
fibers to the mixture is direct during mixing, without af-
fecting the gradation of the mixture. Liu et al. [13] reported
that the addition of long steel wool was more effective in
making asphalt concrete electrically conductive for 9.5mm
steels long enough to conduct electric currents. Moreover,
the performance of long fibers with small diameters was
found by Sun et al. [27] to be better than short fibers with
bigger diameters. (is finding was also supported by Gao
et al. [28] due to several benefits such as improving the
flexural strength and particle loss resistance of the asphaltic
concrete. However, asphalt mixtures with long fibers tended
to form cluster balls and increase the air void content of the
mixtures, which was associated with a reduction in the
mechanical properties of the mixtures as reported by
Norambuena et al. [29] and González et al. [30].

Based on such observations, Xu et al. [24] recommended
the use of short and thick steel wool fibers with a diameter of
70–130 µm and length 4.2mm because it is quite easier to

mix using the standard mixing procedure at an optimal steel
wool content of 6% by the volume of bitumen. Nonetheless,
some studies such as those conducted by Ameri et al. [31]
and Sun et al. [18] replaced a portion of the aggregate from
the asphalt mixture with steel slags as conductive materials
by which they attested to the fact that the steel slag-asphalt
mixture showed a better performance in healing when the
temperature distribution was more uniform. Furthermore,
laboratory test results also evidently indicated the use of
coarse steel slag aggregates in warm mix asphalt (WMA)
mixture in the enhancement of the tensile strength, resilient
modulus, Marshall stability, resistance to moisture damage,
and resistance to permanent deformation of the mixture
[31]. Similar reports on the mechanical performance of
asphalt mixture were mentioned by Dai et al. [3] while
investigating the induction healing effects of electrically
conductive asphalt mastic and asphalt concrete beams
through fracture-healing tests as asphalt mixture samples
were observed to still maintain at least half of their original
fracture strengths, after six fracture-healing cycles [32].

2.2. Induced Healing via Microwave Heating. (e second
technique used to increase the temperature of asphalt
mixtures for the improvement of asphalt road maintenance
was microwave radiation heating [33–35]. (e preliminary
analysis for production and cost was conducted by Bevacqua
et al. [36]. (e results show that the performance of mi-
crowave healing in terms of cost-saving for a lifespan of 100
years is improved compared to a traditional method, such as

Table 1: Conductive particles-bitumen ratio for asphalt mortar systems at different conductive additive content [25].

Conductive additives content (vol %)
Log resistivity (Ωm)

Graphite Steel wool 5.83% steel wool + graphite 6.54% steel wool + graphite
5.5 11 9.5 9 N/A
7 10.5 2 8.5 1
10.5 9.8 N/A 8.3 1
13 9.5 N/A 3 1
15.5 8.8 N/A 1.5 1
17 8.5 N/A 1 1
20.5 8 N/A 1 1

Graphite particle

Steel wool fibers

Asphalt mastic

Fine aggregate

Figure 2: Illustration of asphalt mastic composition with and
without steel wool and graphite.
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reconstructing the asphaltic layer that requires trans-
portation and additional resource [37]. Microwave heating is
usually considered a potential technique for stimulating the
self-healing of composite materials, very much similar to
induction heating. Asphalt mixtures here are mostly exposed
to alternating electromagnetic fields under high frequencies
(in the order of megahertz) by using an electromagnetic
radiation device like a microwave, which is environmentally
friendly due to the reduction of carbon dioxide emission
[37, 38]. (is heating effect has been established to affect the
properties of both water and bitumen in asphalt mixtures
[35], wherein it induced a change in the orientation of their
polar molecules as a result of alternating magnetic fields. As
a result, the molecule’s mobility becomes disrupted and
impeded while their temperature increases. Generally, as-
phalt mixtures are not susceptible to heating with induction
heating energy; however, the incorporation of metallic
particles known as microwave absorbers in asphalt mixtures
may help reflect the microwave radiation, thereby boosting
its temperature susceptibility [39]. Hence, the incorporation
of metallic and ferrous particles susceptible to electromag-
netic radiation such as steel slag can help increase the heating
rates of asphalt mixtures by absorbing and conducting more
thermal energy to other components of the mixtures, that is,
aggregates and bitumen [40].(e recommended sizes for the
metallic particles of steel fiber as a microwave reflecting
admixture by Deng et al. [41] are 0.4–0.8mm and 0.5mm
length to width, respectively. Recent findings have estab-
lished microwave heating to be more advantageous than
induction heating in terms of its high heating efficiency
(rapid heating), no direct contact with liquids, no air
emissions, fast thermal response, precise temperature con-
trol, and selective energy absorption [18, 42, 43]. (e rapid
increase of total energy means that the sample can absorb
more energy to increase the temperature [44]. Microwave
heating proved to be more economical and effective than
electromagnetic induction in promoting self-healing of as-
phalt mixture with steel wool and graphite [45]. A study by
Xu et al. [46] also shows that microwave heating can alter the
structure of air voids compared to induction heating. Lastly,
the amount of power consumption and the optimal steel
wool dosages on employing microwave heating have also
been 10 times lower than required for electromagnetic in-
duction heating [47, 48].

3. Conductive Particles Used for
Induction Healing

(e induction healing technology has ventured into the field
of materials engineering in the last few years. (e utilization
of this technology has resulted in a revolution in the field of
material sciences and engineering. Some of the applications
of induction healing technology in engineering materials
and its recovery performance are presented in Tables 2 and 3,
respectively.

Mostly steel fibers and steel wools are the prevalent
materials utilized for both electromagnetic heating and
induction heating of asphalt mixtures. As shown in Table 2,
Liu et al. [11, 13, 50, 51] andGarcia et al. [23, 52] utilized steel

fiber and steel wool for asphalt mixture induction and
microwave radiation heating processes, while steel shavings,
carbon fibers, and utensil steel wool have also been
employed for crack healing procedures via both induction
and microwave radiation heating mechanism [53–56].
Similarly, steel by-products such as slags, wools, and fibers
have also been widely used in road pavements, due to their
excellent mechanical properties, in terms of roughness,
shape, angularity, hardness, polishing, and wear resistance
[56, 57]. Table 3 also proved that the healing performance of
asphalt mixtures by several researchers was able to improve
the healing by 50–100% depending on the type of conductive
material used. (erefore, both induction and microwave
heating systems are successful innovations that are able to
increase the lifespan of the asphalt pavement and lower the
maintenance cost.

Wu et al. [58] reported that the mechanical character-
istics of carbon fiber-reinforced asphalt matrix had im-
proved due to the nature of the insulating conductive
polymer composites. (e incorporated high-aspect-ratio
carbon fibers were helpful to improve the conductivity of the
insulating polymer matrix even at relatively low concen-
trations. (erefore, the utilization of steel in the pavement
can be inferred to be quite suitable for both mechanical and
healing performances [59, 60].

