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1. Introduction

The Global Transportation Professional Networking Group in collaboration with the Tanzania Roads Association (TARA)
which is also a National Committee of the World Road Association (PIARC) for Tanzania under the Ministry of Works in
Tanzania, the Tanzania Transportation Technology Transfer (TanT? Centre), Tanzania National Roads Agency
(TANROADS), Tanzania Rural and Urban Roads Agency (TARURA), the International Road Federation (IRF) Geneva,
Institute for Urban Research, Morgan State University (MSU), USA; the African Road Maintenance Funds Association
(ARMFA), the Association of Southern Africa National Roads Agencies (ASANRA), and other local and international
institutions, is organizing the 9" International Conference on Sustainable Transportation & Smart Innovations (ICTA
2024) to be held from 29t — 31t July 2024 at Gran Melia Hotels & Resorts, Arusha, Tanzania under the Theme *Safe,
Smart and Sustainable Transport Systems for Global Economic Growth™. The Minister for Works, Tanzania, Hon.
Innocent Bashungwa (MP) will officiate the opening of this event as per the programme. The objective of the 9"
International Conference on Sustainable Transportation & Smart Innovations is to build capacity to transport sector
stakeholders on Safe, Smart and Sustainable Transport Systems for Global Economic Growth through sharing
knowledge, experiences, and best practices.

Background
Globalization and rapidly evolving technologies are driving profound changes in the role of transportation in oursociety.
Through research studies and publications on various disciplines, we continue to provide authoritative and non-partisan policy
advice to decision-makers in government, academia, and the private sector. Although transportation research is integral to
our societies, there are persistent challenges to the vitality of this sector. Funding for scientific research is increasingly
uncertain and this calls for trans-disciplinary and trans-sector research collaboration to ensure that fundamental advances are
made in the areas of focus for continuity and sustainability of transportation. Despite the challenges facing the transport
sector, there are many promising avenues to strengthen this sector. New models of cooperation among academia, industry
and government can better enable transport experts to meet the formidable challenges ahead. The world is increasingly faced
with complex problems that require the adoption of innovative research and approaches that will bring about lasting and
sustainable solutions. For instance, the challenges facing communities from climate change, to providing adequate transport
for the world’s growing population are immense, urgent, and intimately connected. With proper coordination, transport
experts are poised to help solve problems at this level of complexity and importance. Redesigning dated organizational
structures and cultural attitudes within and across the sectors could dramatically accelerate the development of new
approaches. We now have critical mass in academia, government, and the private sector to achieve this. To attain global
stature and tackle critical societal challenges in the transport sector will depend on how we nurture the research and
publication ecosystem.

Targeted Audience

The 9™ International Conference on Sustainable Transportation & Smart Innovations which is expected to be attended by
about 300 participants is targeted at Senior Officials and Chief Executive Officers of Road Agencies/Departments and
Other Transport Sector Agencies, Road Funds, Funding Agencies, University Vice Chancellors and other Academics,
Researchers, Road Transport Design Consultants and Contractors, development partners and everyone in any way
connected with transportation including other national government authorities, parastatals, policy and decision-makers,
students, and professionals active in the planning, construction, maintenance, logistics, operation and safety of passenger and
freight transport, road traffic, rail, maritime and aviation.

2. The Global Transportation Professional Networking Group

The “Global Transportation Professional Networking Group” with America, Botswana, and Nigeria as the Regional
Centres and International Secretariat is made up of transport professionals from the academic, business, and government
sectors with a commitment to proffer solutions to critical challenges facing transportation.
(https://ictatransportprofessionals.org/)

