2/17/2020 Jurnal Teknologi L‘

JURNAL TEKNOLOGI

EISSN 2180-3722

UNIVERSITI TERNOLOGE MAT AV YA

Ho

HOME ABOUT LOGIN REGISTER SEARCH CURRENT ARCHIVES ANNOUNCEMENTS

SUBMISSIONS PUBLICATION ETHICS PENERBIT UTM PRESS UT™M

Home > Vol 82, No 2

Jurnal Teknologi

SCIENCES & ENGINEERING

SR RS

SCOPE OF PUBLICATION

Jurnal Teknologi welcomes quality research in the area of Mathematics, Natural Sciences (Biological Sciences, Physical Sciences:
Physics, Chemistry, Astonomy, Earth Science) and Applied Mathematics and Natural Sciences (Building Physics, Mechanical
Engineering, Chemical Engineering, Civil Engineering, Material Science, Bioechnology, Medical Engineering).

Indexed by: SCOPUS, ESCI-WOS, ACI, MYCITE, MYJURNAL

HISTORY OF JURNAL TEKNOLOGI

Jurnal Teknologi was first published in April 1977, then known as Teknologi. Its publications, however, only began to take off on
regular basis in 1992,

The publication of Jurnal Teknologi aims to be the forum for academics and practitioners to write and publish their latest work.
Specifically, the journal serves to disseminate to the public results of current and on-going research projects conducted by UTM
academics in various fields.

As the journal continues to grow, starting from June 1999, with volume No. 30, Jurnal Teknologi was revamped. The journal
now comes in a set of six series (A - F), published twice a year (June and December). Each series specifically focuses on
specialized fields: A (Manufacturing, Advanced Materials, Energy, and Transport); B (Construction, Design, and Planning); C
(Science and Mathematics); D (Electronics, Control, Communication, and Information Technology); E (Management, Education,
and Social Sciences) and F (Environment and Process Technology).

Starting from year 2010, six series of Jurnal Teknologi were merged into two series known as; Jurnal Teknologi (Science and
Engineering) and Jurnal Teknologi (Social Sciences). Published online six time a year (January, March, May, July, September and
November). On 2016, Jurnal Teknologi (Sciences and Engineering) will be published every month. However, under new
management, Jurnal Teknologi (Science and Engineering) will be published online six time a year (January, March, May, July,
September and November) on 2017.

On 2014, Jurnal Teknologi (Sciences & Engineering) has been separated from Jurnal Teknologi (Social Sciences). Jurnal
Teknologi (Social Sciences) is now known as Sains Humanika.

Jurnal Teknologi (Sciences & Engineering) is now indexed by SCOPUS.

https://jurnalteknologi.utm.my/index. php/jurnalteknologi/index 113



2/17/2020 Jurnal Teknologi

SURMAL TURNAL

EKNOLOG| TEKNOLOG|

Announcements

Research Article Format

Dear authors, we would love to see your Research Articles written in Jurnal Teknologi's format :

1.0 INTRODUCTION

2.0 METHODOLOGY

3.0 RESULTS AND DISCUSSION
4.0 CONCLUSION
Acknowledgement

This will help us and our audience have a better understanding what your article is all about.

Thank you. Your cooperation is deeply appreciated.

Posted: 2018-09-13

How to reach us for any inquiries
For any inquiries or questions, please contact us by email to
journal_utm@utm.my or qpenerbit@utm.my.
We will try our best to help you.

Thank you.

UTM eJournal Editorial Team
Penerbit UTM Press
Universiti Teknologi Malaysia

Posted: 2017-11-30

Sains Humanika

Jurnal Teknologi (Social Sciences) has been rebranded into Sains Humanika. To submit your article, kindly

visit our portal: https://sainshumanika.utm.my

Posted: 2014-05-20

More Announcements...

Vol 82, No 2: Forthcoming Issue: March 2020
Expected date of publication: February 2020

Table of Contents
Science and Engineering

PERFORMANCE FEATURES OF THE SUNFLOWER SEEDS OIL AS A HYDRAULIC BIO FLUID UNDER
VARIOUS NORMAL LOADS
Mohammed Hassan Jabal, Muhannad Zedan Khlefia, Israa S. Ahmed, Hind Dawood Salman

https://jumnalteknologi.utm.my/index. php/jurnalteknologi/index 2/3



2/17/2020 Jurnal Teknologi

£ DETECTION OF PUMP FAULTS BASED ON SOUND SIGNALS USING NON-NEGATIVE MATRI
FACTORIZATIO
Anindita Adikaputri Vinaya, Fitri Nurmaulidah, Dhany Arifianto, Qurrotin Ayunina Maulida Okta
Arifianti

MECHANICAL PROPERTIES OF GIGANTOCHLOA SCORTECHINII BAMBOO PARTICLE REINFORCED
SEMIRIGID POLYVINYL CHLORIDE COMPOSITES
Siti Atiqa Al Zahra Mat Darus, Mariyam Jameelah Ghazali, Che Husna Azhari, Rozli Zulkifli, Ahmad
Adlie Shamsuri

A NUMERICAL STUDY ON THE EFFECT OF MAGNETIC HEATING TO CRUDE OIL-NANOFLUID FLOW FOR
ENHANCED OIL R VERY
P. H. Tan, K. S. Fong, A. Y. Mohd Yassin, M. Latheef

PENAPIS JALUR BERASASKAN CAMPURAN GEGELUNG PENYALUN BERBENTUK SARANG BULAT UNTUK
APLIKASI GELOMBANG MIKRO
Mohammad Rashed Igbal Farque, Md. Jubaer Alam, Muhamad Roszaini Roslan, Mohammad Tariqul
Islam

RELEASE OF g-TOCOPHEROL FROM CHITOSAN/PECTIN POLYELECTROLYTE COMPLEX FILM INTO FATTY
FOOD SIMULANT FOR THE DESIGN_OF ANTIOXIDANT ACTIVE FOOD PACKAGE

Aulia Ratri Hapsari, Roto Roto, Dwi Siswanta

EFFECTS OF PEBAX COATING CONCENTRATIONS ON CO2/CH4 SEPARATION OF RGO/ZIF-8 PES
MEMBRANES
Najihah Jamil, Nur Hidayati Othman, Munawar Zaman Shahrudin, Mohd Rizuan Mohd Razlan, Nur
Hashimah Alias, Fauziah Marpani, Lau Woe Jye, Pei Sean Goh, Ahmad Fauzi Ismail

NEW 2,4,5-TRISUBSTITUTED-1,3-THIAZOLE DERIVATIVES: SYNTHESIS, IN VITRO ANTIMICROBIAL
ACTIVITY AND IN SILICO STUDY

Iswatun Hasanah Abdullah Ripain, Deny Susanti, Noraslinda Muhamad Bunnori, Nurziana Ngah

FABRICATION OF NON REFLECTING FILM BASED ON POLYSTYRENE AND METHYL METHACRYLATE
USING SPIN COATING TO INCREASE A LIGHT TRANSMISSION ON ITO GLASS
Sudarsono Sudarsono, Gatut Yudoyono, Diky Anggoro, Hasto Sunarno, Yono Hadi Pramono

LATE NEOGE! EFORMATION OF ROCK SUCCESSIONS AT RENAH GAJAH MATI I REGION, SELUMA
REGENCY IN BENGKULU
Wahidin Zuhri, Edy Sutriyono

HARA IZATION OF EDIBLE FILM BASED ON DIFFERENT RATIOS OF x-CARRAGEENAN/GELATINE
WITH THE ADDITION OF CANOLA OIL

Adiansyah Syarifuddin, Paddasejati Paddasejati, Andi Dirpan, Nandi Kuswandi Sukendar, Mulyati

Muhammad Tahir

PERFORMANCE EVALUATION OF COIR PITH ASH BLENDED CEMENT CONCRETE EXPOSED TO
ELEVATED TEMPERATURE
Balagopal V, Viswanathan Sambamurthy

THE EFFECT OF PUNCH GEOMETRY ON PUNCHING PROCESS IN TITANIUM SHEET
Yani Kurniawan, Muslim Mahardika, Suyitno Suyitno

FEATURE SELECTION OF ELECTROMYOGRAPHY SIGNALS FOR AUTISM SPECTRUM DISORDER
CHILDREN DURING GAIT USING MANN-WHITNEY TEST
M. N. Mohd Nor, R. Jailani, N. M. Tahir

COMPARISON OF GEOMETRICAL CHARACTERISTICS AGAINST ROTATING SHAFT VIBRATION
K. Jafri, Rizauddin Ramli, Abdul Hadi Azman

@ury by O

Copyright © 2012 Penerbit UTM Press, Universiti Teknologi Malaysia.

Disclaimer : This website has been updated to the best of our knowledge to be accurate. However, Universiti Teknologi Malaysia shall not be liable for any loss or damage
caused by the usage of any information obtained from this web site.
Best viewed: Mozilla Firefox 4.0 & Google Chrome at 1024 x 768 resolution.

https://jumalteknologi.utm.my/index. php/jurnalteknologi/index

3/3



2/18/2019 Editorial Team

@ UTM JURNAL TEKNOLOGI

EISSN 21803722

o

PEASRBIT
ize

HOME ABOUT LOGIN REGISTER SEARCH CURRENT ARCHIVES

ANNOUNCEMENTS SUBMISSIONS PUBLICATION ETHICS PENERBIT UTM PRESS U™

Home > About the Journal > Editorial Team

Editorial Team

Chief Editors

Jurnal Teknologi Editorial Team
Prof; r Dr. Rosli Iilias, Universiti Teknologi Malaysia, Malaysia

Editors

Professor Datuk Dr, Ahmad Fauzi Ismail, Universiti Teknologi Malaysia, Malaysia
Professor Dr, Muhammad Hisyam Lee, Universiti Teknologi Malaysia, Malaysia, Malaysia
Professor Dr, Ruzairi Abdul Rahim, Universiti Tun Hussein Onn Malaysia, Malaysia
Professor Dr. Azman Hassan, Universiti Teknologi Malaysia, Malaysia

Professor Dr. Hadi Nur, Universiti Teknologi Malaysia, Malaysia
mw_mmmﬂmm, Universiti Teknologi Malaysia, Malaysia
Pm&ssgmumm, Universiti Teknologi Malaysia, Malaysia

Professor Dr, Rosli Hussin, Universiti Teknologi Malaysia, Malaysia

Professor Dr, Mohd, Rosli Hainin, Scheol of Civil Engineering Universiti Teknologi Malaysia, Malaysia

Professor Dr, Mohd Shahir Shamsir Omar, Universiti Teknologi Malaysia, Malaysia

Professor Dr, Safian Sharif, Universiti Teknologi Malaysia, Malaysia

Professor Sr. Dr, Mazlan Hashim, Universiti Teknologi Malaysia, Malaysia
Professor Dr. Mohd Saberi Mohamad, Universiti Malaysia Kelantan, Malaysia
Professor Dr, Hesham Ali Ei-Enshasy, Universiti Teknologi Malaysia, Malaysia
Assoc, Prof, Dr, Nerhazilan Md Noor, Universiti Teknologi Malaysia, Malaysia
Dr, Mohd Hafiz Dzarfan Othman, Universiti Teknologi Malaysia, Malaysia

Dr, Pei Sean Ggh, Universiti Teknologi Malaysia, Malaysia
Dr, Syafigah Saidin, Universiti Teknolagi Malaysia, Malaysia, Malaysia

Dr, Dalila Mat_Said, Universiti Teknologi, Malaysia, Malaysia
Editorial Board

Professor 1. S. Jawahir, University of Kentucky, United States

Professor Dr. Xianshe Fen » University of Waterloo, Canada

Professor Dr. Mustafizur Rahman, National University of Singapore, Singapore
Em&swﬂmmw University of Ulster, United Kingdom
Professor Vijay K, Arora, Wilkes University, United States

A Pref, Dr, Arthanareeswaran, National Institute of Technology, Tiruchirapalli, INDIA
A Profe r Dr. Arun M Isloor, National Institute of Technology Karnataka, INDIA

Professor Dr, Jamaliah Md Jahim, Universiti Kebangsaan Malaysia, Malaysia

Professor Dr, Che Hassan Che Haron, Universiti Kebangsaan Malaysia, Malaysia

AR Sa e

@UTM vy )

Copyright © 2012 Penerbit UTM Pres Universiti i Malaysia.