4. Mechanism of Induction Heating

(e induction heating system comprises alternating power
generators, induction coils, and electrically conductive steel
fibers incorporated and dispersed between the mixture’s
interstices, as shown in Figure 3. (e coil normally produces
the magnetic field for a uniform amount of frequency under
an alternating electric power supply. As shown in Figure 3,
each conductive steel fibers within asphalt mixtures were
induced. Based on Faraday’s law, the presence of a mag-
netically susceptible and electrical material within a mag-
netic field leads to an electric current (eddy current) being
induced upon it at the same frequency as the magnetic field.
At the same time, the intensity of the current is proportional
to the intensity of each coil circulation [61]. Induction
heating in asphalt mixtures is usually generated through the
dominant joule effect, dielectric hysteresis, and contact re-
sistance between heated fibers. Joule heating (also known as
resistive or ohmic heating) generates heat from electric
energy due to the resistance imposed to current flow. In a
solid or liquid with finite conductivity, electric energy is
converted to heat through resistive losses in the material.
(is causes heat to be generated by the conductor via
electron energy transfer to its atoms through electron-
electron collisions, which spreads across all its atoms. (e
phenomena observed in the binder-conductor interfaces
result in heat transfer between conductor and asphalt binder
atoms; hence, uniform heating between both interfaces is
achieved. (e transfer of energy from the applied electric
field results in unrecoverable heat loss between both atomic
interfaces refers to its dielectric loss, hysteresis, or dissipa-
tion.(e amount of energy transfer is also mainly dependent
on the properties of both the conductor and binder used,
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Table 2: List of research studies on the different types of material used for induction healing.

Healing
Type References Materials

Used
Diameter
(μm)

Length
(mm)

Temperature
Heating (°C)

Duration of
Heating (s) Relevant Conclusion

Induction
Heating

Liu et al.
[23]

Steel fibre type
1 29.6–191.1 <1

— 180

(i) (e porous asphalt concrete
with the best performance, i.e.,
higher resistance to particle loss
and water damage, was 8% by
volume of bitumen of steel wool
(type 00) of the length of 9.5mm
(ii) Optimum content for the steel
fibre type 1, 00, and 000 are 20%,
12%, and 10%, respectively, while
the maximum temperatures
reached by each types of steel
fibre are 207°C, 169°C, and 137°C,
respectively.

Steel wool
type 00 8.89–12.7 3.2/6.4/9.5

Steel wool
type 000 6.38–8.89 6

Induction
Heating

Garćıa et al.
[24]

Steel wool
type 000 6.35–8.89 3–22, 30

— 60, 120, 180

(i) At an optimal volume of fibre
addition, the graphite can
increase and stabilize the
conductivity of the mastic.
(ii) (e maximum temperature
for the 6% volume of fibre after
60 s, 120 s, 180 s are
approximately 100°C, 150°C, and
200°C, respectively.
(iii) Increasing the volume of steel
fibre by more than 6% does not
increase the maximum
temperature further. (e
resistivity graph proves that the
increase of steel fibre content by
more than 6% will improve
conductivity by approximately
10%.

Graphite filler <20 —

Induction
Heating

Garćıa et al.
[51]

Steel wool
type 00 8.89–12.7 1–15 — 180

(i) Based on the Marshall tests,
the mechanical resistance of the
asphalt concrete remains
unaffected with any change in the
volume of fibers and the mixing
time. (e response remained
constant even though the
parameters were changed.
(ii) At the initial period of mixing,
the mixing time had a negative
effect on the length of the fibres.
(iii) (e temperature increased
linearly for the increase in the
volume of fibres.
(iv) (e maximum temperature
reached was lower when the fibre
was added in the first place to the
mixer than the fibre added in the
last place after aggregate and
bitumen. (is is due to the length
reduction of the fibre when it is
mixed with the aggregate.
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Table 2: Continued.

Healing
Type References Materials

Used
Diameter
(μm)

Length
(mm)

Temperature
Heating (°C)

Duration of
Heating (s) Relevant Conclusion

Induction
Heating

Liu et al.
[52]

Steel wool
type 00 8.89–12.7 10 30, 50, 70, 85,

100 —

(i) (e mortar of porous asphalt
concrete exhibits a higher
nanoindentation modulus when
strengthened with steel wool.
(ii) Heating of the beam fracture
at 20°C does not result in any
healing. (e fracture recovery
increased from 14.9 to 78.8%
when the heating time is from 30
to 85°C.

Induction
Heating

Liu et al.
[53]

Steel wool
type 00 8.89–12.7 10 70, 85, 100 180

(i) (e best outcome of healing
effects is obtained for an optimal
heating temperature of 85°C.
Overheating may result in
problems like swelling and binder
drainage, inhibiting healing.
(ii) Performing induction heating
multiple times can extend the
fatigue life of porous asphalt
concrete.
(iii) (e fatigue life extension
ratio (healing rate) of the fatigue
damaged beams can be improved
by induction heating, wherein the
rate of healing is dependent on
the higher level of microstrain
developed.

Induction
Heating

Garćıa et al.
[54]

Steel wool
type 3 154.98

Length for
each steel
type.
Short

fibres: 2.5,
Long

fibres: 7

— 60

(i) Steel wool fibers might
negatively impact the abrasion
loss performance of the asphalt
concrete mixture when they are
not homogeneously distributed,
characterized by the appearance
of fibre clusters.
(ii) (e mechanical resistance of
the test samples could be
recovered up to 60% when the
material was damaged. (is
happened at around 100°C.

Steel wool
type 1 83.89

Steel wool
type 00 36.42

Steel wool
type 0000 28.55

Induction
Heating

Liu et al.
[11]

Steel fibres 70–130 4.2

80 —

(i) (e induction heating rate of
the asphalt mixture can be
increased with the suitable
composition of steel fibres and
steel slag. (e order of heating
rate for different asphalt mixtures
is SF + SS> SF> SS. (e selection
of the right composition can
facilitate homogenous heating
and the efficiency of induction
healing.
(ii) Incorporating steel slag or
steel fibres may also improve the
water stability, Marshall stability,
and residual Marshall stability
ratio.

Steel slag

Replace
partially of
coarse

aggregate

—
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while the contact resistance depends on the resistance to
current flow due to the surface conditions of both materials
used. (e heated binder usually exhibits Newtonian flow
when its temperature reached 50°C depending on the source
and composition of the asphalt binder as established by
Garćıa [62], which helps fill the asphalt mixture cracks in a
sort of capillary flow.(e capillary pressure drives the binder
to flow over crack space. However, such flow depends on the
bituminous flow threshold as different types of bitumen

exhibit different threshold temperatures for flow, depending
on their rheological properties, usually ranging from 30°C to
70°C. Menozzi et al. [63] claimed in their study that the flow
behavior index, n where it is near-Newtonian, occurs when
the flow behavior index is within 0.9≤ n< 1. It is the tem-
perature where the Newtonian behavior occurs almost
starting from 30°C and above. Hence, the microcracks heal
and fill the binder while ensuring its bonding and adhesive
strength have been restored [3]. Additionally, the flow

Table 2: Continued.

Healing
Type References Materials

Used
Diameter
(μm)

Length
(mm)

Temperature
Heating (°C)

Duration of
Heating (s) Relevant Conclusion

Microwave
Heating

Tabaković
et al. [55]

Grade 3
coarse-
grained

Trollull Steel
Wool

90 10 — 180 (at
300W)

(i) Busy airports that face
problems of runway closure can
benefit from the microwave
healing process using steel fibres.
(e addition of steel fibres with
3 min of microwave healing
initiates a rapid healing process.
(ii) Optimum steel fibre content
for the Porous Friction Course
(PFC) mix is 5% with 300W
heating power.

Microwave
Heating

Wang et al.
[56]

IM8 Carbon
fibres 5.2 6.35

— 120 (at
1100W)

(i) (e electrical resistivity of the
mastic can be decreased with an
optimal addition of carbon fibres.
It can even absorb more
microwave energy for healing.
(us, less energy is required to
heal cracks on using carbon
fibres.
(ii) 3% of AS4 and 2% of IM8
carbon fibres by bitumen weight
have the best healing
performance.
(iii) (e microwave energy was
absorbed by the carbon fibre and
heal the crack when the surface
temperature went up to around
100°C.