In collaboration with Transport Stakeholders, Universities, and Transport Professionals in Africa, the Group has been
organizing annual International Transportation Conferences in African countries and America. The 1st and 2nd editions were
held at Gaborone, Botswana (ICTA 2014) with University of Botswana and Ministry of Transport & Communications,
Botswana as co-hosts; and at Palapye, Botswana (ICTA 2015) with Botswana International University of Science and
Technology as the co-host; the 3rd edition was held at Accra, Ghana (ICTA 2016) with Kwame Nkrumah University of
Scienceand Technology as the co-host. The 4th edition (ICTA 2017) took place from at Sheraton Hotel, Abuja, Nigeria while
the 5" (ICTA 2019) 6" (ICTA 2021), and 7" (ICTA 2022) editions of the African American International Conference on
Sustainable Transportation were held at Morgan State University, Baltimore, Maryland, USA as the co-host. 8th International
Conference on Sustainable Transportation (ICTA2023) was hosted by Zambian Road Development Agency, June 26th—28th,
2023. AVANI Victoria Falls Resort, Livingstone, Zambia.
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The next (ICTA 2024), 9th International Conference on Sustainable Transportation in Africa with Tanzania Roads
Association as the co-host will be held on July 29th — 31st, 2024 at Gran Melia Hotels & Resorts, Arusha, Tanzania
which will focus on how to optimally engage over 200 delegates and all stakeholders involved in the transport sector from
America, African Countries, Australia, Asia, and Europe to provide “safe, smart and sustainable transport systems for
global economic growth”.

Mission of the group

The goal of the group is to organize transportation professional conferences such as “International Conference on
Sustainable Transportation” from country to country in Africa and America annually to provide a platformfor experts and
scholars to exchange ideas with each other and share the development and products in the fieldof transportation. It is
apparent from the above that there is a generally perceived link between the state of development of a country and the extent
of technology usage and availability of technical information in that country. It follows, therefore, that technology transfer,
both within and outside a country to boost technology usage, is necessary for that country’s development. In other words, the
extent and efficiency of a country’s technology transfer system could reveal the extent of that country’s development.

Membership
Everyone in any way connected with transportation is invited. This professional networking group will be of interest to
funding agencies, national government authorities, parastatals, policy and decision-makers, academics, researchers, students,
and professionals active in the planning, construction, maintenance, logistics,operation and safety of passenger and freight
transport, road traffic, rail, maritime and aviation. End-users will also find the group of interest.

R

The Minister of Transport &1st International Conference on Transportation (ICTA2014) participants, Botswana
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3. International Steering Committee
ICTA International Coordinator: Local Organizing Committee
Chairperson:

S N

Dr. Simon Oladele, Ph.D., Pr.Eng. (ERB), M.BIE,
M.ASCE, A.M.SAICE, M.NSE, M.NIHTE, R.Eng.
(COREN), Transportation Engineer,

Post-Exchange Professor & Researcher,

Morgan State University, Maryland,

Global Transportation Professional Networking
Group, ICTA Secretariat, USA

Mr. Joseph O. Haule, FCILT (UK),
Transport Economist, Chairman, Tanzania Roads
Association (TARA), Tanzania

Local Organizing Committee

Mr. Joseph Odo Haule, Chairman, Tanzania Roads Association (TARA) — Chairperson
Eng. Hagai K. Bishanga, Honorary Secretary, Tanzania Roads Association (TARA) - Secretary
Eng. Severin N. Materu, Tanzania Roads Association (TARA) - Member

Eng. Abdul A. Awadh, Tanzania Roads Association (TARA) - Member

Dr. Christina Kayoza, Tanzania National Roads Agency (TANROADS) - Member
Representative, Ministry of Works, (MoW) Tanzania - Member

Eng. Sylvester T. Haonga, TanT? Centre, Ministry of Works (MoW), Tanzania - Member
Eng. Rashid Kalimbaga, Roads Fund Board (RFB), Tanzania - Member

Representative, Tanzania Rural and Urban Roads Agency (TARURA) - Member

Mr. Elifadhili Mgonja, Tanzania Roads Association (TARA) - Member

Mr. Daudi Kitomo, Tanzania Roads Association (TARA) - Member

Mr. Eliamlisi Joseph Mlay, Tanzania Roads Association (TARA) - Member

Eng. Laurent Athanas (TARA) - Member

Happyness Phillip Haule (TARA) — Secretariat

International Scientific Committee

Prof. Steven Jones, Ph.D., Professor of Transportation, Civil Engineering Dept., University of Alabama, USA
Eng. Alfred Logie, (Retired) International Program Engineer, Federal Highway Administration, USA