Disclaimer : This website has been updated to the best of our knowledge to be accurate, However, Universiti Teknologi Malaysia shall nat be liable for any jess
or damage caused by the usage of any information obtained from this web site.
Best viewed: Mozilla Firefox 4.0 & Google Chrome at 1024 x 768 resalution.

https:lfjumalteknologi.utm.myflndex.phpfjurnalteknologi/about/editorialTeam

Journal Help

USER

Username

Password |

Remember me
Login

NOTIFICATIONS

* View

» Subscribe

JOURNAL CONTENT
Search

Search Scope

All v
{

Search

Browse
* By Issue
e By Author
= By Title

FONT SIZE
Ay A A

INFORMATION

* For Readers
= For Authors

* For Librarians

7



2/18/2020 Vol 81, No 2

JURNAL TEKNOLOGI o)

EISSN 2180-3722 PENERBIT
U™

INIVERSIT TERNGLOGI N ALAYRA

HOME ABOUT LOGIN REGISTER SEARCH CURRENT ARCHIVES ANNOUNCEMENTS Jurnai Teknol

and Engineer

SUBMISSIONS PUBLICATION ETHICS PENERBIT UTM PRESS UtMm
Er
(n

Home > Archives > Vol 81, No 2

Vol 81, No 2 s I
0.18

March 2019 sovered

Table of Contents ‘ TEKNOLO

Science and Engineering

DUCTILITY OF REINFORCED CONCRETE SUB FRAME FOR INDUSTRIALIZED BUILDING SYSTEM PDE 0 46
Ahmed Sabah Aljawadi, Abdul Kadir Marsono, Che Ros Ismail S

o
N

ASSESSMENT ON BIOACTIVE COMPOUNDS AND THE EFFECT OF MICROWAVE ON PITAYA PEEL PDE
Norashikin Mat Zain, Muhd Azlan Nazeri, Nurul Aini Azman 32nd percenti

o
5

THE EFFECT OF ZNO NANOPARTICLES ON THE PHYSICAL, MECHANICAL, AND ANTIBACTERIAL Powered by SE

PROPERTIES OF CHITOSAN/GELATIN HYDROGEL FILMS

Nurul Amira Ahmad Yusof, Norashikin Mat Zain USER

SIMULTANEOUS METHYL ESTER PRODUCTION AND CAROTENE RECOVERY FROM CRUDE PALM OIL Username

USING MEMBRANE REACTOR Password I
I Gusti Bagus Ngurah Makertihartha, Khoiruddin Khoiruddin, Eryk Bone Pratama Nabu, Putu Teta Ffemembe' m
Prihartini Aryanti, I Gede Wenten _Login |

ANTICANCER EFFECTS OF RETINOIC ACID IN CERVICAL CANCER CELLS

Sugania Malar Chinapayan, Praseetha Prabhakaran

©
5

)
I~

FONT SIZE

o
<
4

|

EFFECT OF MYOCARDIAL INFARCTION ON SPLEEN AND KIDNEY OF ISOPRENALINE-INDUCED
MYOCARDIAL INJURY RAT MODEL
Shafreena Shaukat Ali, Nur Hafiqah Rozalei, Siti Fatimah Azaharah Mohamed, Yap Wei Boon, Satirah
Zainalabidin

5

INFORMATION

« For Readers

COMPARISON OF PARTICLE SWARM OPTIMIZATION AND RESPONSE SURFACE METHODOLOGY IN
EERMENTATION MEDIA OPTIMIZATION OF FLEXIRUBIN PRODUCTION
Siti Nurulasilah Suhaimi, Siti Mariyam Shamsuddin, Wan Azlina Ahmad, Shafaatunnur Hasan,
Chidambaram Kulandaisamy Venil

o
n

PR ILISTIC GLYCEMIC CONTROL DECISION SUPPORT IN ICU: PROOF OF CONCEPT USING
BAYESIAN NETWORK
Asma Abu-Samah, Normy Norfiza Abdul Razak, Fatanah Mohamad Suhaimi, Ummu Kulthum
Jamaludin, Azrina Md. Ralib

o
=

RELEASE BEHAVIOR OF DICHLORPROP FROM ZN/AL-LDH-DICHLORPROP NANOCOMPOSITE INTO
CHLORIDE, CARBONATE AND PHOSPHATE SOLUTIONS
Norhayati Hashim, Sharifah Norain Mohd Sharif, Zuhailimuna Muda, Illyas Md Isa, Suriani Abu Bakar,
Noorshida Mohd Ali, Mohd Zobir Hussein, Mazidah Mamat

©
5

THE EFFECT OF PARTICLE SIZE OF EMPTY FRUIT BUNCH AND RATIO OF BIOSLUDGE OF PULP AND

PAPER ON BIOCHEMICAL CHANGES IN COMPOSTING PROCESS
Desri Hastuti, Ida Idayu Muhamad, Roshanida Abdul Rahman, Gading Sahyoga, Abdul Gafur

o
S

NUTRIENT COMPOSITION, ANTIOXIDANT POTENTIAL AND SENSORY EVALUATION OF DEVELOPED

MIXED CONCENTRATED JUICE
Nur Ain Hafizah Che Malek, Hasnah Haron, Hanis Mastura Yahya

o
4

DETERMINING THE EFFECTS OF RH-WMA ON THE ENGINEERING PROPERTIES CF BITUMEN
Khansaa Mahmoud Mohammed, Ibrahim Khalid Abdalla, Ameen Hadi Mohammed, Faridah Hanim
Khairuddin, Ahmad Nazrul Hakimi Ibrahim, Sri Atmaja P. Rosyidi, Mohd Ezree Abdullah, Nur Izzi Md.
Yusoff

PDF

o
=

A COMPARATIVE STUDY ON SPECTROGRAM AND S-TRANSFORM FOR BATTERIES PARAMETERS
ESTIMATION

©
O
b

https://jurnalteknologi.utm.my/index. php/jurnalteknologi/issue/view/338 1/2



2/18/2020

Vol 81, No 2

Muhammad Sufyan Safwan Mohamad Basir, Abdul Rahim Abdullah, Norhashimah Mohd Saad

SIZING A PARABOLIC TROUGH COLLECTOR FOR A MICRO SOLAR ORGANIC RANKINE CYCLE
Choi Yun Chai, Hyung-chul Jung

ADSORPTION OF CESIUM FROM AQUEOQUS SOLUTION USING CHITOSAN BEADS
Nor Asikin Awang, Wan Norharyati Wan Salleh, Mohamad Fakrudin Mustakim Alisah, Ahmad Fauzi
Ismail, Nurafigah Rosman, Norhaniza Yusof

COLLAGEN EXTRACTION FROM YELLOWFIN TUNA (Thunnus albacares) SKIN AND ITS ANTIOXIDANT
ACTIVITY
Mala Nurilmala, Shita Fauzi, Dian Mayasari, Irmanida Batubara

AN EMPIRICAL STUDY ON GAMIFICATION FOR LEARNING PROGRAMMING LANGUAGE WEBSITE
Firas Layth Khaleel, Noraidah Sahari Ashaari, Tengku Siti Meriam Tengku Wook

IN SILICO STRUCTURAL CHARACTERIZATION OF L. lactis subsp. cremoris MG1363 FFH-FTSY
COMPLEX IN PROTEIN TARGETING INTERACTION
Noor Izawati Alias, Abdul Munir Abdul Murad, Farah Diba Abu Bakar, Rosli Md Illias

FLUORESCENCE ENHANCEMENT OF Al3+~- SODIUM MORIN-5-SULFONATE COMPLEX BY
IMIDAZOLIUM IONIC LIQUID AND ITS APPLICATION IN DETERMINATION OF Al3+ IONS IN AN
AQUEOUS SOLUTION
Syaza Atikah Nizar, Nurul Syamimi Abdul Satar, Shaik Azri Shaik Amar, Fatin Hazirah Abdullah,
Faizatul Shimal Mehamod, Faiz Bukhari Mohd Suah

@©UTM W )

Copyright © 2012 Penerbit UTM Press, Universiti Teknologi Malaysia.

g

[0
<

o
=

g

©
5

Disclai : This ite has been updated to the best of our knowledge to be accurate. However, Universiti Teknologi Malaysia shall not be liable for any loss or damage

caused by the usage of any information obtained from this web site.
Best viewed: Mozilla Firefox 4.0 & Google Chrome at 1024 x 768 resolution.

https://jumnalteknologi.utm.my/index. php/jurnalteknologi/issue/view/338



Jurnal

Full Paper

Teknologi
DETERMINING THE EFFECTS OF RH-WMA ON THE AmCRIZQ;LZZ
ENGINEERING PROPERTIES OF BITUMEN 3 February 2018

Received in revised form
14 December 2018

Khansaa Mahmoud Mohammedo, lbrahim Khalid Abdallae, Ameen
Accepted

Hadi MohammedpP, Faridah Hanim Khairuddine, Ahmad Nazrul I January 2019
Hakimi Ibrahime, Sri Atmaja P. Rosyidic, Mohd Ezree Abdullahd, Nur Publishedr}c/)nline

|zzi Md. Yusoffe® 18 February 2019

°Department of Civil and Sfructural  Engineering,  Universiti - +corresponding author
Kebangsaan Malaysia, Selangor, Malaysia izzi@ukm.edu.my
bDepartment of Chemistry, College of Science for Women,

University of Baghdad, Baghdad, Iraq

cDepartment of Civil Engineering, Universitas Muhammadiyah

Yogyakarta, Yogyakarta, Indonesia

dFaculty of Civil and Environmental Engineering, Universiti Tun

Hussein Onn Malaysia, Malaysia

Graphical abstract Abstract

This study aims to investigate the engineering properties (i.e., physical, chemical,
and adhesion properties) of bitumen incorporated with RH-Warm Mix Asphalt (RH-

R
177;27 WMA) additive. Base bitumen with a penetration grade of 80/100 was added with
2] TR R ::%‘\“ 3.0, 3.5, and 4.0% RH-WMA (by total weight of bitumen). The Response Surface
8 < B

Method (RSM) was used to determine the optimum values of the base bitumen and
RH-WMA additive which meet the bitumen specification with penefration and
softening point chosen as responses in the design layout. Three solutions of 3.04,
/ 3.55 and 3.91% RH-WMA additive that were obtained from the RSM analysis were
/ selected as the optimal values. Results of the physical tests show that adding RH-
WMA increases the penetration and ductility values whilst simultaneously reducing
the value for the softening point. Analysis of viscosity at various temperatures shows
that RH-WMA additive lowers viscosity when the temperature was raised from 100
fo 165 °C. The lower viscosity of the modified binders improves their workability. The
0% result of the Fourier Transform Infrared (FTIR) test shows that there is no complex
chemical reaction between the base bitumen and the RH-WMA. The surface free
energy (SFE) test conducted on the base bitumen and the RH-WMA modified
bitumen shows that the total SFE component of the base bitumen increases when
higher amounts of RH-WMA was incorporated. The addition of 3.5% RH-WMA results
in the highest SFE value of 24.98 mJ/m2. The increase in the total SFE suggests good
adhesion between the bitumen and the aggregates.
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St
oo

PENETRATION

BRHAVMA

Keywords: Warm mix asphalt, response surface method, surface free energy,
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Abstrak

Kajian ini berfujuan untuk menyiasat ciri-ciri kejuruteraan (cth. fizikal, kimia dan
lekatan) bitumen bercampur aditif bitumen bersuhu sederhana (RH-WMA). Bitumen
asli berpenusukan 80/100 dicampur dengan aditif RH-WMA sebanyak 3.0, 3.5 dan
4.0% (mengikut jumlah berat bitumen). Kaedah Permukaan Sambutan di gunakan
untuk mendapatkan nilai optimum bitumen asli dan aditif RH-WMA yang
memenuhi spesifikasi bitumen dimana nilai penusukan dan ftitik lembut dipilih
sebagai sambutan di dalam pelan susunatur rekabentuk. Tiga penyelesaian telah
dipilih dari analisis kaedah permukaan sambutan sebagai nilai optimum iaitu 3.04,
3.55 & 3.91% daripada aditif RH-WMA. Keputusan dari ujian fizikal menunjukkan
penambahan aditif RH-WMA meningkatkan nilai penusukan dan ketahanan tetapi
menurunkan nilai  titik lembut.  Analisis kelikatan pada suhu yang berbeza
menunjukkan aditif RH-WMA menurunkan nilai kelikatan apabila suhu dinaikkan
daripada 100°C ke 165°C. Nilai kelikatan yang rendah memperbaiki
kebolehkerjaan bitumen. Ujikaji Spektrometer Infra Merah menunjukkan tiada reaksi
kimia yang kompleks berlaku di antara bitumen dan RH-WMA. Ujian Permukaan
Bebas Tenaga dilakukan ke atas bitumen asli dan bitumen terubahsuai RH-WMA
menunjukkan jumlah komponen permukaan bebas tfenaga bagi bitumen asli
meningkat apabila kuantiti RH-WMA bertambah. Penambahan 3.5% RH-WMA
memberi keputusan tertinggi bagi nilai permukaan bebas tenaga iaitu 24.98
mJ/mz2. Peningkatan nilai permukaan bebas tenaga menunjukkan lekatan yang
kuat berlaku di antara bitumen dan aggregate.

Kata kunci: Bitumen suhu sederhana, kaedah permukaan sambutan, permukaan
bebas tenaga, lekatan

© 2019 Penerbit UTM Press. All rights reserved

1.0 INTRODUCTION

One crifical challenge that societies have to deal
with is the environmental problems caused by the
over-exploitation of natural resources and population
growth, which ultimately results in the depletion of
natural resources. Energy efficient technologies have
been developed to deal with these problems, and
some of these technologies are used to develop the
asphalt mixtures used in road construction. For the
past several years, the main material used in road
construction is hot-mix asphalt (HMA). Hot-mix
asphalt is produced at a high temperature and ifs
production emits pollution, dust, particulate matter
(PM), fumes, and an array of gases into the
environment, such as carbon monoxide, nitrogen
oxide, and sulphur dioxide [1]-[3] which confribute fo
the greenhouse effect.