AS4 Carbon
fibres 7.1 6.35

Microwave
Heating

Hassan
et al. [57]

Kitchen wash
steel wool 97.54 3–7 — 60, 90 (at

700W)

(i) Steel wool content of 3 and 5%
by volume of bitumen have an
excellent bonding between the
fractured surfaces 24 hours after
heating.
(ii) Modified asphalt with steel
wool causes the bulk density to
reduce while the air void
percentage increases. (us, to
overcome this problem, higher
compaction energy is required.

Microwave
Heating

González
et al. [58] Steel shavings 1.310 3–21 — 40 (at

700W)

(i) After microwave radiation, the
average surface temperature of
the asphalt reached 71.7°C.
(ii) (e number of air voids in the
mixture increased with the
addition of shavings which was
observed in SEM analysis. (e air
voids are due to the complex
geometry and rough surface of
the shavings.
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behavior index of the bitumen has also been found to be
essential in characterizing the threshold for the initial self-
healing temperature of bitumen [64, 65]. In the case of
microcrack, molecular interdiffusion models can predict
crack occurrences between binder and aggregate interfaces,
while capillary flow healing models best describe the mac-
rocracking self-healing phenomenon [66].

According to the simple model derived by Garćıa et al.
[49] as in the following equation:

q′in du ction
′ �

πr
4
Leq

16ρ
μmBrω

2
, (1)

where q′in du ction
′ � power dissipated by time unit, r� radius of

each individual fiber, Leq � equivalent length or total length
of fibers being heated, μm �magnetic permeability of the
mastic, Br � resultant magnetic field, and (ω)� frequency of
the alternating magnetic field.

Table 3: Comparison of recovery performance between the microwave and induction heating system.

Healing type References Optimum heating temperature or
duration of heating

Recovery performance of optimum steel
fibre content in term of strength at

optimum heating Healing index

Initial Pre-healing Post-healing
Induction
heating Liu et al. [23] 120 seconds N/A N/A N/A Post-healing:

100%
Induction
heating Garćıa et al. [24] 100°C N/A N/A N/A Post-healing:

60%

Induction
heating Liu et al. [52] 85°C 2.5 kN

Cycle 1: 2.1 kN
Cycle 2: 2 kN
Cycle 3: 2 kN
Cycle 4: 2 kN

Cycle 5: 2 kN

Pre-healing:
84%

Post-healing:
80%

Induction
heating Liu et al. [53] 85°C 2200MPa

Cycle 1:
2000MPa
Cycle 2:
2100MPa
Cycle 3:
1900MPa

Cycle 4:
2000MPa

Pre-healing:
86–95%

Post-healing:
91%

Induction
heating Garćıa et al. [54] 100°C N/A N/A N/A Post-healing:

60%
Induction
heating Liu et al. [11] 90°C N/A N/A N/A Post-healing:

52–70%

Microwave
heating

Tabaković et al.
[55] 180 seconds (at 300W) 2200MPa Cycle 1:

1900MPa
Cycle 2:
2000MPa

Pre-healing:
86%

Post-healing:
91%

Microwave
heating Wang et al. [56] 120 seconds (at 1100W) 3.8 kN

Cycle 1: 3.6 kN
Cycle 2: 3.4 kN
Cycle 3: 3.2 kN
Cycle 4: 2.9 kN

Cycle 5: 2.9 kN

Pre-healing:
76–94%

Post-healing:
76%

Microwave
heating

González et al.
[58] 40 seconds (at 700W) N/A N/A N/A Post-healing:

50-60%

Alternative
magnetic field

Coil

Asphalt
sample

Induced
Currents

Fibers Aggregate

Asphalt

Figure 3: Schematic demonstration of induction healing mechanism for thermoplastic asphalt materials [3].
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Based on the formula, the power dissipated per unit time
is related to the total equivalent fibers length. (e power
exhibits a linearly increasing trend with an increase in the
volume of fibers, wherein the relationship is valid until the
percolation threshold is reached. Beyond that threshold
point, the effective length will be the same for all sample
widths wherein no more fibers can fit into the sample.

(e process of induction heating, as mentioned earlier, is
based on electromagnetic induction and Joule’s heating,
which can be expressed using electromagnetic induction
Faraday’s law. (e electromotive force (ε, in volts) and
magnetic flux (ϕ_B, in Webers) are related based on the
following equation [2]:

ε � −
dϕB

dt
. (2)

Apart from that, Faraday’s law emphasized that the
strength of these currents and the magnetic field are linear
to the magnitude of the current flowing through the coil.
Electrically nonconductive bitumen requires particles that
are conductive to be added to its mixture, such as steel
fibers, to build closed loops of eddy currents and facilitate
the transfer of electron energy between the bituminous
and steel phases. Moreover, the induced electromotive
force of steel fibers modified asphalt mixtures can be
expressed as follows [2]:

ε � ω.A. B � 2π.f.A.H.μm, (3)

where ω is the frequency of the alternating magnetic field, A

is the enclosed loop area of the conductive fiber, B is the
magnetic flux, f is the magnetic field frequency, H is the
magnetic field intensity, and μm is the magnetic
permeability.

Based on Joule’s effect, the eddy current heating the
material is expressed as follows [2]:

P � t.I
2
. R, (4)

where P is the heat generated per unit time, t is the time of
exposure to the magnetic field, I is the constant current, and
R is the material resistance.

(e following equation shows the relationship between
the power generated and the source in the sample [2]:

P �
(2π.f.A. H.μ)

2

R
. (5)

Equation (5) shows that the time required to heat a
composite to a specific temperature decreases quadrati-
cally as the frequency increases. A phenomenon called the
“skin effect” is observed during higher frequencies,
wherein the penetration depth of the electromagnetic field
might be limited, even though more power can be dis-
sipated. Rudnev et al. [65] stated that the phenomenon
depends on the occurrence of electromagnetic fields by
induced currents, which have opposite field directions
than the generating field (Figure 4). (e penetration depth
d is expressed using Maxwell’s formulations in the fol-
lowing equation [66]:

δ �

�����ρ
μ.π.f

􏽲

. (6)

From equation (6), an inverse relationship between
frequency and heating depth can be inferred, that is, higher
frequency leads to a lower heating depth. (us, it is essential
to take into consideration the contributing factors in the self-
healing process, such as frequency and so on.

5. Mechanism of Microwave Heating

Another technology related to the self-healing of asphalt
pavement is microwave radiation. Microwaves are electro-
magnetic (EM) waves is similar in nature to radar, ultraviolet
(UV), and infrared (IR). Both the waves are differentiated
from each other based on their wavelength (known as
frequency). For example, ultraviolet has a wavelength be-
tween 4.3×10−7m and 3×10−9m, while the wavelength of
microwave ranges between 3mm and 3m, corresponding to
frequencies between 100MHz and 100GHz [42, 67]. A
microwave oven typically functions at 2.45GHz, which
usually corresponds to an approximate wavelength of
120mm [45, 68, 69].