Dr. Cesar Queiroz, Ph.D., Adjunct Professor/ Highway Consultant, The World Bank, USA

Prof. Samuel Labi, Ph.D., Professor of Transportation, Civil Engineering Dept., Purdue University, USA
Prof. Owusu Ababio, Ph.D., Professor of Transportation, Civil Engineering Dept., University of Wisconsin, USA
Dr. Jerome Egwurube, Ph.D., Department of Transportation, Queensland, Australia

Prof. P. Paige-Green, Ph.D. Extraordinary Professor, Tshwane University of Technology, South Africa
Prof. A.S. Adedimila, Ph.D. Professor of Traffic & Highway Engineering, Nigeria

Prof. Theophil Rwebangira, Ph.D. Professor of Transportation, Tanzania

Prof. Kweku Bentil, Ph.D. Professor of Civil Engineering, USA

Prof. Joe Zietsman, Ph.D. Division Head, Texas A & M Transportation Institute, USA

Dr. B. Nkwae, Ph.D., Civil Engineering Dept., University of Botswana, Botswana

Prof. Ignasio Ngoma, Ph.D. Director, Malawi T2 Centre, University of Malawi, Malawi

Dr. A. Araya, Ph.D., Managing Director, ALERT Engineering Plc, Ethiopia

Dr. Sameh Zaghloul Ph.D. Director, ITAMs Consultants, Egypt

Eng. Mike Pinard Managing Director, InfraAfrica, UK

Eng. Hagai K. Bishanga, Honorary Secretary, Tanzania Roads Association, Tanzania

Robin Workman Senior International Consultant, TRL, UK

Eng. (Mrs) Sophia Tekie, Manager, Road Management System, Roads Authority, Namibia
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4. Keynote Speakers & Facilitators

Prof. David A. Mfinanga, Ph.D., Professor of
Transportation Engineering & Former Deputy Vice-
Hon. Innocent Bashungwa (MP) _ Chancellor, Administration, University of Dar es
Minister for Works, Ministry of Works, Tanzania Salaam, Tanzania

Susanna Zammataro, Director General at International

Dr. Steven Jones, Ph.D., Professor & Interim Executive Road Federation (IRF), Geneva, Switzerland

Director Alabama Transportation Institute (ATI), The
University of Alabama, USA

Dr. Ignatius Fomunung, Ph.D., UC Foundation

Dr. Fred Amonya Ph.D., CEng, FCIHT, Professor & Director, Center for Energy, Transportation
Complex Systems and Public Investment, & the Environment (CETE), University of Tennessee
University of Birmingham, UK Chattanooga, USA
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Prof. Kweku K. Bentil, Ph.D., Former Vice Provost of

the Aga Khan University, Kenya & Founding Vice-
Chancellor, BIUST, Botswana, now in USA

Dr. Cesar Queiroz, Ph.D., Consultant, Roads and
Transport Infrastructure & Former World Bank
Highways Adviser, Washington, DC, USA

Dr. Jerome Egwurube, Ph.D., Department of
Transportation, Queensland, Australia Prof. Joel Ademola Ojekunle, Ph.D.,
Federal University of Technology, Minna, Nigeria

Eng. Mike Pinard, Chartered Civil Engineer,
Managing Director, Infra-Africa, now in UK

Dr. Joseph O. Owino, Ph.D., P.E., Professor &
Director, University of Tennessee at Chattanooga, USA



5. CONFERENCE TOPICS
Theme: ""Safe, Smart and Sustainable Transport Systems for Global Economic Growth”
The annual conference is to provide a platform for professionals, researchers, experts, engineers, and scholars
to exchange ideas on smart and sustainable transport infrastructure; share developments and publish papers
in the field of transportation.