Warm-Mix  Asphalt  (WMA) is an alternative
technology developed to improve energy efficiency
by reducing production temperature and emission.
According to the Asphalt Institute, WMA is a modified
HMA mixture that is produced, placed, and
compacted at a temperature that is 10 — 40° C lower
than the temperature required for conventional HMA
mixture (which range between 140 and 180° C) [4].
WMA is a green technology and it uses less burner
fuel to heat the aggregates, reduces emission at the
HMA plant, produces less polluting emissions, and has
shorter asphalt aging during construction. These
factors contribute to extending the life span of the
road, and allow for earlier opening to fraffic [5, 6].

Newly developed technologies, which use organic
additives, chemical additives, and water-based or
water-containing foaming processes, mean that
WMA can now be manufactured and used at lower
temperatures [7, 8]. Even though WMA differs slightly
from the other type of asphalt mixture, both mixtures
seek to reduce the viscosity of asphalf. Reducing the
viscosity of the asphalt mix improves its workability.
This means better compaction and less roller pass is
required fo achieve the fargeted density. The
incorporation of WMA also improves workability at
lower temperatures, which helps to extend the
paving season, and allows for the asphalt mix to be
fransported over long distances without losing its
workability for placement and compaction [9]. A
new WMA additive, RH-WMA, has been
manufactured to reduce the viscosity of asphalt
binders at high temperatures, and to sfrengthen the
structure of asphalt crystalline at low temperatures
[10].

Bitumen is used in asphalt mixes to bind
aggregates and to shift the stresses caused by traffic
loading throughout the service life of the mixture [11].
SFE is used fo investigate the adhesion and cohesion
behaviour of asphalt mixtures from a mechanistic
perspective. The degree of bonding between
bitumen and aggregate is influenced by the ability
of the asphalt to wet the aggregate [12]. The
wettability of aggregates improves with smaller
surface tension, or adhesion of Surface Free Energy
(SFE) [13].

This paper focuses on investigating the physical,
chemical, and adhesion properties of the base



101 Nur Izzi Md. Yusoff et al. / Jurnal Teknologi (Sciences & Engineering) 81:2 (2019) 99-111

binder and RH-WMA modified bitumen. The optimum
mixfure content for bitumen and RH-WMA additive
with reference to the specification of the base binder
was determined using the Response Surface Method
(RSM). RSM is a group of statistical techniques used to
design experiments, construct models, evaluate the
effects of experimental factors, and improve
procedures [14]. Many previous studies have used
RSM as a tool for deftermining the optimal bitumen
content in WMA [15, 16]. Fourier Transform Infrared
Spectroscopy (FTIR) was used to idenfify the
differences in the modified bitumen at different band
areas [17, 18]. Thermal analysis (TGA) and Differential
Scanning Calorimetfry (DSC) were conducted to
identify the thermal behaviour of both types of
samples. Adhesion test was performed to determine
the work of adhesion under dry and wet conditions,
work of cohesion, and energy ratio of both the base
binder and the RH-WMA modified binders.

2.0 METHODOLOGY
2.1 Materials

The 80/100 penetration grade base bitumen was
obtained from Cenco Sains, a local bitumen factory
in Port Klang, Malaysia. Table 1 presents the
specifications for this bitumen. The RH-WMA, which is
a liquid additive, was supplied by the Universal Pave
Company based in China. This wax was developed
by the Research Institute of Highway, Ministry of
Transportation, China. RH-WMA is a polyethylene
waox-based additive and is manufactured using cross-
linked polyethylene. There are three types of RH-
WMA additives, and this study opted to use the RH-
WMA ES liquid additive since this additive has the
ability to reduce the production temperature of
asphalt by 30-60 °C.

Table 1 Physical properties of 80/100 penetrafion grade
bitumen

Property Specification  Test Method Value
Penetration
at 25°C 80-100 ASTM D5 88
(dmm)
Softening
point (°C)
Ductility at
25°C
Viscosity at
135°C -
(Pa.s)
Relafive
Density at 1.00-1.05
25/25°C
Flash Point
(C)

45-52 ASTM D36 46

Min 100 ASTM D113 >150

ASTM D4402 0.388

ASTM D70 1.028

Min 225 ASTM D92 290

2.2 Sample Preparation

Three batches of 250g 80/100 base bitumen modified
with varying percentages (3, 3.5, and 4%) of RH-WMA
additive by weight of base binder were heated. The
mixfures were heated at 120°C for 15 minutes and
mixed at 1500rpm using a mechanical stirrer. Three
important parameters, mixing rate, fime, and
temperature, were taken info consideration to ensure
that the additives dissolve completely and form a
homogeneous mixture with the base binder. In this
study, the penefration and softening point values
were used as indicators of a homogenous mixfure
and were monitored unfil stable results were
obtained.

2.3 Physical Properties Tests

Physical tests were conducted on the base bitumen
and RH-WMA modified bitumen to determine their
penefration, softening point, and ductility properties
as specified by the ASTM D5, ASTM D36, and ASTM
D113, respectively. The storage stability of the RH-
WMA modified bitumen were measured as stipulated
by the ASTM- D5926, which is an important test in
determining whether the sample can be considered
a storage stable blend. The three percentages of
additives used for festing, i.e., 3, 3.5, and 4%, were
within the 3-4% recommended by the supplier.

2.4 Response Surface Methodology (RSM)

The Cenfral Composite Design (CCD) was used to
design the experimental layout, and is shown in Table
2. The experimental outcomes were run in the design
matrix which looked at two independent variables,
namely 96% to 97% bitumen (A) and 3% to 4% RH-
WMA additive (B). The results of the penetration and
softening point tests were chosen as the responses
(dependent variables). The proposed models for the
volumetric behaviours are quadratic models. These
analyses were run using the RSM Design-Expert 7.0
software.

Table 2 Layout of experimental design

Factor Response Parameter
Run A: B:RH- Penetration Softening

Bitumen WMA (dmm) Point

% % (©)

1 97.00 3.00 158 43.3
2 96.50 3.50 162 42.5
3 96.50 3.50 162.7 42.3
4 96.50 3.50 163.3 42.3
5 96.00 4.00 177 40.2
6 96.00 3.00 165.438 42.8
7 926.00 3.50 167.33 42.1
8 97.00 3.50 160.3 42.8
9 96.50 4.00 176.27 40.9
10 97.00 4.00 169.68 40.7
11 96.50 3.50 162.3 42.4
12 96.50 3.50 162.9 42.3

13 96.50 3.00 161.2 42.9
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2.5 Viscosity Test

Viscosity test was performed to determine the
resistance of the fluid fo flow since it might affect the
workability of the bitumen. The viscosities of the base
bitumen and RH-WMA modified bitumen were
measured using the Brookfield Viscometer at 100,
120, 135, and 165 °C using spindle number 21 as
stipulated in the ASTM D4402. Three optimum values
of RH-WMA modified bitumen based on the results of
the RSM were selected for this test.

2.6 Morphological Observation

The morphology of the samples was observed using
the DINO-LITE Pro digital optical microscope, 500X. A
small amount of heated base bitumen and RH-WMA
modified bitumen were placed between two glass
slides and viewed under the microscope.

2.7 Fourier Transform Infrared (FTIR) Spectroscopy

The FTIR spectrometer Perken Elmer-1650
manufactured in the US by Bruker Corporation was
used to identify and quantify several chemical
functional groups of interest in the bitumen which
were modified with varying percentages of RH-WMA
liguid at wavenumbers between 400 cm-1 and 4000
cm-1. The specimens were prepared by casting films
onto Potassium Bromide (KBr) which were then dried
for the FTIR analysis.

2.8 Thermal Gravimetric Analysis (TGA)

The DSC test was done using the Shimadzu DSC-50
with  compensatory power to obtain the
thermograms of the bitumen modified with varying
percentages of RH-WMA. All tests were done under
nifrogen atmosphere using a sample mass of about 5
mg at a flow rate of 10 ml/min; the temperature was
increased from room temperafure to 600 °C at a
heating rate of 10 °C/ minute. The sample for each
test was sealed in an aluminum pan.

2.10 Surface Free Energy (SFE)

This test was carried out o determine the surface free
energy (SFE) and work of adhesion in order to further
identify the possible effect of RH-WMA additives on
the performance of WMA. The Good-Van Oss-
Chaudhury theory states that based on the source of
intermolecular force, SFE can decompose into three
separate components. These components
correspond  with  the monopolar acidic, T+
monopolar basic, I'-,), and Lifshitz-van der Waals, or
nonpolar component, FLW. (Monopolar acidic and
monopolar basic describe the polar component AB.)
The component of a given material is calculated
using Equation 1 and is used in this study to compute
the SFE of bitumen surface.

LW [
r=r, +2T,F, )

The specimens were prepared by coatfing a 25-mm
wide and 50-mm long standard cover glasses with
bitumen. The bulk asphalt binder samples were
heated at 105+5°C for an hour in the oven to melt
the binders. The glass plates were then carefully
dipped in the modified bitumen while they were still
in the oven; this was repeated three times within 5
seconds fo ensure that the bitumen completely
coated the glass plates. The coated plates were left
in the oven for 2 minutes in a vertical position to allow
the excess bitumen to dribble, thereby producing a
smooth surface. The samples were cured in a
desiccator for 24 hours, after which the test was
conducted. Measurement of the contact angle of
the binder samples were made using three different
probe liquids (water, Formamide, and Glycerol) by
utilizing the Sessile Drop (SD) device. Equation 2 was
then used to determine the SFE components of all
bitumen and RH-WMA modified bitumen.

BEETTAEETY 7 —
o Iwaiw | [ -
TL (1 +cose) = 21}1,“ AT +2*JFAFL +
[w T
E*JFEFL 2)

Where [a is the surface energy of the bitumen and [L
is the surface energy (or surface tension) of the liquid.
The work of adhesion under wet and dry conditions,
work of cohesion, and energy ratio for the base
bitumen and RH-WMA modified bitumen were then
computed using the SFE components which has
been determined earlier.

3.0 RESULTS AND DISCUSSION
3.1 Physical Properties

The results for the physical tests are summarized in
Table 3. The 80/100 base bitumen modified with RH-
WMA showed higher penetration af room
temperature, and the increased penetration s
parallel with the increase in the percentage of RH-
WMA additive. The increase in the penetration values
of the bitumen modified with 4%, 3.5%, and 3% RH-
WMA are 88, 77 and 69 mm, respectively. The highest
increase in penetration value was observed for the
bitumen modified with 4% RH-WMA. The higher
penetration values mean reduced stiffness of the
bitumen. Additionally, the increased penefration,
which suggests a decrease in the hardness of the
bitumen, can be associated with the softening effect
brought about by the addition of RH-WMA liquid fo
the base bitumen. Hamzah et al. [19] observed the
same result when penetration was increased through
the addition of RH-WMA to base bitumen.
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Table 3 presents the results for the softening point
test. The temperatures for the softening point
decreased with higher concenfrations of RH-WMA.
The higher penetration value and lower softening
point of the RH-WMA modified bitumen indicate the
softening effect of RH-WMA liquid. The ductility of the
bitumen, however, was unaffected when the
bitumen was modified with RH-WMA; both the base
bitumen and the RH-WMA modified bitumen have
ductility values higher than 160 cm.

Table 3 Physical properties of base bitumen and RH-WMA
modified bitumen

Penetration Softening Ductility

point
RH-WMA 25°C, dmm °C 25 °C,
concentration cm
0.0 % RH-WMA 89 45.3 > 160
3.0 % RH-WMA 158 43.3 > 160
3.5 % RH-WMA 162 42.5 > 160
4.0 % RH-WMA 177 40.2 > 160

3.2 Effects on High-Temperature Storage Stability of
Asphalt

Considering the attention given by previous
researchers to the storage stability of modified
bitumen, this study has also determined the storage
stability of the modified bitumen [20 - 22]. The storage
stability test was done on the RH-WMA modified
bitumen to ensure that the blending process was
effective, and that the samples are stable during
sforage. Table 4 presents the effects of storage
stability of RH-WMA modified bitumen at high-
temperatures. The RH-WMA modified bitumen
showed good storage stability, with the difference in
the values of the softening point for the top and
boftom sections of the aluminum fube being less

than 2.2 °C. This indicates that the modified bitumen

could remain stable during storage at high
temperatures.