Microwaves are nonionizing electromagnetic radiation
that causes heating of the matter by oscillation, rotation, or
vibrations of molecules [70]. Conventional processing
methods involve heating the surface of materials while
transferring the heat into the material via conduction,
convection, and radiation modes. In contrast, in microwave
heating, atomic level heating occurs, which gives rise to
volumetric heating in the processed component [71]. (e
electromagnetic energy is converted into heat within the
material during microwave heating. (e heat generated in
the core moves in the outward direction. (e electromag-
netic waves only increase the energy stored thermally by an
object when they are absorbed. (is phenomenon can be
inferred that the more thermally stored energy within a
material, the more the occurrence of vibration and oscil-
lation of its molecules under electromagnetic radiation. Such
an increase in vibration and oscillation of molecules in form
of kinetic energy leads to the dissipation of heat energy
within the material that can cause the increment of tem-
perature [5]. However, the energy of electromagnetic ra-
diation and its absorbance depends on the photon
wavelength, that is, color that varies over a wide range. (is

Coil

Asphalt sample

Figure 4: Schematic diagram of “skin effect” phenomenon [66].
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determines its rate of heat transfer, wherein, for instance,
photon wavelengths of black surfaces have higher heat
transfer rates than transparent surfaces, which makes the
utilization of asphalt black surfaces incorporated with
conductive materials very efficient in terms of heat transfer
between the bitumen and conductor molecular interfaces.
(is phenomenon helps ensure uniform heat dissipation
from the bituminous phase to the conductor phase, which
leads to effective capillary flow in both phases. (e heating
mechanisms of asphalt in a microwave system are shown in
Figure 5. An example of microwave heating towards the
asphalt sample that can increase the temperature of the
binder and close the crack is shown in Figure 6.

(e EM waves can be absorbed by the steel fibers when
they are placed in the microwave field. (e steel fibers can
absorb the microwaves and convert them to heat through a
combination of different phenomena, such as double po-
larization, interface polarization, and electrical conduction
dissipation [73]. (e converted heat is passed on to the
asphalt and aggregates. (e effect of temperature on the
asphalt at the time of microwave heating results in a

Newtonian flow of the asphalt, enabling it to fill the cracks in
the mixture. On a microscale, the process of crack healing in
a microscale can be considered to be characterized by a
combination of capillary flow induced by the surface tension
force, the gravity of liquid asphalt, and friction between
aggregate particles and flowing asphalt. (e recovery of
adhesion strength occurs when the molecular diffusion and
rebinding process occurs, while the binder flows into the
microcrack space. (e recovered strength was ascribed to
two major aspects: the molecular diffusion in asphalt and the
rebinding of asphalt and aggregates [54]. (e healing
mechanism of asphalt mixture via microwave heating is
shown in Figure 7.

(e efficiency materials in absorbing energy from mi-
crowave radiations, which ultimately induce increments in
its temperature via the penetration of such wave into its
molecular structure, can be expressed by its dielectric
properties. (ree related parameters in this field are as
follows:

(1) (e dielectric constant of the material (ε′)

Material
(Asphalt sample)

Microwave

Asphalt core

Colder

Hotter

Figure 5: Phenomenon of heat generation in microwave heating [72].
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Figure 6: Schematic diagram of crack closure via microwave heating [38].
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(2) (e dielectric loss factor (ε’’)
(3) (e dissipation factor or loss tangent of the material

(tan δ)

(e dielectric constant (ε’) affect the electrical field
energy that is stored within the material. (e dielectric loss
factor (ε’’) determines the value of that energy is dissipated
in the form of heat, while the loss tangent, which equals ε’’ε’,
is the parameter that quantifies the inherent dissipation of
electromagnetic energy [74]. By discovering these factors,
several researchers such as Wan et al. [75] and Zhang et al.
[76] are making an improvement to the ability of asphalt
mixtures toward the microwave absorption via increment of
the dielectric constant of asphalt mixtures.

6. Conclusions and Way Forward

An extensive review of the research works carried out on the
advancement of self-healing has revealed that the method is
a competent technology for road maintenance with a great
potential to prolong the service life of asphalt pavements.
(e innovation of self-healing by using induction/micro-
wave heating can help enhance the temperature absorption

of the binder, which can help improve its fatigue resistance
under repeated traffic loading. Such loads also inhibit the
performance of pavements under various adverse weather
and stress loading conditions. Asphalt self-healing processes
mainly entail the wetting of nanocrack surfaces, diffusion of
binder molecules between binder-aggregate interfaces, and
the randomization of these diffused molecules, which help
achieve the strength of cracked interfaces relatively similar to
that of the original materials.(us, self-healing is an effective
method of enhancing the ability of asphalt pavement to heal,
especially on microcracks healing.

Incorporating self-healing technologies into asphalt
pavements leads to more durable roads and addresses en-
vironmental and economic challenges by lowering costs and
emissions during maintenance and manufacturing pro-
cesses. Such incorporation between sustainable materials
can aid in developing asphalt pavements with self-healing
technologies and construction of asphalt pavements as a
whole. Moreover, these technologies can help reduce the
consumption of natural resources, saving the cost of ag-
gregates and bitumen that would otherwise be used in re-
construction or repair/maintenance actions of road
networks while mitigating the effect of related costs and CO2

Weight of
healing material

Crack

Asphalt

Aggregate Notch

Fibers

Asphalt concrete Asphalt concreteCrack

Surface tension
force

Liquefied
asphalt

Friction

ø

Microwave

Figure 7: Schematic demonstration of microwave healing mechanism [54].
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emissions, as well as minimizing the traffic disruptions
during road construction cycles. Additionally, the utilization
of renewable and sustainable materials on asphalt pavement
construction has led to the quest for material efficiency,
suitability, and productivity in both the fields of material and
transportation engineering. Contrastingly, different mate-
rials may or may not be compatible with asphalt mixtures
based on their nature and composition; materials such as
steel and its by-product have been established to be suitable
in improving asphalt mixture mechanical and healing
strengths as a result of its efficient physical and conductive
properties. Hence this review recommends further explo-
ration concerning the effect of steel slags, wools, and fibers in
terms of the impact of bituminous and steel free energy
phases on healing while also taking into consideration the
influence of chemical compositions on steel rusting and
deterioration for a thorough understanding between steel
and bitumen as a singular system.
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[46] S. Xu, X. Liu, A. Tabaković, and E. Schlangen, “Experimental
investigation of the performance of a hybrid self-healing
system in porous asphalt under fatigue loadings,” Materials,
vol. 14, no. 12, p. 3415, 2021a.

[47] S. Fan, H. Zhu, H. Yuan, and C. Chen, “Fracture -healing
properties of asphalt mixtures and microwave heating
thermo-sensitivity analysis of their constituent materials,”
Journal of Cleaner Production, vol. 312, p. 127763, 2021.

[48] W. Zhang, D.Wang, and B. Han, “Self-healing concrete-based
composites,” Self-Healing Composite Materials, pp. 259–284,
2020.
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Industrial solid waste has been widely used as an alternative additive for bituminous material modification. (is study aims to
evaluate the basic properties and quantify the leaching potential of modified asphalt binders incorporating crumb rubber powder
(CRP) from waste tires and tin slag (TS) for a local smelting company. (ree percentages of CRP and TS, at 5, 10, and 15%, were
considered.(e conventional asphalt binder (PEN 60/70), CRP, and TS-basedmodified asphalt binders were analyzed for toxicity,
softening point, penetration value, elastic recovery, torsional recovery (TR), and coatability index. (e findings indicated that the
addition of the waste materials led to no significant heavy metal content in the asphalt binder mix. Moreover, the basic and
physical properties of the asphalt binders were also improved by 5, 10, and 15% of the waste, respectively. However, TS waste
exhibited limited effects on all the parameters and had a 5% optimum dosage. (e modified binders’ results showed that the CRP
modified asphalt binders had fewer heavy metals and responded more to elastic recovery and coatability.