1. Smart infrastructures and Sustainable Development

2. Smart Transportation; Infrastructure Preservation and Rehabilitation Strategies

3. Pavement Management Systems; Data monitoring and Performance Assessment.

4. Life-cycle cost analysis and life-cycle assessment; PPP/ funding mechanism.

5. Road Safety and risk management.

6. Innovative design methods and materials.

7. Transformational Technologies and Innovations

8. Intelligent Transportation Systems and Management

9. Pavement Performance and Asset Management

10. Climate Change: Energy, Sustainability and Security

CALL FOR PAPERS - ICTA 2024 CONFERENCE

ICTA International Secretariat in collaboration with Tanzania Roads Association (TARA) which is also a
National Committee of the World Road Association (PIARC) for Tanzania under the Ministry of Works in Tanzania
as co-host is inviting you to the 9" International Conference on Sustainable Transportation (ICTA2024),
Arusha, Tanzania from Monday 29" — 31% July 2024 at Gran Melia Hotels & Resorts, Arusha, Tanzania.

Expected Presenters/Speakers are invited to submit their full papers/abstracts(s) of not more than 300
words before the local extended submission deadline of 30" January 2024 to ICTA International
Secretariat (E-mail: ictatransportprofessionals@gmail.com)

Important Dates:
e Deadline for Local Abstract & Workshop Proposal Submission
Extended till: January 301, 2024
e Deadline for Local Full Paper Submission:
January 30t 2024
Deadline for Early Bird Registration: January 30%, 2024
Deadline for Regular Registration: March 301, 2024
Deadline for Late Registration #1: May 30th, 2024
Final Notification of Feedback on Peer Review of Full Paper: May 30", 2024
Deadline for Submission of Final Presentation & Final Full Paper
for Publication: June 30, 2024
e Deadline for late Registration #2: July 28, 2024

All accepted peer-reviewed papers will be published in the ICTA2024 Conference Proceedings
with ISBN: 978-99968-0-872-2

WORKSHOP/ PANEL DISCUSSION

This will be conducted in the following areas:

PPPs Project/ Pavement Management Systems/ Smart City/ Climate Change/ Research & Development
Workshops. Proposals are invited to conduct workshops on the above-stated areas or any other areas relevant
to the theme of the 9 International Conference on Sustainable Transportation (ICTA2024).


mailto:ictatransportprofessionals@gmail.com
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6. Conference Programme

9th International Conference on Sustainable Transportation
& Smart Innovations
Gran Melia Hotels & Resorts, Arusha, Tanzania

July 29 — 31, 2024

Theme: ""Safe, Smart and Sustainable Transport Systems for Global Economic Growth™

Day 1: Monday, July 29, 2024
Official Opening Ceremony & Plenary — Gran Melia Conference Main Room

8:00 am: On-site Registration of Conference Participants

ime (Hours) Description Speaker/Title Organisation &
Country
08:00-09:00 Onsite Registration All ICTA & TARA Secretariat
Opening Session: Moderator Eng. Abdul A. Awadh, Tanzania Road Association
09:00-09:05 Immediate Past Chairman (TARA), Tanzania
09:05-09:15 Mr. Joseph Haule Tanzania Road Association
Introductory Remarks ClheliraT (TARA), Tanzania
International Remarks: A Decade of Global Dr. Simon Oladele, Ph.D. ICTA International
09:15-09:35 Networking & Professional Development | ICTA International Coordinator Secretariat, USA
. Prof. David Norris, Ph.D. University of
09:35-09:45 Global Remarks: Resegrch Collaborationand | 5 e oo @ Vice-Chancellor ST Bo){cswana
Renewal of International Journal (IJT2A)
Global Briefing: Knowledge Exchange & International Road
09:45-09:55 International Connectivity for Global Ms. Susanna Zammataro, Federation (IRF)
Economic Growth Director General (IRF) 7 '
Switzerland
Keynote Presentation: “Safe, Smart and Prof. David A. Mfinanga Ph.D.
09:55-10:20 Sustainable Transport Systems for Professor of Transportation University of Dar es Salaam,
Global Economic Growth” Engineering & Former Deputy Tanzania
Vice Chancellor, Administration
10:20-10:30 Amb. Eng. Aisha S. Amour
Welcome Address Permanent Secretary (PS) Ministry of Works, Tanzania
- . Hon. Innocent Bashungwa Ministry of Works
10:30-10:50 Keynote Speech: Official Opening (MP) Minister for Worglis, (MoW)),/Tanzania
Tanzania.
10:50-11-00 Vote of Thanks Eng. I\_/Iohamme_d Besta Tanzania National R_oads
' ‘ The Chief Executive (CEO) Agency, Tanzania
(TANROADS)
11:00-11:30 Cultural Entertainment, Group Photo, Exhibition & Tea Break — Gran Melia
11:30-13:30 Plenary Session 1 — Main Room: Smart Innovations and Sustainable Development