Table 4 Results for storage stability test of RH-WMA modified
bitumen

After Storage Stability test

RH-WMA Softening point (°C)
RH- modified
WMA bitumen Difference in

Top Bottom

o Softening Point value
(°C)

3.0 43.3 42.9 42.2 0.7

3.5 42.5 41.0 41.9 0.9

4.0 40.2 40.5 41.2 0.3

3.3 Resulis for Response Surface Methodology (RSM)
3.3.1 Analysis of Variance (ANOVA)

The experimental results shown in Table 2 clearly
show that the addition of higher percentage of RH-
WMA additive increased the penetration value and
reduced the value of the softening point. The results
for analysis of variance (ANOVA) for all volumetric
parameters are presented in Table 5. The results show
that for both the penefration and softening point
parameters, the model term is significant since “Prob
> F" is less than 0.0500 (?5% confidence interval). The
ANOVA analysis shows the quadratic models for
coded factors, and characterizes other statfistical
parameters since it is crucial to verify the adequacy
of the model. To verify the fitness of the model, the
regression coefficients, R2 and R2adj, were
computed, and the analysis shows that R2 is 0.9783
for penetration, and 0.9804 for softening point. High
R2 and R2adj values suggest that there is reasonable
agreement between the estimated and the actual
values. The estimated R2 values are fairly congruent
with the adjusted R2 values for all models, where
R2pred is 0.8327 and R2adj is 0.9628; for the softening
point, the R2pred is 0.8395, which is reasonably
consistent with the R2adj of 0.9663. Another way of
verifying the adequacy of the model is by looking at
the value of the Lack of Fit (LOF). This is because the
discrepancy of data around the fitted model is
described by the LOF. As can be seenin Table 5, the
LOF values for the penetration and softening points
are significant (p < 0.05). Therefore, the estimate for
the response is within the defined experimental
range, and can be used since the estimated model
conforms well to the experimental data.

In this analysis, the A, B and B2 are significant for
the penetration and softening points, but A2 and AB
have a (p > 0.05), which indicate that the model
ferm is not significant, and is used to support
hierarchy [23]. The evaluation of model prediction of
RSM-CCD should be examined by evaluating
adequate precision (AP). A signal fo noise ratio
exceeding 4 is preferred since an adequate level of
AP provides a measurement of the signal fo noise
ratio. The results show that the ratios are 26.09 for
penetration and 25.51 for softening point. This shows
that the model is adequate for navigating the design
criteria. The fitted quadratic polynomial equations
are as follows:

Penetration = +162.97-3.63A+6.39B+0.026 A2+4.95
B2+0.030 AB (3)

Softening point =+42.39+0.28A-1.20B-0.026 A2-0.58
B? (4)

In both Equations (3) and (4), A corresponds to the
independent factors of base bitumen and B
corresponds to the RH-WMA additive.
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3.3.2 Effects of Parameters (Analysis of RSM)

Surface plofs are usually very useful in determining
any probable relations that might exist between
factors. Two predictor factors are plotted on the x-
and y-axes while the response variable is plofted in

the z direction in the form of a smooth surface known
as surface plot. Contours and surface plots can be
used in conjunction with the set up polynomial
relationship between response and factors to study
the dependency of response on factors.

Table 5 Analysis of ANOVA for response

Regression characteristics Sum of DF Mean square F-value P-value Model performance
squares

Penetration

Total 412.05 12 - (Quadratic)

Model 403.10 5 80.62 63.08 <0.0001 significant

A 79.12 1 79.12 61.91 0.0001 significant

B 244.63 1 244.63 191.42 <0.0001 significant

A2 0.0018 1 0.001 0.001 0.9708 insignificant

B2 67.56 1 67.56 52.86 0.0002 significant

AB 0.003 1 0.003 0.002 0.9598 insignificant

Residual error 8.95 7 1.28 - - -

Lack of fit 7.91 3 2.64 10.22 0.0240 significant

Pure error 1.03 4 0.26 - - -

R2 - 0.9783 - - - -

Adj R2 - 0.962 - - - -

Pred R2 - 0.832 - - - -

Adequate precision - 26.085 - - - -

Softening Point

Total 10.44 12 - - - (Quadratic)

Regression 10.23 5 2.05 69.86 <0.0001 significant

A 0.48 1 0.48 16.44 0.0048 significant

B 8.64 1 8.64 294.94 < 0.0001 significant

A2 0.001 1 0.001 0.063 0.8089 insignificant

B2 0.92 1 0.92 31.27 0.0008 significant

AB 0.000 1 0.000 0.000 1.0000 insignificant

Residual error 0.21 7 0.029 - - -

Lack of fit 0.17 3 0.058 7.21 0.0432 significant

Pure error 0.032 4 0.008 - - -

R2 - 0.9804 - - - -

Adj R-Squared - 0.9663 - - - -

Pred R-Squared - 0.8395 - - - -

Adequate precision - 25.514 - - - -

Figure 1(a) shows the curvature of the surface
plotted for penefration; the plot suggests that the
bitumen and the RH-WMA interacted with each
other during penetration. It also shows that maximum
penefration occurred at a high RH-WMA content of
4%. The curvature of the surface plot for softening
point shown in Figure 1(b) suggests that the bitumen
and the RH-WMA additive interacted with each

other at the softening point. The minimum softening
point occurred at a high RH-WMA content of 4%, and
a low bitumen content of 96%. A contour plot can be
used to identify the relationships between three
variables in one plot. Figures 2(a) and (b) show the
contour plot of RH-WMA additive and bitumen
content versus the results of the penefration and
softening point tests. These graphs clearly show that
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penetration increased while the softening point o0 PENETRATION
decreased as the content of RH-WMA was increased 174,458

from 3 to 4%, and when asphalt content was
reduced from 97% to 96%. . 6767

171.05

3.3.3 Numerical Optimization of the Process
Response

164172
3.50 — S5a @

B: RH-WMA

160.733

One of the primary objectives of this study is to
identify the optimum percentage of RH-WMA and
bitumen content within the calculated experimental
range conducted by using the point prediction
function in the Design-Expert software. The results
suggest 10 solutions for bitumen and RH-WMA 46,00 0625 5650 - o700
content and the software proposed these as the

optimum values for meeting the requirements of the A ASPHALT

design. Of the 10 solutions, three were chosen for (@)

further analysis based on the results of chemical and

adhesion tests, and were then verified through 0
laboratory test for penetration and softening point, as

shown in Table 6. The opfimal conditions can be

presented in a graphical form by overlapping the 375
contours of the response surfaces in an overlay plot,
as shown in Figure 3. Based on the plot obtained, the
software suggested that 96.94 % bitumen and 3.55%
RH-WMA are the optimum percentages for meeting
the requirements of the design.
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Figure 2 Contour plots of (a) Penetration, and (b) Softening
point versus RH-WMA and bitumen content
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Table é Optimum combination of binder and RH-WMA

A ASPHALT Bitumen RH-
WMA Penetration Softening Point
No 80/100
Additive (dmm) (°C)
(%)
(%)
RSM  Laboratory RSM Laboratory
g
e 1 96.39 3.91 158.9 157.3 43.2 42.8
0]
‘é 2 96.82 3.04 160.4 159.7 42.5 42.3
s 3 96.94 3.55 172.2 171.8 40.5 40.2

B: RH-WMA

= * A ASPHALT

Figure 1 Surface plots of (a) Penetration, and (b) Softening
point versus RH-WMA and bitumen content
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Figure 3 Optimum conditions for bitumen and RH-WMA

3.4 Viscosity Test at Varying Temperature

The viscosities of the base bitumen and RH-WMA
modified bitumen were measured using the
Brookfield Viscometer at 100 °C, 120 °C, 135 °C and
165 °C, and the measurements are plotted in Figure
4. The plot shows that the addition of RH-WMA liquid
to the base bitumen decreased the viscosity of the
bitumen at the desired temperature. For example,
the viscosity at 120 °C with maximum composition
decreased from 0.805 to 0.488 Pa-s, while the
addition of RH-WMA decreased the mixing
temperature by about 39.3%. At 120°C, the addition
of 3.04, 3.55 and 3.91 RH-WMA decreased the
viscosity by 23.22%, 33.7% and 39.3%, respectively.
Smaller reduction in viscosity was observed as the
temperature was increased. The viscosity of the
bitumen at 135°C is 0.372 Pa-s. The temperatures
required for the RH-WMA samples fo achieve a
viscosity of 0.372 Pa-s are 126°C, 123°C, 121°C for the
3.04% RH-WMA, 3.55% RH-WMA and 3.91% RH-WMA
samples, respectively. Thus, a reduction of 14°C at
135°C was predicted for 3.91 % RH-WMA. These results
are similar to those obtained by Gungat et al. [24],
where the addition of RH-WMA resulted in lower
binder viscosity and the mixing temperature was
reduced to 20 °C. Gungat ef al. [25] also conducted
a study using RH-WMA and the results of their study
showed that viscosity decreased with higher
temperature, and the viscosity of the bitumen was
significantly altered at lower temperature. These
results have been confirmed in field studies. Lower
viscosity could improve the workability of RH-WMA
modified bitumen.

25 1
— control asphalt

—— asphalt+3.04% RH-WMA
— asphalt+3.55% RH-WMA
23 - asphalt+3.91% RH-WMA

=
[0
X

Viscosity Pa.s

0.5 1

0 T T T T T T T 1
100 110 120 130 140 150 160 170 180

Temperature °C

Figure 4 Rotational viscosity of confrol base bitumen and
opfimum RH-WMA modified bitumen

3.5 Chemical Analysis
3.5.1 Fourier Transform Infrared (FTIR)

Figure 5 shows the FTIR spectra of the bitumen
modified with different percentages of RH-WMA. It
shows that even though the peak values for the base
and modified bitumen are different, they both have
typical absorption peaks at similar wavenumbers. The
major bands at 2910 cm-1 are the typical C-H
stretching vibratfions of hydrocarbons -CH2-. The
absorption peaks at 1610 cm-1 is due fto the C=C
bond in the benzene ring and the C=0 bond in
aromatic hydroxyl. The bending vibrations of -CH2-
and -CH3- groups happen at 1446 cm-1 and 1362
cm-1, respectively. The observed absorption band at
about 1045-1055 cm-1 is due fo the stretching
vibration of the sulfoxide group (S=0O) in the bitumen.
The fingerprint region at 730-800 cm-1 is the benzene
replacement area. Here, the absorption peaks is due
to the vibration of =CH2 bond and the swing in
benzene ring, as well as the in-plane swing of -
[CH2In- (n > 4) in alkyl. A comparison of the FTIR
spectra for the base bitumen and the RH-WMA
modified bitumen shows that there is no complex
chemical reaction between the additive and
bitumen, although there is an apparent effect on the
chemical bonds of the different components. Since
the structure of RH-WMA (polyethylene wax) is -
[CH2]n-, there are greater relative intensities of bands
near 2910 cm-1 (due to stretching vibrations of -CH2-
)., and 1446 cm-1 (due to bending vibrations of -CH2-)
in the range of RH-WMA compared to those of the
base bitumen. Although the differences are slight
due to the sensitivity of the FTIR, the changes indicate
that the RH-WMA additive has been successfully
incorporated into the base bitumen.
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Figure 5 FTIR spectra of (a) Base bitumen, (b) 3.04% RH-
WMA, and (c) 3.55% RH-WMA and 3.91% RH-WMA

3.5.2 TGA and DSC Test

TGA and DSC thermal analyses of the base bitumen
and the RH-WMA modified bitumen were carried out
to further understand the thermal behaviour of the
whole system. The TGA curves of the base bitumen
and those modified with 3.04%, 3.55% and 3.91% RH-
WMA are presented in Figure 6. This figure shows that
the trends of the TGA curves for the base bitumen
and the RH-WMA-modified bitumen are almost the
same. It is obvious that temperature ranges for the
base bitumen and the RH-WMA are comparable for
the main decomposition (approximately 250-450 °C),
which indicate the limited effect of the addition of
RH-WMA liquid on thermal stability. Figure 6 also
shows that the weight loss in RH-WMA modified
bitumen was higher than that of the base bitumen at
temperatures exceeding 450 °C. The higher weight
loss of RH-WMA at higher temperature (> 450 °C) can
be attributed to the high degradation in the aliphatic
main chain of the polyethylene wax -[CH2]n-, which
occurred because the aliphatic organic compounds
in the binder, such as polyethylene, were less stable
than the aromatic organic compounds. In addition,
the increase in weight loss was expected based on
the fact that the infroduction of RH-WMA as a liquid
additive reduced the stiffness of the mixture.
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Figure 6 TGA thermograms of base bitumen and optimum
RH-WMA modified bitumen

Out of the three RH-WMA modified bitumen samples,
the bitumen modified with 3.04% and 3.55% RH-MWA
showed similar pafterns in their TGA curves. A distinct
difference was observed in the bitumen modified
with 3.91% RH-WMA, where the sample lost more
components than the other modified bitumen at
high temperatures. The TGA curves for the base and
RH-WMA modified bitumen systems show several
distinct characteristics, including initial decomposing
temperature (Ti), temperature related to the half
mass loss (T50%), and final residue mass ratio (Mf) atf
800 °C, all of which are listed in Table 7.