1. Introduction

In Malaysia, the escalated usage of vehicles on roads gen-
erates a huge amount of waste tires at the end of their life
cycle [1]. Up to mid-2017, there were 28,181,203 units of
vehicles registered, as reported by the Malaysia Automotive
Association (MAA) [2]. As a developing country, the huge
increase in the generation of scrap tires is alarming. (e
disposal of waste tires poses a major environmental problem,
as they have a long lifespan and possess nonbiodegradable
properties. Disposal of waste tires is a challenging task as it
will lead to scarcity of landfills capacity due to its large
quantity [2, 3].(is issue can be overcome by recycling scrap
tires to protect the environment from pollution [4, 5]. Since

the last few decades, recycled waste tires are being utilized as
a modifier in asphalt paving mixtures, additives in Portland
cement concrete, and lightweight fillers. In addition, the tires
can also serve as the crash barrier, a bumper, and an artificial
reef [3, 6, 7]. (e utilization of waste tires is effective in
overcoming the issue associated with solid scrap tire dis-
posal, and the recycled tires such as crumb rubber can act as
a good modifier for enhancing the properties and perfor-
mance of asphaltic concrete [2, 8, 9]. (e utilization of
polymer-modified bitumen is a cost-effective and efficient
alternative to improve the performance of asphalt pave-
ments [10, 11].

Vehicle tire shreds are usually found in the range of
460mm to 25mm, and thus, the small sizes of shred and chip
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eased the production of ground crumb rubber [12]. (e wire
and other metal contaminants are removed [12–14]. (e
applications of crumb rubber in asphalt paving mixtures are
known as rubber asphalt in the USA. It consists of asphalt
cement, reclaimed tire rubber, and additives. According to
the reports, approximately 15% of the rubber components
are integrated into the rubber asphalt blend. During the
blending process, grounded rubber particles were mixed
with hot asphalt cement, resulting in swelling of the rubber
particles [15]. (e particles size of CRP influenced the
physical properties of modified binders. Studies reported
that the particle size of crumb rubber, which is subjected to
high temperature, was an influential factor in viscoelastic
properties [16, 17].

On the other hand, tin slag is formed through the
smelting process of tin. Recently, a company from Penang
managed to produce 27,172 tonnes of tin metal, thus making
Penang the largest tin producer in Malaysia. Malaysia is
known as the third-largest tin metal supplier globally,
leading in the production of tin metal and tin-based
products, as well as custom tin smelting [18]. Cassiterite is
reduced to form tin metal with carbon at a very high
temperature (1200°C to 1300°C). Currently, the lack of
commercial application of tin slag and its unsuitability for
disposal in landfills has resulted in the accumulation of a
large quantity of waste that poses a disposal concern for
smelting plant companies. (e TS generally consists of SiO2,
Al2O3, CaO, Fe2O3, and TiO2. (e elements such as Pb, Cr,
andMn in TS tend to be soluble in an acid environment [19].
With stringent environmental restrictions by the govern-
ment and local authorities, treatment, and disposal issues for
scheduled waste are getting more attention from manu-
facturers or industry authorities. Along with this, an al-
ternative approach such as reusing or recycling industrial
waste or by-products has been considered. (e outcome of
previous research shows that those products are feasible to
be used in road pavement construction as binder modifiers
with and without additives [20–24].

However, incorporating various industrial wastes into
asphalt binders has compelled me to conduct related studies
to ascertain that the heavy metals are present in the CRP and
TS modified binders. (e studies are to ensure its envi-
ronmental sustainability through the use of asphalt pave-
ment technology. (is study is also partially intended to
examine the basic and physical characteristics of CRP and TS
modified binders. (erefore, this study mainly aims to
evaluate the possibility of adding different industrial wastes
(CRP and TS) as additives to bituminous materials.

2. Materials and Methods

2.1. Materials. (e physical properties of conventional as-
phalt binder (PEN 60/70) used for the sample preparation in
this study are shown in Table 1. (e dosages of industrial
waste that are used to modify asphalt binders, namely,
crumb rubber powder (CRP) and tin slag (TS), are provided
in Table 2. (e CRP and TS industrial waste adopted were
supplied byMalaysia’s Pan Century Oleochemicals Sdn Bhd.
and Penang’s Malaysia Smelting Corporation Berhad

(MSC). (e physical appearance of the CRP is shown in
Figure 1(a). (e CRP is a processed waste tire, in which the
size of the tire is reduced by grounding it into smaller
particles. (e distribution of particle size for both the CRP
and TS is shown in Figure 2. TS was initially dried in an oven
at 105± 5°C for 24 hours and then grounded for 8 hours to
obtain finer particles using a laboratory scale ball mill. (e
tin slag went through a 75 μm sieve to remove coarser
particles, as shown in Figure 1(b). (e tin slag chemical
composition is shown in Table 3 [25]. All samples were
prepared using a liquid antistripping agent at 0.1% Silane
additive based on the binder weight.

2.2. Preparation of Samples

2.2.1. Preparation of the Sample for Toxicity Characteristic
Leaching Procedure (TCLP) Test. Initially, the asphalt binder
in galvanized iron containers was preheated at 160°C for 1
hour. Besides that, modified binders with different dosages
(5%, 10%, and 15%) of CRP and TS were also prepared to
compare the impact of various dosages on the quantity of
detected heavy metals. Before testing, the preheated mod-
ified binder in each galvanized iron container was manually
stirred for 1 minute to improve its consistency. (en, the
sample was poured into a container and cooled to room
temperature for 1 hour prior to the test. (e toxicity of the
conventional and modified asphalt binders was tested
according to US EPA Method 1311, Toxicity Characteristic
Leaching Procedure (TCLP) [26] by using the water from the
purification system (Figure 3(a)) and an automatic rotary
agitator as shown in Figure 3(b).

2.2.2. Preparation of the Sample for the Physical Property
Tests. (e TS and CRP modified binders were prepared
using three dosages at 5%, 10%, and 15% by weight of asphalt
binder. (e incorporation of waste materials (TS that was
passing 75 μm or CRP passing 1mm) was incorporated in

Table 1: (e bitumen properties.

Physical properties Results
Torsional recovery 0.5%
Softening point 50°C
Elastic recovery 83%
Penetration 65 dmm
Flash point 273°C

Table 2: Percentages of additives used.

Types of additives Designation Dosages (%) Sample
designation

Crumb rubber powder CRP
5 5% CRP
10 10% CRP
15 15% CRP

Tin slag TS
5 5% TS
10 10% TS
15 15% TS
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the binder via a wet process. Firstly, the conventional asphalt
binder was preheated at a temperature of 160°C before
blending. After that, the waste materials were incorporated

into the binder for 30 minutes at a temperature of 160°C in a
high-shear mixer. (e waste materials were added gently
into the binder to avoid clumping to produce a homogenous

(a) (b)

Figure 1: Physical appearance of industrial waste powders. (a) Crumb rubber powder. (b) Tin slag.
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Figure 2: Particle size distribution of crumb rubber powder (CRP) and tin slag (TS).

Table 3: Chemical composition of tin slag.

CaO (%) SiO2 (%) Al2O3 (%) MgO (%) FeO/Fe2O3 (%) WO (%) As (%) Pb (%) Cd (%) TiO2 (%) Sn (%) Zn (%)
16–20 28–32 10–13 2–4 13–18 20 <0.01 <0.01 <0.0001 4–6 <0.3 <0.14

(a) (b)

Figure 3: TCLP test assembly. (a) Water purification machine. (b) Automatic rotary agitator.
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modified binder. (e mixing speed of the high-shear mixer
to blend the waste material and binder was set at 1000 rpm.