Chair: Immediate Past TARA Chairman, TARA, Tanzania

(20 minutes for
each
presentation
and 10 minutes
for discussions)

Integrating Social and Environmental Impacts of Green Transportation Infrastructure: A Framework for
Effective Decision-Making - Ignatius Fomunung, Md Kamrul Hasan Sabbir, WSP, Jejal Bathi, Mbaki Onyango,
Joseph Owino, University of Tennessee Chattanooga, USA

Transit Time across Central Transport Corridor - Christopher Awinia, PRAXIS Tanzania, Lecturer in Development
Studies, Open University of Tanzania (OUT), Dar-es-Salaam, Tanzania

Financial Model for Airport Public-Private Partnership Projects (PPPs): Bridging Infrastructure Finance Gaps
- Deepak Benny, Bortiorkor Nii Tsui Alabi, Samuel Labi, Purdue University & Cesar Queiroz, Former World
Bank Highways Adviser, Washington, DC, USA

Opportunities and Challenges of Bascule Bridges Crossing Navigable Waterways and InfrastructureManagement
in Sub-Saharan Africa - Primus V. Mtenga, Egwu E. Kalu, Florida A&M University, Florida State University, USA,
& Cuthbert Akaro, Scopecon Engineering Company Ltd, Dar-es-Salaam, Tanzania

Driving Factors to the Implementation of Road Project Monitoring Practices in Tanzania, Hussein Mativila,
Salum K. Chang 'waro, John Mahona, Manala Tabu Mbumba, National Institute of Transport, Dar Es Salaam,
Tanzania




13:30-14:30

Exhibition & Lunch Break — Gran Melia Hotel Cafeteria

WORKSHOP ON PPP PROJECTS WORKSHOP ON SUSTAINABLE

SOLUTIONS

Series 1: Public-Private Partnership Projects | Series 1: Green Transportation

14:30-15:30 (PPPs): Bridging Infrastructure Finance Infrastructure: A Framework for Effective
' ' Gaps & OPBRC for Transport Sector Decision-Making

Workshop Facilitator/ Presenter: Workshop Facilitator/ Presenter: - Dr.
Dr. Cesar Queiroz, Ph.D., Consultant, Ignatius Fomunung, Ph.D., UC Foundation
Roads and Transport Infrastructure & Professor & Director, Center for Energy,
Former WorldBank Highways Adviser, Transportation & the Environment (CETE),
Washington, DC, USA University of Tennessee Chattanooga, USA
Series 2: Developing Road Management Series 2: Smart Road Initiative - Best
Systems (RMS): Learning from Namibia— | Software for Designing Village Roads,

15:30-16:30 Workshop Facilitator: Eng. Sophia Tekie, District Roads, and Highways
Manager, RMS, Roads Authority, Namibia & | Workshop Facilitator/ Presenter: Saroj
President, Engineering Council of Namibia, | Gautam, Director - Smart Tech Solution,
Nl Thapagaun, Baneshwor, Nepal

16:30-17:00 Exhibition, Networking & Tea Break — Gran Melia Hotel

University Vice C!ance”ors & Researc!ers Roa! Agency CEOs & Transport Sector

Forum Forum
Special Forum dedicated to Academia/ Special Forum dedicated to Transport Sector/
University VCs/ HODs & Researchers Road Agency/ Roads Department CEOs/
Directors & Contractors/ Consultants/
Facilitator: Prof. Kweku Bentil, Ph.D., Workforce
Former Vice Provost of the Aga Khan . )
University, Kenya & Founding Vice Facilitator - Munesu Munodawafa, Managing
Chancellor of Botswana International Director, Zimbabwe Traffic Safety Council,