Table 7 Thermal data of base bitumen and RH-WMA
modified bitumen

Component Tg °C Tm°C T % Tsn°C M
°C %
Base bitumen 31 100 225 463 16.1
3.04 % RH WMA 28 92 223 461 10.4
3.55 % RH-WMA 27 86 222 460 11.2
3.91% RH-WMA 25 81 220 459 8.3

The DSC curves of the base bitumen and RH-WMA
modified bitumen are presented in Figure 7. It shows
that the glass transition, Tg, and melting point, Tm, of
the base bitumen are higher than those of the RH-
WMA modified bitumen. In addition, the Tg and Tm of
RH-WMA modified bitumen decreased with higher
percentages of RH-WMA. This decrease is associated
with the fact that Tg and Tm decreased with
reduced sfiffness and aromaticity (as described in
section 3.1). Table 8 presents the values for the Tg
and Tm of the base bitumen and RH-WMA modified
bitumen. The DSC plots clearly show that there is a
slight difference between the curves for the base
and the RH-WMA modified bitumen. There is a slight
difference in the initiafion of the thermal degradation
temperature between the base and the RH-WMA
modified bitumen, which indicate that RH-WMA
increased the thermal degradation of the bitumen
constituent efficiently.

Table 8 Confact angles of base bitumen and RH-WMA
modified bitumen

Additive Content Contact Angles (Degrees)
(RH- WMA) Water Formamide | Glycerol
0.00 % 84 77.1 83.1
3.04 % 81.2 74.2 80.3
3.55% 76.1 73 78.8
391 % 73.8 72.7 76.4
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Figure 7 DSC curves of base bitumen and RH-WMA modified
bitumen

3.6 Optical Microscopy Analysis

The morphologies of the base bitumen and the RH-
WMA modified bitumen were explored using opfical

(a) Base binder

microscopy. This was done fto investigate the
microstructure interaction between the bitumen and
the additive by determining the distribution of RH-
WMA in the bitumen. The rich phase of the base
bitumen appears dark or black, whereas the rich
phase of the RH-WMA appears white. The images of
the base bitumen and the bitumen modified with
varying percentages of RH-WMA are shown in Figure
8. The image of the base bitumen is generally dark
black, as can be seen in Figure 8(a), while the binder
modified with 3.04 % RH-WMA shows little white spots,
as can be seen in Figure 8(b). The images in Figures
8(c) and (d) show that the amount of RH-WMA
added to the bitumen had a profound effect on the
microstructures of the modified bitumen; bitumen
with  higher amounts of RH-WMA show better
morphology at the boundary of the white spots and
the dark areas are more discernible, dispersed, and
clear with the liquid additive clearly overlapping the
bitumen. The morphologies of the mixtures clearly
show the formation of homogeneous, warm mixtures.

(b) 3.04% RH-WMA

(c) 3.55% RH-WMA
Figure 8 Opfical microscopy for base bitumen and RH-WMA modified bitumen

(d) 3.91% RH-WMA
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3.7 Surface Free Energy (SFE)

In this study, the surface free energy (SFE)
components of the base bitumen and the RH-WMA
modified bitumen were calculated using the Good-
van Oss-Chaudhury (GVOC) approach, as given by
Equation 2. This equation contains four known surface
energy components of the probe liquid (fL, [LLW, [L-,
and [L+) as presented in Table 8, and three unknown
surface energy components of the solid (i.e., [ALW,
[A+, and [A-) and the contact angle (6) terms. The
contact angles of the base bitumen and the RH-
WMA modified bitumen were measured using a
sessile drop (SD) device utilizing three different probe
liquids (i.e., water, Formamide and Glycerol). Table 9
presents the values of the average contact angle for
all samples.

Table 9 Components of surface energy of three liquid
probes (mJ/m2)

aggregate and the bitumen have to be determined
prior to calculating the work of adhesion of a mixture.
Table 10 presents the calculated SFE components for
the bitumen, while Table 11 presents the SFE
components for two Oklahoma aggregates (i.e.,
Davis limestone and Snyder granite) which were
calculated using the data for the contact angle
obtained from using the SD device in the study
conducted by Koc [27]. Once the SFE components
of both the bitumen (A) and the aggregate (S) have
been quantified, the work of adhesion between the
two materials (in the absence of water at the
interface) was computed using Equation 5.

Table 11 SFE components of Davis Limestone and Snyder
Granite determined in a study conducted by Koc [27]

Liquid [Total [w [ A8 r- r+

Probe
mJ/m2

Aggregate [ Total rw [ AB M r
Type mJ/m2
Davis Limestone 37.61 36.26 1.35 10.12 | 0.05

Snyder Granite 34.66 34.39 0.28 13.97 | 0.01

Water 7280 21.80 51.00 2550 25.50
Formamide 58 39 30.00 39.6 2.28
Glycerol 6400 3400 30.00 57.40 3.92

The computed SFE components of the base
bitumen and the RH-WMA modified bitumen are
presented in Table 10. They show that the bitumen'’s
total SFE component ([ Total) increased with the
addition of higher amounts of RH-WMA. The
maximum increase in the value of the total SFE
component was observed for the bitumen modified
with 3.55% RH-WMA. The higher total SFE indicates
good adhesion of the bitumen with the aggregates
[26].

Table 10 SFE components of base bitumen and RH-WMA
modified bitumen

dry [ LW_LW [+ — [t
WHS _E‘HIFH r < +2‘\,||F.51F5 +21‘|FEFS
(3)

Table 12 presents the work of adhesion between
two types of aggregates with the base bitumen and
the RH-WMA modified bitumen under dry condifion.
Based on the data, the addifion of RH-WMA
increased the work of adhesion. Higher work of
adhesion means a stronger bond between the
components of the asphalt mix, resulting in a durable
mixture that is less susceptible to moisture. Hence,
the addition of RH-WMA modified bitumen to the
mixtures manufactured using both acidic and basic
aggregates is expected to result in improved
durability of the mixtures in addition to better
resistance to moisture-induced damage.

Table 12 Work of adhesion/cohesion and ER of Davis
Limestone (DL) and Snyder Granite (SG) combined with
base bitumen and RH-WMA modified bitumen

Additive [Total [w [AB [ r
Content (Base) (Acid)

(RH- J/m2
WMA) (mJ/m2)

0% 22.41 19.35 3.06 0.20 11.90
3.04 % 24.10 20.37 3.73 0.26 13.13
3.55% 24.98 21.14 3.83 0.20 18.74
391 % 24.50 14.93 9.57 1.08 21.24

3.7.1 Work of Adhesion

Work of adhesion is a measure of the work which has
to be done to separate the two materials at their
interface. Therefore, the SFE components of the

Work Work of Ener
A Work of
of adhesi . ay
Aggregate- cohesi on Debondi o 4o
bitumen on ©ory) "9MWeD) (g
(ergs/cm2 or mJ/m2)
DL-Contfrol 44.83 75.13 49.70 1.51
DL-3.04% RH-WMA 48.2 77.65 48.69 1.59
DL-3.55% RH-WMA 49.95 83.12 46.97 1.77
DL-3.91% RH-WMA 49.00 76.32 38.19 2.00
SG-Confrol 4483 77 .47 49.15 1.58
SG-3.04% RH-WMA 48.2 80.13 48.27 1.66
SG-3.55% RH-WMA 4995 86.38 47.33 1.83

SG-3.91% RH-WMA 49.00 79.98 38.94 2.05
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3.7.2 Work of Debonding

Work of debonding (W,"5"), which is the work of
adhesion under wet condifions, is another vital
energy parameter. It is defined as a decrease in the
free energy of bitumen and an aggregate system
when bitumen is separated from aggregate at their
interface in the presence of water. The work of
adhesion between bitumen and aggregate in the
presence of water (W) was computed using Equation
6.

JFLW LW JFLWFLW JFLW LW FL\:\T
W\Met_2+f{ﬁ f ]‘—‘W}
+ frwui+ Jri- frwi + rirs+ Jrars

Table 12 shows the work of debonding between
two types of aggregates with the base bitumen and
the RH-WMA modified bitumen. Results indicate that
the addifion of RH-WMA reduced the work of
debonding. The maximum required effect occurred
when 3.91% RH-WMA was added fo the bitumen.
Adding 3.91% RH-WMA fo the chosen bitumen and
Snyder granite aggregate resulted in a maximum
reduction (25%) of the work of debonding in
comparison to that of the base bitumen, which is
desired when the concern is to reduce the resistance
of moisture-induced damage. Higher work of
debonding implies a higher thermodynamic
potential for stripping to occur in the presence of
water.

3.7.3 Work of Cohesion

Work of cohesion is the energy produced by two new
surfaces in a homogeneous material, and this value is
twice that of the surface free energy. Work of
cohesion was calculated using Equation 7.

I—

WAA = F —|—4 |FAF (7)

Table 12 shows the work of cohesion of the base
bitumen and the RH-WMA modified bitumen. It shows
that the addition of RH-WMA increased the value of
the work of cohesion of both the base bitumen and
the RH-WMA modified bitumen, with the modified
bitumen showing better cohesion. Higher work of
cohesion shows that more work is required to fracture
the material.

3.7.4 Energy Ratio

Energy ratfio (ER) is a parameter related to the
potential for moisture-induced damage in bituminous
pavements. Comparison of the resistance of
aggregate-binder to moisture-induced damage was
done using the Energy Ratio (ER) approach given by

Equation 8. The ER for Davis Limestone (DL) and
Snyder Granite (SG) with the base bitumen and for
the RH-WMA modified bitumen were calculated and
are presented in Table 12.

dry
w
AS
wet

ASW

ER1= (8)

The values presented in Table 12 show that using
RH-WMA modified bitumen with both types of
aggregatfe resulted in higher ER values. They also
show that the bitumen modified with 3.91% RH-WMA
showed the highest increase in the ER. The moisture
damage resistance of a bitumen-aggregate with
higher energy rafio is superior fo the bitumen-
aggregate with lower value of energy ratio when
other mixture properties are similar.

4.0 CONCLUSION

The effects of using RH-WMA on the engineering
properties of bitumen was investigated in this study.
Based on the laboratory works and analysis conducted
in this study showed the addition of RH-WMA has a
strong effect on penetration and ductility, where the
penefration and ductility values increased with the
addition of higher amounts of RH-WMA. Accordingly,
the addition of RH-WMA decreased the softening point
value of the bitumen. The results of the storage stability
test show that the RH-WMA modified bitumen are stable.
Moreover, RSM analysis shows close agreement
between the estimated and the actual values, which
suggest that the models could predict mixture properties
adequately within the predetermined scope of factors.

In addition, the results for viscosity test show that the
addition of RH-WMA lowered the viscosity of the
modified bitumen. This shows that small values of
viscosity improved the workability of RH-WMA modified
bitumen. The thermal stability of RH-WMA modified
bitumen, which was determined through the TGA test,
show that RH-WMA has minimal effect on thermal
stability. The DSC plot shows that there is a slight
difference at the thermal degradation beginning
temperature between the base bitumen and the RH-
WMA modified bitumen, which indicate that RH-WMA
increased the thermal degradation of bitumen
constituent efficiently.

Furthermore, analysis of the FTIR shows that there was
no complex chemical reaction between the base
bitumen and the RH-WMA modified bitumen. The results
of the SFE test, which was obtained through the sessile
drop (SD) device, show that adding RH-WMA to the
base bitumen increased the total SFE component of the
base binder. The increase in the total SFE suggests good
adhesion between the bitumen and the aggregates.
Additionally, RH-WMA modified bitumen reduced the
extent of work of debonding of the bitumen over the
aggregates by about 25%, which is desirable when the
concern is fo reduce resistance to moisture-induced
damage. The results for the energy ratfio parameter
show that the addition of RH-WMA increased the
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resistance of the mixtures to moisture-induced damage
in virtually all cases.
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Graphical abstract Abstract
7

This study aiminvesﬁgaie the engineering properties (i.e., physical, chemical,
and adhesion properties) of bitumen incorporated with RH-War ix Asphalt (RH-
WiA) addifive. Base bitumen with a penetration grade of 80/1 as added with
3.0, 3.5, and 4.0% RH-WMA (by fotal weight of bitumen). The Response Surface
Method (RSM) was used to determine the optimum values of the base bitumen and
RH-WMA addifive which meet the bitumen specificalion with penetrafion and
softening point chosen as responses in the design layout. Three sclutions of 3.04,
3.55 and 3.91% RH-WMA additive that were obtained from the RSM analysis were
selected as the optimal values. Results of the physical tests show that adding RH-
WMA increases the penefration and ductility values whilst simulianeously reducing
the value for the softening point. Analysis of viscosity at various temperatures shows
that RH-WMA addifive lowers viscosity when the tempergture was raised from 100
to 165 °C. The lower viscosity of the modified binders implies their workability. The
result of the Fourer Transform Infrared (FTIR) test shows that there is no complex
chemical reccﬁoraefween the base bitumen and the RH-WMA. The surface free
energy (SFE) test conducted on the base biftumen and the RH-WMA modified
bitumen shows that the total SFE component of the base bitumen increases when
higher amounts of RH-WMA was incorporated. The addifion of 3.5% RH-WMA results
é\e highest SFE value of 24.98 mJ/m2. The increase in the total SFE suggests good
adhesion between the bitumen and the aggregates.