3. Test Methods

3.1. Toxicity Characteristic Leaching Procedure (TCLP).
(e testing was initiated by preparing samples of bitumen,
CRP, or TS mixed binder of about 100 g with each placing in
a 2 L plastic bottle together with extractor fluid #1 used as
leaching fluid. (e buffer chosen for the extraction of fluid
depends on the pH of the samples. (e preparation of ex-
traction fluid #1 was started by mixing glacial acetic acid
(CH3COOH) (5.7mL) into 1 L Type II reagent water, fol-
lowed with the addition of 1N NaOH (64.3mL), and diluted
it to the volume of 2 L with final pH 4.93± 0.05. Type II
reagent water was filtered by the New Human Power System
water filter (Figure 3(a)). Referring to Figure 3(b), the plastic
bottles were placed in an Automatic Rotary Agitator at
18± 2 h at room temperature. After agitation, the samples
were filtrated with 0.7 µm glass microfiber filters.(e filtered
samples were collected and analyzed for 21 chemical ele-
ments. (e concentrations (ppm) of chemical elements such
as arsenic (As), beryllium (Be), calcium (Ca), cadmium (Cd),
cobalt (Co), chromium (Cr), copper (Cu), iron (Fe), lithium
(Li), magnesium (Mg), manganese (Mn), molybdenum
(Mo), nickel (Ni), lead (Pb), antimony (Sb), selenium (Se),
strontium (Sr), thallium (Ti), thallium (Tl), vanadium (V),
and zinc (Zn) were determined by state-of-the-art equip-
ment namely ICP-OES (Varian 715-ES ICP Optical Emis-
sion Spectrometer). (e same approach was repeated for tin
slag samples. Table 4 shows the United States Environmental
Protection Agency (US EPA).

3.2. Basic Properties of Asphalt Binders. (e asphalt binder
basic tests were carried out using the penetration, softening
point, elastic recovery, and torsional recovery tests. (e
penetration test was performed in accordance with ASTM
D5 [28] to evaluate the differences in penetration grade and
the consistency of asphalt binders. Likewise, the softening
point test determined the temperature of the initial asphalt
binder response as followed by the ASTM D36 procedure
[29]. Moreover, the determination of temperature suscep-
tibility of crumb rubber and tin slag modified asphalt
binders was evaluated from the penetration index (PI),
which was obtained from the penetration and softening
point test. (e calculation of penetration index is shown in
Shell BitumenHandbook as stated in the following equation:

PI �
1952 − 500 log(Pen25) − 20x SP

50 log(Pen25) − SP − 120
, (1)

where Pen25 refers to the penetration at 25°C, and SP refers
to the softening point temperature of modified asphalt
binder.

(e elastomeric characteristics of the asphalt binder and
modified binders were ascertained via elastic recovery and
torsional recovery. (e elastic recovery test was done by
following AASHTO T51 and ASTM D6084 [30, 31]. (is
elastic testing was conducted at 25°C according to ASTM

specification, in which the binder specimens were pulled
apart in a ductilometer and held after reaching a specified
elongation during the test. (e specimens are then cut in the
middle of the elongation, and the percent recovery of each
specimen is determined [31].

(e torsional recovery test is an inventive method in
determining the elasticity in the asphalt binder. It was
conducted following the ARRB AG: PT/T112 procedure [32]
at 25°C. (is test was performed by embedding a metal disc
in a cup of asphalt, and the sample container was rotated at
180°.(en, the band was removed, and the specimen was left
aside to recover for 30 seconds. (e torsional recovery
percentage (TR) was calculated by the following equation:

TR �
A

180
× 100, (2)

where A is recovered angle, in degrees.

3.3. Binder Coatability Test. (e coatability of the asphalt
mixtures was determined based on the aggregate absorption
method in accordance with the AASHTO T195 [33]. In this
method, only coarse aggregate particles are considered. (e
short-term aged coated aggregate with a soaking time of 60
minutes was presumed that a completely coated aggregate
would demonstrate high resistance towards the diffusion of
water due to the presence of asphalt film that covered the
aggregate surface. Otherwise, a coated aggregate could be
prone to water absorption by allowing the water to diffuse
into the partly coated aggregate [34–36].

(is study determined the coatability of asphalt base
binder and modified asphalt mixtures by the following
procedures. Firstly, the 20mm coarse aggregate was wet-
sieved in order to remove the excessive fine particles. (en,
the coarse aggregate was dried in an oven at a temperature of
105± 5°C for 24± 0.5 hours. Oven-dried coarse aggregate
was sieved, and the portion retained on the 10mm sieve size
was used to prepare the sample. A 2,000 g batch sample
consisted of 26% of aggregate between 20mm and 14mm,
and 74% of aggregate with sizes ranging from 14mm to
10mm was prepared. Six individual batches were formed
from coarse aggregate gradations following Marshall mix
design, with three batches sample of 2,000 g subjected to
preheating at a mixing temperature of 160°C for four hours,
and the others were stored at the room temperature. (e
considerations have taken to their rheological behavior at
mixing, and construction temperature, the base asphalt

Table 4: Metals’ hazardous waste parameters by the US EPA [27].

Metals Regulatory level (ppm)
Arsenic (As) 5.0
Barium (Ba) 100.0
Cadmium (Cd) 1.0
Chromium (Cr) 5.0
Lead (Pb) 5.0
Mercury (Hg) 0.2
Selenium (Se) 1.0
Silver (Ag) 5.0
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binder, and modified asphalt binder were subjected to a high
temperature of 163°C for at least 85 minutes to simulate the
short-term aging process artificially. (e aging process was
conducted in accordance with ASTM D 2872 [37].

Mix design and the surface area distribution of the coarse
aggregate fraction determined the required amount of
binder. Equations (3) to (6) were used to compute the binder
content and the output parameters such as absorption of loss
mixture aggregate, absorption of aggregate, and coating
index of each mixture. (e input parameters used for the
sample preparation are presented in Table 5. (e amount of
binder of 41.25 g was mixed with the 2,000 g of coarse ag-
gregate fraction batch. (e optimum binder content (OBC)
of Pb was obtained from the Marshall mix design. (e as-
phalt binders were subjected to heating for two hours. (en,
the loose mixture was placed into a bucket mixer for 60
seconds before being transferred into a tray and heated in the
oven for the next two hours. (ese allow for binder ab-
sorption and induce the short-term aging process during
production simultaneously. Moreover, the loose mixture
was cooled at room temperature overnight. Both aggregates
and loose mixture were exposed to water for 60 minutes.
(en, a dry towel was used to remove the excess water until
the saturated surface dried (SSD) condition was achieved.
(e masses obtained for aggregate and loose mixture in SSD
condition were recorded as Wagg-SSD and Wloose-SSD,
respectively.

Binder content, Wb � Wagg ×
Pb

100 − Pb

×
SAcoarse

SST
×

1
Ps−coarse

, (3)

Abs%loose �
Wloose−SSD − Wagg + Wb􏼐 􏼑

Wagg + Wb

× 100, (4)

Abs%agg �
Wagg−SSD − Wagg

Wagg
× 100, (5)

coating index �
Abs%agg − Abs%loose

Abs%agg
× 100. (6)

(e surface area of mix design combined with aggregates
is calculated by adopting methods from previous studies and
past laboratory work experiences regarding aggregate gra-
dation [38].(e calculation for surface area determination is
shown in Table 6.

4. Results and Discussion

4.1. Effect of Crumb Rubber and Tin Slag on the Leaching
Potential. (e current study investigates the potential
leaching of heavy metals from crumb rubber, tin slag, and
conventional asphalt binder through TCLP experiments.
(e collected leachates of the samples were analyzed for the
heavy metals by Inductively Coupled Plasma Optical
Emission Spectrometry (ICP-OES). (e initial TCLP test
was performed on raw material, namely, crumb rubber
powder, tin slag, and unmodified asphalt binder. Next, the

TCLP test was performed on crumb rubber powder and tin
slag incorporated asphalt mixture. (e TCLP test was
conducted at two different stages to deliver a thorough
correlation between the leaching of raw materials and the
incorporation of raw material into asphalt mixtures. Along
with this, the research findings indicated the effect of asphalt
binder in reducing the leaching of heavy metals from the raw
materials. Furthermore, the findings of TCLP analysis for
crumb rubber powder, tin slag, and asphalt binder can be
used to portray themobility of heavymetals and replicate the
leaching situation, as heavy metals elements were leached by
acid rain.