University of Science & Technology (BIUST), Harare, Zimbabwe
Botswana & Professor of Civil Engineering,

pubdic transportation
pedestrian safety nealtn
vehicles
uuality of life nics SUITEYS C

e [IITCIIIGENT SYS

USA
Panelist(s): Representatives from each Panelist(s): Representatives from each
country country
END OF DAY 1
autonomous vehicles

|mellm‘ﬁil:ﬂ£=;ﬂm:ﬂsmtr a_ﬁic cungestip“geen“u;mnsmmhlurnzl
roads and streetsinternet of Ihlngsene?ﬁ'{ltilizalinn

@IS nare. ansnon

EMETYENCY SETVICES

road sarety

bus transnortation DUS@S cconomicssalaana icucles - motor transportation

_ancroraten S IM@AN T GRTY:usiainanic moniiny

rhan transportation
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Day 2: Tuesday,

July 30, 2024

08:00-09:00

Onsite Registration

All

09:00-11:00

Transportation
Nigeria

Concurrent Session 4: Pavement Management
Systems Monitoring and Performance
Assessment

Chair: Dr. Bola Mudasiru, Ph.D.,

Nigerian Institution of Highway and

Engineers (NIHTE), Abuja,

Concurrent Session 5: Traffic Safety
and Risk Management

Chair: Prof Nurdin Mushule, Ph.D.,
College of Engineering and Technology,
University of Dar Es Salaam, Tanzania

(20
minutes
for each
presentat
ionand

10
minutes
for joint
discussio

ns)

Improving Rigid Pavement Smoothness in
Chattanooga, USA - Mbakisya Onyango,
Mawazo Fortunatus, Joseph Owino, Ignatius
Fomunung, University of Tennessee at
Chattanooga, Sampson Udeh, TDOT Roadway
Design Division, USA

Case Study for the Development of an Integrated
Road Asset Management and Geo-database
System for the Ministry of Roads and Highways
(MRH) of Ghana and itsImplementing Agencies
- Kwasi Osafo Ampadu, Nii Klemesu Ashong,
Raphael Natsui, Clement Somuah, Benjamin
Boakye, Vincent Otu Addison, Daniel Amanoo
Ochere, Emmanuel Sasu, Elijah Ashitey, Peter
Kobena Eduah, Development Institute of Business
Solutions, Haatso, Accra, Ghana

Developing Options for Sustainable Road
Infrastructure’s Maintenance Management in
Nigeria - Joel Ademola Ojekunle, Stephen
Sunday Kolo, Opeyemi Aribiike Abisoye and
Blessing Olatunde, Abisoye, Federal University
of Technology, Minna, Nigeria

GIS-Based Assessment of Ogbere River Basin,
South-West Nigeria - Ayodele, T.O., Akintayo,
F.O., Dahunsi, B. I, Department of Civil
Engineering, University of Ibadan, lbadan &
Ganiyu H.O., Kwara State University, Male
Nigeria

Explorations of Signal Timing Optimization
and Geometry Configuration to Improve
Operation of Signalised Intersection in Urban
City - Akinfiloye M. Ebenezer, Kwame Nkrumah
University of Science and Technology, Williams
lAckaah, (CSIR-BRRI), KumasiGhana

Future Vehicle Technologies and Road
Financing Challenges - Laurent Maganga;
University of Birmingham, UK

An Indigenous Knowledge Approach to
Understanding the Prevalence of Beliefs in
Superstitions as a Road Traffic Crashes Factor
-  Emmanuel Kofi Adanu, Alabama
Transportation Institute, The University of
Alabama, Tuscaloosa, Alabama - USA &
Thomas Kolawole Ojo, Department of
Geography and Regional Planning, University of
Cape Coast, Cape Coast & Kwame Nkrumah
Universityof Science and Technology, (TRECK)
Kumasi, Ghana

Traffic Management in the Cape Coast
Metropolis, Ghana - Thomas Kolawole Ojo,
Department of Geography and Regional
Planning, University of Cape Coast, Cape Coast
& Kwame Nkrumah University of Science and
Technology, (TRECK) Kumasi, Ghana

11:00-11:30

Exhibition, Networking & Tea Break — Gran

Me

lia

11:30-13:30

Concurrent Session 6: Innovative Design
Methods and Materials

Chair: Bizzar B. Madzikigwa, University of
Botswana, Department of Civil Engineering,
Botswana