EEMETRATION

Keywords: Warm mix asphalt, response surface method, surface free energy,
adhesion
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Abstrak

Kajian ini bertujuan untuk menyiasat cir-cii kejuruteraan (cth. fizikal, kimia dan
lekatan) bitumen bercampur adifif bitumen bersuhu sederhana (RH-WMA). Bitumen
asli berpenusukan 80/100 dicampur dengan aditif RH-WMA sebanyak 3.0, 3.5 dan
4.0% (mengikut jumlah berat bitumen). Kaedah Permukaan Sambutan di gunakan
untuk mendapatkan nilai optimum bitumen asli dan aditif RH-WMA yang
memenuhi spesifikasi bitumen dimana nilai penusukan dan tifik lembut digilih
sebagai sambutan di dalam pelan susunatur rekabentuk. Tiga penyelesaian telah
dipilih dari analisis kaedah permukaan sambuian sebagai nilai opfimum icitu 3.04,
3.55 & 391% darpada adiiif RH-WMA. Keputusan dari ujian fizikal menunjukkan
penambahan aditif RH-WMA meningkatkan nilai penusukan dan ketahanan tetapi
menurunkan nilai itk lembut. Analisis kelikatan pada suhu yang berbeza
menunjukkan aditif RH-WMA menurunkan nilai kelikatan apabila suhu dinaikkan
daripada 100°C ke 165°C. Nilgi kelkatan vyang rendah memperbaiki
kebolehkerjaan bitumen. Ujikgji Spekirometer Infra Merah menunjukkan tiada reaksi
kimia yang kompleks berlaku di antara bitumen dan RH-WMA. Ujian Permukaan
Bebas Tenaga dilakukan ke atas bitumen asli dan bitumen terubahsuai RH-WMA
menunjukkan jumlah komponen permukaan bebas tenaga bagi bitumen asli
meningkat apabila kuantiti RH-WMA bertambah. Penambahan 3.5% RH-WMA
memberi keputusan terfinggi bagi nilai permukaan bebas tenaga icitu 24.98
mJ/mz2. Peningkatan nilai permukaan bebas tenaga menunjukkan lekatan yang
kuat berlaku di antara bitumen dan aggregate.

Kata kunci: Bitumen suhu sederhana, kaedah permukaan sambutan, permukaan

bebas tenaga, lekatan

© 2019 Penerbit UTM Press. All ights reserved

1.0 INTRODUCTION

One crifical challenge that sociefies have to deal
with is the environmental problems caused by the
over-exploitation of natural resources and population
growth, which ultimately results in the depletion of
natural resources. Energy efficient technologies have
been developed to deal with these problems, and
some of these technologies are used to develop the
asphalt mixtures used in road construction. For the
past several yec:laihe main material used in road
construction is hot-mix asphalt (HMA). Hot-mix
asphalt is produced at a high temperature and its
production ermits pollution, dust, particulate matter
(PM), fumes, and an array of gases into the
environment, such as carbon monoxide, nitrogen
oxide, and sulphur dioxide [1]-[3] which contfribute to
the greenhouse effect.

Warm-Mix  Asphalt (WMA) is an alternative
technology developed to improve energy efficiency

reducing production temperature and emission.
According to the Asphalt Institute, WMA is a modified
HMA  mixture i is produced, placed, and
compacted at a temperature that is 10 — 40° C lower
than the temperature required for conventional HMA
mixture (which range between 140 and 180° C) [4].
WMA is a green technology and it uses less burner
fuel to heat the aggregates, reduces emission at the
HMA plant, produces less polluting emissions, and has
shorter asphalt aging during construction. These
factors contribute to extending the life span of the
road, and allow for earlier opening to traffic [3, 8].

Newly developed technologies, which use organic
additives, chemical additives, and water-based or
water-containing foaming processes, mean that
WMA can now be manufactured and used at lower
temperatures [7, 8]. Even though WMA differs slightly
fromme other type of asphalt mixture, both mixtures
seek to reduce the viscosity of asphalt. Reducing the
viscosity of the asphalt mix improves its workability.
This means better compaction and less roller pass is
required to achieve the targeted nsiiy. The
incorporation of WMA also improves workability at
lower temperaturesBilhich helps fo extend the
paving season, and allows for the asphalt mix to be
transported owver long distances without losing its
workability for placement and compaction [?]. A
new  WMA deiﬁve, RH-WMA, has been
manufactured to reduce the viscosity of asphalt
binders at high temperatures, and to strengthen the
structure of asphalt crystaline at low temperatures
[10].

Bitumen is used in asphalt mixes to bind
aggregates and to shift the stresses caused by traffic
loading throughout the service life of the mixture [11].
SFE is used to investigate the adhesion and cohesion
behaviour of asphalt mixtures from a mechanistic
perspective. The degree of bonding been
bitumen and aggregate is influenced by the ability
of the asphalt to wet the aggregate [12]. The
Hobiﬁiy of aggregates improves with smaller
surface tension, or adhesion of Surface Free Energy
(SFEID 3.

This paper focuses on investigating the physical,
chemical, and adhesion properties of the base
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binder and RH-WMA modified bitumen. The optimum
mixture content for bitumen and RH-WMA additive
with reference to the specification of the base binder
was determined using the Response Surface Method
(RSM). RSM is a group of statistical techniques used to
design experiments, construct models, evaluate the
effects of experimental factors, and improve
procedures [14]. Many previous studies have used
RSM as a tool for determining the optimal bitumen
content in WMA [15, 16]. Fourier Transform Infrared
Spectroscopy (FTIR) was used to identify the
differencesin the modified bitumen at different band
areas [17, 18]. Thermal analysis (TGA) and Differential
Scanning Calorimetry (DSC) were conducted tfo
identify the thermal behaviour of both types of
scirrés, Adhesion test was performed to determine
the work of adhesion under dry and wet conditions,
work of cohesion, and energy ratio of both the base
binder and the RH-WMA modified binders.

2.0 METHODOLOGY
2.1 Materials

The 80/100 penetrafion grade base bitumen was
obtained from Cenco Sains, a local bitumen factory
in Port Klang, Malaysia. Table 1 presents the
specifications for this bitumen. The RH-WMA, which is
a liquid additive, was supplied by the Universal Pave

mpany based in China. This wax was developed
by the Research Insfitute of Highway, Ministry of
Transportation, China. RH-WMA is a polyethylene
wax-based additive and is manufactured using cross-
linked polyethylene. There are three types of RH-
WMA additives, and this study opted to use the RH-
wma @@ liquid additive since this additive has the
abilty to reduce the production temperature of
asphalt by 30-60 °C.

Table 1 Physical properties of 80/100 penetration grade
bitumen

Property Specification Test Method Value
Penetration

at 25°C 80-100 ASTM D5 88
36 [lgal]
ftening
nt (1) 45-52 ASTM D36 46
Ducfility at .
25 °C Min 100 ASTM D113 >150
Viscosity at
135°C - ASTM D4402 0.388
(Pa.s)
Relafive
Density at 1.00-1.05 ASTM D70 1.028
25/25°C
F"’s;fg }0’”' Min 225 ASTM D92 290

2.2 Sample Preparation

Three batches of 250g 80/100 base biturmmen modified
with varying percentages (3, 3.5, and 4%) of RH-WMA
additive by weight of base binder were heated. The
mixtures were heated at 120°C for 15 minutes and
mixed at 1500rom using a mechanical stirrer. Three
important parameters, mixing rate, fime, and
temperature, were taken into consideration to ensure
that the additives dissolve completely and form a
homogeneous mixture with the base binder. In this
study, the penetration and softening point values
were used as indicators of a homogenous mixture
and were monitored unifil stable results were
obtained.

2.3 Physiial Properties Tests
5

Physical tests were conducted on the base bitumen
and RH-WMA modified bitumen to determine their
penetration, softeni oint, and ductility properfies
as specified by the ASTM DS, ASTM D346, and ASTM
D113, respectively. The storage stability of the RH-
WMA modified bitumen were measured as slipulaleﬂ
by the ASTM- D5%926, which is an important test in
determining whether the sample can be considered
a storage stable blend. The three percentages of
additives used for testing, i.e., 3, 3.5, and 4%, were
within the 3-4% recommended by the supplier.

24 Riponse Surface Methodology (RSM)
20

The Central Composite Design (CCD) was used to
design the experimental layout, and is shown in Table
2. The experimental outcomes were run in the design
matrix which looked at two independent variables,
namely 96% to $7% bitumen (A) and 3% to 4% RH-
WMA additive (B). The results of the penetration and
softening point tests were chosen as the responses
(dependent variables). The proposed models for the
volumetric behaviours are quadratic models. These
analyses were run using the RSM Design-Expert 7.0
software.

Table 2 Layout of experimenial design

Factor Response Parameter
Run A: B:RH- Penetration Softening
Bitumen WMA (dmm) Point
% T (C)
1 97.00 3.00 158 433
2 96.50 3.50 162 42.5
3 96.50 3.50 162.7 42.3
4 96.50 3.50 163.3 42.3
5 26.00 4.00 177 40.2
[ 26.00 3.00 165.438 428
7 96.00 3.50 167.33 42.1
8 97.00 3.50 160.3 42.8
2 26.50 4.00 176.27 40.9
10 27.00 4.00 169.68 40.7
11 26,50 3.50 162.3 42.4
12 96.50 3.50 1629 423

13 96.50 3.00 161.2 42.9
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2.5 Viscosity Test

BX-csity test was performed to determine the
resistance of the fluid to flow since it might affect the
workability of the bitumen. The viscosities of the e
bitumen and RH-WMA modified bitumen were
measured using the Brookfield Viscometer at 100,
120, 135, and 1465 °C using spindle number 21 as
ulqied in the ASTM D4402. Three optimum values
of RH-WMA medified bitumen based on the results of
the RSM were selected for this test.

2.6 Morphological Observation

The morphology of the samples was observed using
the DINO-LITE Pro digital optical microscope, S00X. A
small amount of heated base bitumen and RH-WMA
modified bitumen were placed between two glass
sides and viewed under the microscope.

2.7 Fourier Transform Infrared (FTIR) Spectroscopy

The  FTIR  spectrometer  Perken Elmer—
manufactured in the US by Bruker Corporation was
used to identify and quantify several chemical
functional groups of interest in the bitumen which
were modified with varying percentages of RH-WMA
liquid at wavenumbeﬂbelween 400 cm-1 and 4000
cm-1. The specimens were prepared by casting films
onto Potassium Bromide (KBr) which were then dried
for the FTIR analysis.

2.8 'aermal Gravimetric Analysis (TGA)
1

The DSC test was done using the Shimadzu DSC-50
with compensatory power to obtain the
thermograms of the bitumen modified with varying
percentages of RH-WMA. All iests were done under
nitrogen atmosphere using a sample mass of about 5
mg at a flcmme of 10 ml/min; the temperature was
increased from room temperature to 600 °C at a
heating rate of 10 °C/ minute. The sample for each
test was sealed in an aluminum pan.

2.10 Surface Free Energy (SFE) .

&l
This test was carried out to determin@he surface free
energy (SFE) and work of adhesion in order to further
identify the possible effect of RH-WMA additives on
the performance of WMA. The Good-Van Oss-
Chaudhury theory states that based on the source of
intermolecular force, SFE can decompose into three
separate components. These components
correspond  with  the monopolar acidic, [+
monopolar basic, I-), and Lifshitz-van der Waals, or
nonpolar compeonent, NLW. (Monopelar acidic and
monopolar basic describe the polar component AB.)
The component of a given material is calculated
using Equation 1 and is used in this study to compute
the SFE of bitumen surface.

LW i+—
F—I‘A+2 E‘A[‘A (mn

The specimens were prepared by coating a 25-mm
wide and 50-mm long standard cover glasses with
bitumen. The bulk asphalt binder samples were
heated at 105+5°C for an hour in the oven fo melt
the binders. The glass plates were then carefully
dipped in the modified bitumen while they were still
in the oven; this was repeated three times within 5
seconds to ensure that the bitumen completely
coated the glass plates. The coated plates were left
in the oven for 2 minutes in a vertical position to allow
the excess bitumen to dribble, thereby producing o
smooth surface. The samples were cured in o
desiccator for 24 hours, after which the test was
conducted. Measurement of the contact angle of
the binder samples were made using three different
probe liquids (water, Formamide, and Glycerol) by
uiilizirmwe Sessile Drop (SD) device. Equation 2 was
then used to determine the SFE components of all
bitumen and RH-WMA modified bitumen.

TL (1+cose) = 2Jrl‘;"'rr"r’+ 2\{1":1.": +

-+
2 [TaT] (@)

Where [ is the surface energy of the bitumen and .
is the surface energy (or surface tension) of the liquid.
The work of adhesion under wet and dry conditions,
work of cohesion, and energy ratio for the base
bitumen and RH-WMA modified bitumen were then
computed using the SFE components which has
been determined earlier.