(e unmodified asphalt binder was tested as a control
sample. (e filtered samples or leachate solution was ana-
lyzed for the chemical elements using optical emission
spectroscopy (ICP VARIAN 715-OES). (e results from the
leachate solution of the unmodified asphalt binder analysis
implied that the chemical elements such as Arsenic (As),
Beryllium (Be), Cadmium (Cd), Cobalt (Co), Copper (Cu),
Lithium (Li), Lead (Pb), Strontium (Sr), and (allium (Tl)
were not detected. However, Ca, Cr, Fe, Mg, Mn, Mo, Ni, Sb,
Se, Ti, V, and Zn were detected via the conducted tests. (e
experimental results of the TCLP for these materials in
Table 7 were expressed in part per million (ppm). Zinc was
detected with the highest concentration recorded as 62 ppm
in crumb rubber powder, but it is still considered within the
safe level compared to its maximum allowable limit of
250 ppm in Table 4. Chromium and selenium, which are
more hazardous, were obtained at a concentration of
0.007 ppm and 0.235 ppm, respectively, for crumb rubber
powder, while they were 0.003 ppm and 0.078 ppm for tin
slag. Chromium was not detected in asphalt binder samples,
yet selenium was detected at 0.134 ppm. Nevertheless, it is
very much lower than the regulatory level according to the
metals hazardous waste parameters by US EPA regulatory in
Table 4 [27].

Meanwhile, the results in Table 8 show the detected
metal elements concentrations for the samples of asphalt
binder with the incorporation of crumb rubber powder at
different concentrations. Generally, the trend of the ex-
perimental results showed that the increasing amount of
crumb rubber powder caused a hike in certain heavy metal
elements. A higher amount of heavy metals contamination
for Ca, Fe, Mg, and Ti was detected in the filtered leachate
solution for a higher portion of crumb rubber powder. (is
proved that incorporating asphalt binder mixed with crumb
rubber powder does not facilitate or has no effect in reducing
these heavy metal elements in the leaching process, which
primarily comes from crumb rubber powder. In the case of
selenium, it was found to be eliminated in bitumen mixed
for 5%, 10%, and 15% added crumb rubber, but vanadium
was slightly increased at 15% added crumb rubber in
comparison to 5% and 10%. (ere was a fluctuation for Mo,
Sb, and Zn, which could be occurred due to many factors
such as the varying portion of chemical elements in the
crumb rubber added into the specimens.

(e metals considered as hazardous such as As, Cd, Cr,
and Pb were evaluated to be below detectable limits, except
Se that was obtained at 0.171 ppm but below 1 ppm limit.
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Other metals obtained below detectable limits consisted of
Be, Co, Cu, Li, Mn, Ni, Sr, and Tl. (e analysis was obtained
in a minimum of Ca, Fe, Mg, Mo, Sb, Se, It, V, and Zn. (e
results showed that not only bitumen mixed sources of
toxicity from crumb rubber were emanated but the bitumen
itself also contributed to some of these toxic contaminants.

Table 9 shows the metal elements concentrations on
bitumen added tin slag mixed leachate solutions. (e ex-
perimental results show that a bigger portion of tin slag
causes higher Ca, Fe, Mg, Se, and Ti contamination in the
leachate solutions. Meanwhile, for Mo, Sb, V, and Zn, the
fluctuations might be similar to what was mentioned earlier.

Table 8: Metal elements’ concentrations on CRP-modified bitumen leachate solution.

Metal elements Bit. +5% CRP (ppm) Bit. +10% CRP (ppm) Bit. +15% CRP (ppm)
Calcium (Ca) 0.271 0.542 0.798
Iron (Fe) 0.045 0.064 0.367
Magnesium (Mg) 0.226 0.314 0.956
Molybdenum (Mo) 0.064 0.062 0.062
Antimony (Sb) 0.112 — 0.049
Selenium (Se) — — —
Titanium (Ti) 0.046 0.047 0.093
Vanadium (V) 0.004 0.004 0.006
Zinc (Zn) 0.084 0.060 0.089

Table 5: (e amount of materials required for the sample preparation.

Parameters Values
(e optimum of binder content, Pb 5.0%
Coarse aggregate, Wagg 2,000 g
(e surface area of the combined aggregate, SAcoarse 0.41m2/kg
(e total surface area of mix design combined aggregate, SST 5.507m2/kg
Percentages of coarse aggregate retained on a 10mm sieve, Ps-coarse 19%

Table 6: (e determination of surface area.

Sieve size (mm) Percent passing (%) Surface area factor (m2/kg) Surface area (m2/kg)
20 100 — 0.41
14 95 — —
10 81 — —
5 56 0.41 0.229
3.35 47 0.82 0.3854
1.18 26 1.64 0.4264
0.425 18 4.78 0.8604
0.15 10 12.29 1.229
0.075 6 32.77 1.9662

Total surface area of combination size aggregate 5.507

Table 7: Metal elements’ concentrations on bitumen, crumb rubber powder, and tin slag leachate solution.

Metal elements Bitumen (ppm) Crumb rubber (ppm) Tin slag (ppm)
Calcium (Ca) 0.538 26.050 19.341
Chromium (Cr) — 0.007 0.003
Iron (Fe) 0.034 2.275 5.921
Magnesium (Mg) 0.116 1.020 3.369
Manganese (Mn) — 0.035 0.466
Molybdenum (Mo) 0.077 0.108 0.256
Nickel (Ni) — 0.035 0.034
Antimony (Sb) 0.074 0.045 0.051
Selenium (Se) 0.134 0.235 0.78
Titanium (Ti) 0.044 0.049 0.050
Vanadium (V) 0.005 0.011 0.046
Zinc (Zn) 0.152 61.81ACT5 0.495
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However, metal elements in bitumen added with tin slag
mixed leachates solution are very low and below the reg-
ulatory level according to the metals hazardous waste pa-
rameters stated by US EPA, as shown in Table 4.

4.2. Basic and Physical Characterization of the Asphalt Binder

4.2.1. Softening Point, Penetration, and Elastic Recovery
Results. Results tabulated in Table 10 show that the asphalt
binder’s basic and physical properties are incorporated with
crumb rubber powder and tin slag. (e properties of all
asphalt binders were assessed through penetration tests by
evaluating their consistency and softening point. (ese tests
were assisted in identifying the maximum service temper-
ature; meanwhile, an elastic recovery test was used to de-
termine the rate of the elastic response of asphalt binders.
Table 10 demonstrates a reduction in penetration, while the
softening point value increased with the increasing content
of additive. (is trend was acceptable on the crumb rubber
modified asphalt binder except for the tin slag modified
asphalt binder. (ere were no changes in the penetration
and softening point for the tin slag modified asphalt binder,
regardless of their concentrations. Nonetheless, the pene-
tration and softening point of tin slag modified asphalt
binder exhibited lower than the control asphalt binder. (e
increase in softening point is essential as the asphalt binder
will be less temperature susceptible in resisting permanent
deformation. (e higher softening point and lower pene-
tration value are due to the stiffening effect of additives. In
addition, the different tin slag dosages have resulted in
similar results for both the softening point and penetration
value due to insufficient elastic response and stiffening effect
of tin slag. Bitumen with imbalanced chemical compound
and molecular weight distribution has presented a low
penetration ratio and penetration index (PI) values resulting
in high-temperature susceptibility. (e asphalt binder was
enhanced by reducing the temperature susceptibility, which
led to a higher penetration index. As tabulated in Table 10,
crumb rubber powder modified asphalt binders exhibited
low susceptibility to temperature compared to the control
asphalt binder as the crumb rubber content increased.
Nevertheless, the tin slag modified asphalt binders are prone
to temperature difference since the penetration index is
much lower than the control asphalt binder due to the effects
of softening point.