3.0 RESULTS AND DISCUSSION

3.1 Physical Properties

The results for the physical tests are summarized in
Table 3. The 80/100 base bitumen modified with RH-
WMA  showed higher penetration at room
temperature, and the increased penetration is
parallel with the increase in the percentage of RH-
WMA additive. The increase in the penetration values
of the bitumen modified with 4%, 3.5%, and 3% RH-
WMA are 88, 77 and 69 mm, respectively. The highest
increase in penefration value was observed for the
bitumen modified with 4% RH-WMA. The higher
penetration values mean reduced stiffness of the
bitumen. Addifionally, the increased penetration,
which suggests a decrease in the hardness of the
bitumen, can be associated with the softening effect
brought about by the addition of RH-WMA liguid to
the base bitumen. Hamzah ef al. [19] observed the
same result when penetration was increased through
the addition of RH-WMA to base bitumen.
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Table 3 presents the results for the softening point
test. The temperatures for the softening point
decreased higher concentrations of RH-WMA.
The higher penetration value and lower softening
point of the RH-WMA modified bitumen indicate the
softening effect of RH-WMA liquid. The ductility of the
bitumen, however, was unaffectef] when the
bitumen was modified with RH-WMA; both the base
bitumen and the RH-WMA modified bitumen have
duclilityg:lues higher than 160 cm.
33

Table 3 Physical properties of base bitumen and RH-WMA
maodified biftumen

Penetration Softening Ductility
point
RH-WMA 25°C, dmm °C 25°C,
concentration cm
0.0 % RH-WMA 89 45.3 > 160
3.0% RH-WMA 158 43.3 > 180
3.5 % RH-WMA 162 42.5 > 160
4.0 % RH-WMA 177 40.2 > 160

3.2 Effects on High-Temperature Storage Stability of
Asphalt

Considering the attention given by previous
researchers to the storage stability of modified
bitumen, this study has also determined the storage
stability of the modified bitumen [20 - 22]. The storage
stability was done on the RH-WMA modified
bitumen to ensure that the blending process was
effective, and that the samples are stablefElbring
storage. Table 4 presents the effects of storage
stability of RH-WMA modified umen at high-
temperatures. The RH-WMA modified bitumen
showed good sforcmsfclbiﬁty, with the difference in
the values of the softening point for the top and
bottom sections of the aluminum tube being less

than 2.2 °C. This indicates that the modified bitumen

could remain stable during storage at  high
temperatures.

Table 4 Results for storage stability test of RH-WMA modified

bitumen
After Storage Stability test
RH-WMA Softening point (°C)
RH- modified
WMA bitumen Difference in
o Softening Point Top Bottom value
(°C)
3.0 43.3 429 422 0.7
3.5 42.5 41.0 419 0.9
4.0 40.2 40.5 41.2 0.3

3.3 Results for Response Surface Methodology (RSM)
3.3.1 Analysis of Variance (ANOVA)

The experimental results shown in Table 2 clearly
show that the addition of higher percentage of RH-
WMA additive increased the penetration value and
redd the value of the softening point. The results
for analysis of variance (ANOVA) for all volumetric
parameters are presented in Table 5. The results show
that for both the penetration and softening point
parameters, the model term is significant since “Prob
> F'is less than 0.¢0 (95% confidence interval). The
ANOWVA analysis shows the qguadratic models for
coded factors, and characterizes other statistical
parameters since it is crucicmp verify the adequacy
of the model. To verify the fitness of the model, the
regression coefficients, R2 and R2adj, were
computed, and the analysis shows that R2 is 0IB3
for penetration, and 0.9804 for softening point. High
R2 and R2adj values suggest that there is reasonable
agreement between the estimated and the actual
values. The estimated R2 values are fairly congruent
with the adjusted R2 values for all models, where
R2pred is 0.8327 and R2ad] is 0.9628; for the softening
point, the R2pred is 0.83%25, which is reasonably
consistent with the R2ad] of 0.94643. Another way of
ify‘mg the adequacy of the model is by looking at
the value of the k of Fit (LOF). This is because the
discrepancy of dcﬂomound the fitted model is
described by the LOF. As can be seen in Table 5, the
LOF values for the penetration and softening points
are significant (p < 0.05). Therefore, the estimate for
the response is within the defined experimental
range, and can be used since the estimated model
conforms well to the experimental data.

In this analysis, the A, B and B2 are significant for
the penetration and soffenpoinis, but A2 and AB
have a (p > 0.05), which indicate that the model
term is not significant, and is used to support
hierarchy [23]. The evaluation of model prediction of
RSM-CCD  should be examined by evaluating
adeqguate precision (AP). A signal to noise ratio
exceeding 4 is preferred since an adequate level of
AP provides a measurement of the signal to noise
ratio. The results show that the ratios are 26.09 for
penetration and 25.51 for softening point. This shows
that the model is adequate for navigating the design
criteria. The fitted quadratic polynomial equations
are as follows:

Penetralion = +162.97-3.63A+6.39B+0.026 A2+495
B2+0.030 AB (3)

Softening point =+42.39+0.28A-1.20B-0.026 A20.58
B? (4)

In both Equations (3) and (4), A corresponds to the
independent factors of base bitumen and B
corresponds to the RH-WMA additive.
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3.3.2 Effects of Parameters (Analysis of RSM)

Surface plots are usually very useful in determining
any pr ble relations that might exist between
factors. Two predictor factors are plotted on the x-
and y-axes while the response variable is plotted in

the z direction ine form of a smooth surface known
as surface plot. Contours and surface plots can be
used in conjunction with the set up polynomial
relationship between response and factors to study
the dependency of response on factors.

Table 5 Analysis of ANOVA for response
Regression characteristics  Sum of DF Mean square F-value P-value Model performance
squares
Penetration
Total 412.05 12 - (Quadratic)
Model 403.10 80.62 63.08 <0.0001 significant
A 79.12 1 79.12 61.91 0.0001 significant
B 244.63 1 244.63 191.42 <0.0001 significant
Az 0.0018 1 0.001 0.001 0.5708 insignificant
B2 67.56 1 67.56 52.86 0.0002 significant
AB 0.003 1 0.003 0.002 0.9598 insignificant
Residual error 8.95 7 - - -
Lack of fit 7.91 3 10.22 0.0240 significant
Pure error 1.03 4 - - -
R2 - 09783 - =
Adij R2 - 0.962 = = =
Pred Rz - 0.832 - -
Adeqguate precision - 26,085 = = -
Soffening Point
Total 10.44 12 - (Guadratic)
Regression 10.23 5 £9.86 <0.0001 significant
A 0.48 1 16.44 0.0048 significant
B 8.64 1 8.64 29494 < 0.0001 significant
Az 0.001 1 0.063 0.8089 insignificant
B2 0.92 1 31.27 0.0008 significant
AB 0.000 1 0.000 0.000 1.0000 insignificant
Residual error 0.21 7 0029 - - -
Lack of fit 0.17 3 0058 7.21 0.0432 significant
Pure error 0.032 4 0.008 - - -
Rz s 0.9804 - - -
Adj R-Squared - 0.9663 - -
Pred R-Squared - 0.83%5 - - -
Adequate precision - 25.514 - - -

Figure 1(a) shows the curvature of the surface
plotted for penetration; the plot suggests that the
bitumen and the RH-WMA interacted with each
other during penetration. It also shows that maximum
penetration occurred at a high RH-WMA content of
4%. The curvature of the surface plot for softening
point shown in Figure 1({b) suggests that the bitumen
and the RH-WMA additive interacted with each

other at the softening point. The minimum softening
point occurred at a high RH-WB content of 4%, and
a low bitumen content of 96%. A contour plot can be
used fo idenfify the relationships between H‘m
variables in one plot. Figures 2(a) and (b) show the
contour plot of RH-WMA a ve and bitumen
content versus the results of the penetration and
softening point tests. These graphs clearly show that
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penetration increased while the softening point
decreased as the content of RH-WMA was increased
from 3 to 4%, and when asphalt content was
reduced from 97% to %%,

2
3.3.3 Numerical Opfimization of the Process
Response

One of the primary objectives of this study is to
identify the optimum percentage of RH-WMA and
bitumen content within 8 calculated experimental
range conducted by using the point prediction
function in the Design-Expert software. The results
suggest 10 solutions for bitumen and RH-WMA
content and the software proposed these as the
optimum values for meeting the requirements of the
design. Of the 10 solutions, three were chosen for
further analysis based on the results of chemical and
adhesion tests, @Jd were then verified through
laboratory test for penetration and softening point, as
shown in Table 4. The optimal conditions can be

sented in a graphical form by overlapping the
contours of the response surfaces in an overlay plot,
as shown in Figure 3. Based on the plot obtained, the
software suggested that 96.94 % bitumen and 3.55%
RH-WMA are the oplimum percentages for meeting
the reguirements of the design.
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Table § Opfimum combinafion of binder and RH-WMA

RH-
Bitumen
WMA Penetration Softening Point
No  80/100
) Additive (dmm) (°C)
()
(%)
RSM  Laboratory RSM Laboratery
1 246,39 391 1589 157.3 43.2 42.8
2 96.82 3.04 160.4 159.7 42.5 42.3
96.94 3.55 172.2 171.8 40.5 40.2
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Figure 3 Optimum condifions for bitumen and RH-WMA

3.4 Viscosity Test at Varying Temperature

The viscosifies of the base EBmen and RH-WMA
modified bitumen were measured EEing the
Brookfield Viscometer at 100 °C, 120 °C, 135 °C and
=58, onahe measurements are plotted in Figure
4, The plot shows that the addition of RH-WMA liquid
to the base bitumen decreased the viscosity of the
bitumen at the desired temperature. For example,
the viscosity at 120 °C with maximum composition
decreased from 0.805 to 0.488 Pa-s, while the
addifion of REH-WMA decreased the mixing
temperature by about 39.3%. At 120°C, the addition
of 3.04, 3.55 and 391 RH-WMA decreased the
viscosity by 23.22%, 33.7% and 39.3%, respefi@ely.
Smaller reduction in viscosity was observed as the
temperature was increased. The viscosity of the
bitumen at 135°C is 0.372 Pa-s. The temperatures
required for the RH-WMA samples to achieve a
viscosity of 0.372 Pa-s are 124°C, 123°C, 121°C for the
3.04% RH-WMA, 3.55% RH-WMA and 3.21% RH-WMA
samples, respectively. Thus, a reduction of 14°C at
135°C was predicted for 3.91 % RH-WMA. These resulis
are similar to those obtained by Gungat et al. [24],
where the addition of RH-WMA resulted in lower
binder viscosity and the mixing temperature was
reduced to 20 °C. Gungat ef al. [25] also conducted
a study using RH-WMA and the results of their study
showed that viscosity decreased with  higher
temperature, and the viscosity of the bitumen was
significantly altered at lower temperature. These
results have been confirmed in field studies. Lower
viscosity could improve the workability of RH-WMA
modified bitumen.

25 1
control asphalt

—— asphalt+3.04% RH-WMA
—— asphalt+3.550% RH-WMA
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Figure 4 Rotational viscosity of confrol base bitumen and
oplimum RH-WMA modified bitumen

3.5 Chemical Analysis
3.5.1 Fourier Transform Infrared (FTIR)

Figure 5 shows the FTIR spectra of the bitumen
modified with different percentages of RH-WMA. It
shows that even though the peak values for thenase
and modified bitumen are different, they both have
typical absorption peaks at similar wavenumbers. The
dc:ior bands at 2910 cm-1 are the typical C-H
stretching vibrations of hydrocarbons -CH2-. The
absorption peaks at 1610 cm-1 is due to the C=C
bond in the benzene ring and the C=0 bond in
aromatic hydroxyl. The bending vibrations of -CH2-
and -CH3- groups happen at 1446 cm-1 and 1362
cm-1, respectively. B observed absorption band at
about 1045-1055 cm-1 is due to the stretching
vibration of the sulfoxide group {nOJ in the bitumen.
The fingerprint region at 730-800 cm-1 is the benzene
replacement area. Here, the absorption peaks is due
to the vibration of =CH2 bondlland the swing in
benzene ring, as wel as the in-plane swing
[CH2]n- (n > 4) in alkyl. A comparison of the FTIR
spectra for the base bifflnen and the RH-WMA
modified bitumen shows that there is no complex
chemical reaction between the additive and
nrurnen. although there is an apparent effect on the
chemical bonds of the different components. Since
the structure of RH-WMA (polyethylene wax) is -
[CH2]n-, are greater relative intensities of bands
near 2910 | (due to stretching vibrations of -CH2-
). and 1446 cm-1 (due to bending vibrations of -CH2-)
in the range of RH-WMA compared to those of the
base bitumen. Although the differences are slight
due to the sensitivity of the FTIR, the changes indicate
that the RH-WMA additive has been successfully
incorporated into the base bitumen.
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Figure 5 FTIR spectra of () Base bitumen, (b) 3.04% RH-
WhA, and (c} 3.55% RH-WMA and 3.91% RH-WMA

3.5.2 TGA and DSC Test

TGA and DSC thermal analyses of the base bitumen
and the RH-WMA modified bitumen were carried out
to further understand the thermal behaviour of the
whole system. The TGA curves of the base bitumen
and those modified with 3.04%, 3.55% and 3.91% RH-
WMA are presented in Figure 661]5 figure shows that
the trends of the TGA curves for the base bitumen
and the RH-WMA-modified bitumen are almost the
same. It is obvious that temperature ranges for the
base bitumen and the RH-WMA are comparable for
the main decomposition (approximately 250-450 °C),
which indicate the limited effect of the addifion of
RH-WMA liguid on thermal stability. Figure & also
shows that the weight loss in RH-WMA modified
bitumen was higher than that of the base bitumen at
temperatures exceeding 450 °C. The higher weight
loss of RH-WMA at higher temperature (> 450 °C) can
be attributed to the high degradation in the aliphatic
main chain of the polyethylene wax -[CH2]n-, which
occurred because the dliphatic organic compounds
in the binder, such as polyethylene, were less stable
than the aromatic organic compounds. In addition,
the increase in weight loss was expected based on
the fact that the introduction of RH-WMA as a liquid
additive reduced the stiffness of the mixiure.
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Figure & TGA thermograms of base bilumen and oplimum
RH-WMA. modified bitumen

Out of the three RH-WMA modified bitumen samples,
the bitumen modified with 3.04% and 3.55% RH-MWA
showed similar patterns in their TGA curves. A distinct
difference was observed in the bitumen modified
with 3.91% RH-WMA, where the sample lost more
components than the other medified bitumen at
high temperatures. The TGA curves for the base and
RH-WMA modified bitumen sys@hs show several
distinct characteristics, including initial decomposing
temperature (Ti). temperature related to the half
mass loss (T50%). and final residue mass rafio (Mf) at
800 °C, all of which are listed in Table 7.

Table 7 Thermal data of base bitumen and RH-WMA
modified bitumen

Component T °C Tm°C T = Tsx°C M
°C o
Base bitumen 31 100 225 4463 16.1
3.04 % RH WMA 28 92 223 441 10.4
3.55 % RH-WMA 27 86 222 440 11.2
3.91% RH-WMA, 25 81 220 459 8.3

The DSC curves of the base bitumen and RH-WMA
modified bitumen are presented in Figure 7. It shows
that the glass transition, Tg, and melling point, Tm, of
the base bitumen are higher than those of the RH-
WMA modified bitumen. In addition, the Tg and Tm of
RH-WMA modified bitumen decreased with higher
percentages of RH-WMA. This decrease is associated
with the fact that Tg and Tm decreased with
reduced stiffness and aromaticity (as described in
section 3.1). Table 8 presents the values for the Tg
and Tm of the base bitumen and RH-WMA modified
bitumen. The DSC plots clearly show that there is a
sight difference between the curves for the base
and the RH-WMA modified bitumen. There is a slight
difference in the initiation of the thermal degradation
temperature between the base and the RH-WMA
modified bitumen, which indicate that RH-WMA
increased the thermal degradation of the bitumen
constituent efficiently.

Table 8 Contact angles of base bitumen and RH-WMA
modified bitumen

Additive Content Contact Angles (Degrees)
(RH- WMA) Water | Formamide | Glycerol
0.00 % 84 77.1 83.1
3.04% 81.2 74.2 80.3
3.55% 76.1 73 78.8
3921 % 73.8 72.7 76.4
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Figure 7 DSC curves of base bitumen and RH-WMA modified
bitumen
3.6 Optical Microscopy Analysis

The morphologies of the base bitumen and the RH-
WMA modified bitumen were explored using optical

(a] Base binder

microscopy. This was done to investigate the
microstructure interaction between the bitumen and
the additive by determining the distribution of RH-
WMA in the bitumen. The rich phase of the base
bitumen appears dark or black, whereas the rich
phase of the RH-WMA appears white. The images of
the base bitumen and the bitumen modified with
varying percentages of RH-WMA are shown in Figure
8. The image of the base bitumen is generally dark
black, as can be seen in Figure 8(a), while the binder
modified with 3.04 % RH-WMA shows little white spots,
as can be seen in Figure 8(b). The images in Figures
8(c) and (d]) show that the amount of RH-WMA
added to the bitumen had a profound effect on the
microstruciures of the modified bitumen; bitumen
with higher amounts of RH-WMA show better
morphology at the boundary of the white spots and
the dark areas are more discernible, dispersed, and
clear with the liquid additive clearly overlapping the
bitumen. The morpholcgies of the mixtures clearly
show the formation of homogeneous, warm mixtures.

(b) 3.04% RH-WMA

(c) 3.55% RH-WMA

(d) 3.21% RH-WMA

Figure 8 Opfical microscopy for base bitumen and RH-WMA modified bitumen
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3.7 Surface Free Energy (SFE)

In this study, the surface free energy (SFE)
components of the base bitumen and the RH-WMA
modified bitumen were calculated using the Good-
van Oss-Chaudhury (GVOC) approach, as given by
Equation 2. This equation contains four known surface
energy components of the probe |iqum'L, TLLW, TL-,
and [L+) as presented in Table 8, and three unknown
surface energy components of the solid (i.e.. [ALW,
[A+, and [A-) and the contact angle (8) terms. The
contact angles of the base bitumen and the RH-
WMA modified bitumen were measured using a
sessile drop (SD) device utilizing three different probe
liquids (i.e., water, Formamide and Glycerol). Table 9
presents the values of the average contact angle for
all samples.

aggregate and the bitumen have to be determined
prior o calculating the work of adhesion of a mixture.
Table 10 presents the calculated SFE components for
the bitumen, while Table 11 presents the SFE
components for two Oklahoma aggregates (i.e.,
Davis limestone and Snyder granite) which were
calculated using the data for the contact angle
obtained from using the SD deviin the study
conducted by Koc [27]. Once the SFE components
of both the bitumen (A) and the aggregate (S) have
been quantified, the work of adhesion between the
two materials (in the absence of water at the
interface) was computed using Equation 5.

Table 11 SFE componenis of Davis Limestone and Snyder
Granite determined in a study conducted by Koc [27]

Aggregate rlofal‘ [ ‘ [ ‘ T ‘r*

Table ¥ Components of surface energy of three liquid Type ml/m2
probes (mJ/m2)

T Dawis Limestone 37.61 36.26 1.35 10.12 | 0.05

u ) 5

o Wold (W W d J Snyder Granite | 34.66 | 3439 | 028 | 1397 | 001

Probe

mJ/m2

Water 7280 2180 51.00 25.50 25.50
Formamide 58 3% 30.00 3.6 2.28
Glycerol 64,00 3400 3000 57.40 392

The computed SFE components of the base
bitumen and the RH-WMA modified bitumen are
presented in Table 10. They show that the bitumen's
total SFE component ([ Total) increased with the
addition of higher amounts of RH-WMA. The
maximum increase in the value of the total SFE
component was observed for the bitumen modified
with 3.55% RH-WMA. The higher total SFE indicates
good adhesion of the bitumen with the aggregates
[26].

Table 10 SFE components of base bitumen and RH-WMA
modified bitumen

dry _ LW_LW e, i
WAS —2\)?14 r = +2JFAF5 2 JFAFS

(5)

Table 12 presents the work of adhesion between
two types of aggregates with the base bitumen and
RH-WMA modified bitumen under dry condifion.
Based on the data, the addifion of RH-WMA
increased the work of adhesion. Higher work of
adhesion means a stronger bond between the
components of the asphalt mix, resulting in a durable
mixture that is less suscepfible to moisture. Hence,
the addition of RH-WMA modified bitumen to the
mixtures manufactured using both acidic and basic
aggregates is expected to result in improved
durability of the mixiures in addition to better
resistance to moisture-induced damage.

Table 12 Work of adhesion/cohesion and ER of Dawis
limestone (DL) and Snyder Granite (SG) combined with
base bitumen and RH-WMA modified bitumen

Additive [Total [w A r- r
Content (Base) (Acid)
\"E'::;) (mJ/m2)

0% 2241 19.35 3.06 0.20 11.90
3.04 % 24,10 20.37 3.73 0.26 13.13
3.55% 2498 21.14 3.83 0.20 18.74
39 % 24.50 14.93 9.57 1.08 21.24

3.7.1 Work of Adhesion

Work of odh% is a measure of the work which has
to be done to separate the two materials at their
interface. Therefore, the SFE components of the

Work Work of Ener

of adhesi Woik °f. ay
Aggregate- cohesi on Dsbond Ratio
bitumen b (o) M (Wet) (ER))

(ergs/cm2 or mJ/m2)

DL-Confrol 4483 7513 49,70 1.51
DL-3.04% RH-WMA 48.2 77.65 48.69 1.59
DL-3.55% RH-WMA 4995 83.12 46.97 1.77
DL-3.21% RH-WMA 47.00 76.32 38.19 2.00
SG-Confrol 4483 77.47 49.15 1.58
5G-3.04% RH-WMA 48.2 8013 48.27 1.66
$G-3.55% RH-WMA 4995 84,38 47,33 1.83

$G-3.21% RH-WMA 49.00 79.98 38.94 2.05
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3.7.2 Work of Debonding

Work of debonding (W, e,,). whiclis the work of
adhesion under wet conditions, is another vital
energy parameter. It is defined as a decrease in the
free energy of bitumen and an aggregate system
when bifu%w is separated from aggregate at their
interface in the presence of water. The work of
adhesion between bitumen and aggregate in the
presence of water (W) was computed using Equation
b.

W LW LW LW LW LW _ LW
Jl‘Aer'FJFSFW-JFAFS =T

W;E\;=2+ﬁ[ﬁ+ﬁ'ﬁ}
*”ﬁﬂﬁ‘m*ﬁ:{—‘;*m (6)

Table 12 shows the work of debonding between
two types of aggregates with fhose bitumen and
the RH-WMA modified bitumen. Results indicate that
the addition of RH-WMA reduced the work of
debonding. 1@ maximum required effect occured
when 3.91% RH-WMA was added fo the bitumen.
Adding 3.91% RH-WMA to the chosen bitumen and
Snyder granite aggregate resulted in a maximum
reductfion (25%) of the work of debonding in
comparison to that of the base bitumen, which is
desired when the concem is to reduce the r@stance
of moisture-induced damage. Higher work of
debonding implies a higher thermodynamic
potential for stripping to occur in the presence of
water.

3.7.3 Work of Cohesion

Work of cohesion is the energy produced by two new
surfaces in a homogeneous material, and this value is
twice that of the surface free energy. Work of
cohesion was calculated using Equation 7.

WAA= 2T L:V+ 4 f[‘;rz 7)

Table 12 shows the work of cohesion of fheaose
bitumen and the RH-WMA modified bitumen. It shows
that the addition of RH-EAA increased the value of
the work of cohesion of both the base bitumen and
the RH-WMA modified bitumen, with the modified
bitumen showing better cohesion. Higher work of
cohesion shows that more work is required to fracture
the material.

3.7.4 Energy Ratio

Energy ratio (ER) is a parameter related to the
potential for moisture-induced damage in bituminous
pavements. Comparison of the resistance of
aggregate-binder to moisture-induced damage was
done using the Energy Ratio (ER) approach given by

Equation 8. The ER for Dcwimesfone (DL) and
Snyder Granite (SG) with the base bitumen and for
the RH-WMA modified bitumen were calculated and
are presented in Table 12.

dry
Was
wet

1WASW

ER1= (8)

The values presented in Table 12 show that using
RH-WMA modified bitumen with both types of
aggregate resulted in higher ER values. They also
show that the bitumen modified with 3.21% RH-WMA
showed the highest increase in the ER. The moisture
damage resistance of a bitumen-aggregate with
higher energy ratio is superior to the bitumen-
aggregate with lower value of energy ratic when
other mixture properties are similar.

4.0 CONCLUSION
The effects of using RH-WMA on ihe@gineering
properties of bilumen was investigated in this study.
Based on the laboratory works and analysis conducted
in this study showed the addition of RH-WMA has a
strong effect on penetration and ductility, where the
penetration and ductility values increased with the
addifion of higher amounts of RH-WM ccordingly,
the addition of RH-WMA decreased th tening point
value of the bitumen. The results of the storage stability
test show that the RH-WMA modified bitumen are stable.
Moreover, RSM__ analysis shows close agreement
between fhe esnmied and the actual values, which
suggest that the models could predict mixture properties
adequately within the predetermined scope of fgEktors.
In addition, the results for viscosity test show that the
addition of RH-WMA lowered the wviscosity of the
modified bitumen. This shows that small values of
viscosity improved the workability of RH-WMA modified
bitumen. The thermal stabilty of RH-WMA modified
bitumen, which was determined through the TGA test,
show that RH-WMA has minimal effect on thermal
stakility. The DSC plot shows that there is a slight
difference at the thermal degradation beginning
temperature belween the base bitumen and the RH-
WMA medified bitumen, which indicate that RH-WMA
increased the thermal degradation of bitumen
constituent efficiently. 40
Furthermore, analysis of the FTIR shows that there was
no complex chemical reaction beilween the base
bitumen and the RH-WMA modified bitumen. The results
of the SFE test, which was obtained through the sessile
drop (SD) device, show that adding RH-WMA to the
base men increased the total SFE component of the
base binder. The increase in the total SFE suggests good
adhesion beiween the bitumen and the aggregates.
Additionalg RH-WMA meodified bitumen reduced the
extent of work of debonding of the bitumen over the
aggregates by about 28Kl which is desirable when the
concern is to reduce resistance fo moisture-induced
ddmda. The results for the energy ratic parameter
show thai the addition of RH-WMA increased the
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resistance of the mixtures to moisture-induced damage
in virtually all cases.
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