(e incorporation of crumb rubber powder has a sig-
nificant influence on the behavior of modified asphalt
binders. (e crumb rubber powder-based modified asphalt
binder shows a linear increase for all types of rubberized
asphalt binder. Elastic recovery findings were comparable to
rubberized bitumen ductility outcomes as it demonstrates
the high elasticity of modified asphalt binder and its recovery
after deformation, enhancing the resistance behavior to-
wards permanent deformation. (e outcome of the test
presented that a lower percentage of recovery indicated a
better recovery. (e elastic recovery findings improved for
all concentrations of crumb rubber powder from 92.3% for
unmodified asphalt binder to 54%, 37%, and 32% for 5%,
10%, and 15% for crumb rubber powder modified asphalt
binders, respectively. (e crumb rubber powder has sig-
nificantly improved the elastic recovery and indicated that
the asphalt binder could recover after removing a certain
amount of strain load. (is is caused by the natural elastic
behavior of the crumb rubber powder, which is also an
elastomer. However, the tin slag modified asphalt binders do
not portray any elastic recovery since the findings are
comparably similar to the control sample. (is is because tin
slag does not possess an elastic behavior as it is not an
elastomer or plastomer. Conclusively, it inferred that the
addition of crumb rubber powder significantly affected the
basic properties of asphalt binder, while tin slag showed the
opposite due to its inelastic behavior.

4.2.2. Torsional Recovery (TR). Results for torsional re-
covery of asphalt base binder modified with CRP and TS at
5%, 10%, and 15% dosages are presented in Tables 11 and 12,
respectively. (e incorporation of CRP and TS as additives
in asphalt binder changes the recovery percentage at 5%,
10%, and 15% compared to the control binder. (e torsional
recovery percentage of the binder with the incorporation of
CRP in Table 11 portrayed a significant improvement in the
elasticity of the asphalt binder at all percentages. Moreover,
the highest and the least percentage recovery difference
observed compared to the conventional asphalt binder were
9% and 1.7%, respectively. (e addition of TS in the asphalt
binder, as shown in Table 12, showed a contrary pattern as
compared to CRP. (e torsional recovery differences of 5%,
10%, and 15% modified TS binders in the conventional
asphalt binder have identical values with 0.5% due to their
similar torsional recovery angle observed.

Table 9: Metal elements’ concentrations on TS-modified bitumen leachate solution.

Metal elements Bit. +5% CRP (ppm) Bit. +10% CRP (ppm) Bit. +15% CRP (ppm)
Calcium (Ca) 0.231 0.449 1.944
Iron (Fe) 0.045 0.064 0.367
Magnesium (Mg) 0.226 0.314 0.956
Molybdenum (Mo) 0.064 0.062 0.062
Antimony (Sb) 0.112 — 0.049
Selenium (Se) — 0.127 0.168
Titanium (Ti) 0.046 0.047 0.093
Vanadium (V) 0.004 0.004 0.006
Zinc (Zn) 0.084 0.078 0.089

Advances in Materials Science and Engineering 7



Conclusively, it deduced that the incorporation of CRP
and TS, which was influencing the formation of crystalline
network lattice in the binder structure, resulted in returning
the pointer of the apparatus to its initial position due to
controlled recovery force.

4.2.3. Coatability Index. (e coatability results for the
conventional asphalt mixture (HMA) and wastes modified
asphalt mixtures of CRP and TS are shown in Table 13.
Subsequently, the averaged absorption of the three trials
with loose mixes and the bare aggregates was tested, and the
coating indexes were computed. (e conventional HMA
findings are compared with wastes modified asphalt mix-
tures. (e coatability testing for the mixtures was conducted
by using three different dosages at 5%, 10%, and 15% (CRP
and TS), respectively. (e results of asphalt added with CRP
and TS were different from those of the controlled sample.
(e coating index of the mixture with CRP showed better
performance at 5% dosage; meanwhile, TS performed better
at 10% dosage. Moreover, the absorption of the aggregate
particles was decreased due to the improvement in coating
index by the modified asphalts. However, a low marginal
difference was observed between different percentages of TS.
(e mixtures containing 15% CRP and TS showed the
highest absorption rate corresponding to the lowest coating
index.(is indicates that absorption and coatability rate was
dependent on the dosages and chemical compositions of
waste materials. Likewise, the CRP exhibits more elastic and
bonding characteristics than the TS. (e results show rea-
sonable trends in the variable percentages of CRP and TS in
asphalt mixture compared to HMA.

5. Conclusion

(is current study demonstrated the effects of differences in
percentages of CRP and TS on the leaching potential, basic,
and physical properties, as well as the coatability of asphalt
binder. (e obtained findings concluded that the quantity of
CRP and TS waste materials in bitumen impacts the metal
concentration present in mixtures with leachate solutions.
Moreover, the higher percentage portion of CRP and TS
resulted in a higher increment of the metals content. (e
existence of metals in bitumen mix was a minor concern due
to their low quantity and minimum toxicity. (erefore, this
study portrayed that CRP and TS metals content presents an
insignificant source of hazard towards the environment and
groundwater.

Furthermore, the basic properties of CRP and TS
modified binders significantly improved the physical
properties (softening point, penetration, elastic recovery,
and coatability) of the conventional asphalt binder and
modified binder. (e modified binders with CRP

Table 12: Torsional recovery results of TS modified binders.

Asphalt binders Recovered angle (o) Torsional recovery (%) % (differences) TR

Control 1 0.6 —
5% TS 2.0 1.1 0.5
10% TS 2.0 1.1 0.5
15% TS 2.0 1.1 0.5

Table 13: Coatability test results of the control and waste-modified
asphalt mixtures.

Specimen Water absorption of loose
mix (%)

Coating
index

Control 0.22 88.2
5% CRP 0.04 97.6
10% CRP 0.11 94.5
15% CRP 0.13 93.1
5% TS 0.09 95.3
10% TS 0.08 96.0
15% TS 0.14 93.0

Table 10: Basic properties of asphalt binders.

Properties Control sample
Crumb rubber content (%) Tin slag content (%)

5% 10% 15% 5% 10% 15%
Penetration, dmm 65 58 54 42 56 57 57
Softening point, °C 50 53 56 61 49 48 45
Penetration index −0.574 0.217 0.957 2.062 −2.255 −2.255 −2.255
Elastic recovery, % 92.3 54 37 32 91.67 91 91.67
Ductility, cm >100 >100 >100 >100 >100 >100 >100

Table 11: Torsional recovery results of CRP modified binders.

Asphalt binder Recovered angle (o) Torsional recovery (%) % (differences) TR

Control 1 0.6 —
5% CRP 4.2 2.3 1.7
10% CRP 11.1 6.1 5.5
15% CRP 17.2 9.6 9.0
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demonstrated a better improvement compared to the base
asphalt binder and TS.

Torsional recovery results with CRP incorporation
showed an obvious improvement inelastic response of the
asphalt binder at all percentages compared to the base as-
phalt binder and TS samples. In addition, the TS showed an
identical elastic response across the percentages considered.
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