Concurrent Session 7: Transport Services
and Safe Infrastructure

Chair: Dr. Jacqueline E. Masaki, College of
Engineering and Technology, University of Dar
Es Salaam, Tanzania

(20
minutes
for each
presentati
on and

10
minutes

Performance Evaluation of Full Depth
Reclaimed (FDR) Pavements in Tennessee, USA
- Joseph Owino, Mbakisya Onyango, Ignatius
Fomunung, Odia Dumbiri, University of
Tennessee at Chattanooga, Sampson Udeh,
TDOT Roadway Design Division, USA

Composite Anisotropy and Evaluation of

10

Intelligent Transportation Systems (ITS): Best
Practices and Future Developments - Bola
Mudasiru & Jones Nwadike, Nigerian Institution
of Highway and Transportation Engineers
(NIHTE), Abuja, Nigeria

Safe, Smart, and Green Urban Mobility: A
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for joint
discussio
ns)

Permanent Deformation in Unbound Granular
Material - ChristopherMulenga Nondo, Chewe
Kambole, Copperbelt University & Yohanne
Tembo, National Road Fund Agency, Zambia

Developing Empirical Understanding of Stone
Matrix Asphalt Performance Characteristics to
Enhance Adoption in Sub-Saharan Africa -
Collins A. Nketiah, Kenneth A. Tutu, David A.
Azong-bil & Ebenezer D. Adom-Barnor,
Regional Transport Research and Education
Centre Kumasi (TRECK), Kwame Nkrumah
University of Science and Technology (KNUST),
Ghana.

Use of Porous Concrete Pavement to Minimize
Storm Water Run-Off in Areas Prone to
Flooding in Zambia -Paul Emmanuel Siwila, G.
Senthil Kumaran & Davy Silavawe, Department
of Civil Engineering and Construction, The
Copperbelt University, Kitwe, Zambia

Bibliometric Analysis - Joash Mageto, Rose
Luke, Department of Transport and Supply
Chain Management, University of
Johannesburg, South Africa

ThehRising Tide of Accidents and Insecurities
in the

Nigerian Railway System: Causes,
Implications, and Solutions towards a
Sustainable Mass Transport Systemin
Nigeria - Abubakar Al-Hasan, Auchi
Polytechnic, Nigeria & Joseph Eremiokhale,
Morgan State University, USA

Community Organizing: Exploring the
Intersection of Transportation Planning
Models and Community Organizing -
Chabria L. Thomas, Association of
Pennsylvania State College, and University
Faculties (APSCUF) Harrisburg,
Pennsylvania, USA

11
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V)
A

WE STAND FOR QUALITY

PLASCO LTD

Factory & Sales Office
Plot No. 112, Mbozi Road, Chang'ombe
P.O. Box 19956, Dar Es Salaam, Tanzania
Tel: +255 22 219 9820/821/822/823

Fax: +255 22 286 3551

Email: plascosales@plasco.co.tz

Sales Hotlines:
+255 717 752 726 | +255 686 350 543 | +255 769 756 495

Website:

www.plasco.co.tz

Q)

12



Exhibition & Lunch Break — Gran Melia

3:30-14:30
14:30-16:30 | Concurrent Session 8: Funding Mechanism& Concurrent Session 9: Sustainable Green
Effective Maintenance Transportation & Artificial Intelligence (Al)
Chair: Dr. Andrew Ndaimanye, Executive Chair: Dr. Joseph O. Owino, Ph.D,, P.E.,
Director, Uganda Road Fund (URF) and Vice Erhoftetssor & DllJrggfor, University of Tennessee at
Chairman ARMFA, Uganda SLLERE
; Effects of Plastic Waste on Bitumen Properties e
20 minutes
( for each | Used in Flexible Road Pavement - Bizzar B. A Case Study of the Development of Artificial
presentation Madzikigwa, University of Botswana, Intelllgepce Sys'te_rr) for Bridge Inspection in
and 10 Department of Civil Engineering, Botswana Mozambique utilizing the JICA Road Asset
i Management Platform - Masamune Takahashi, Seiya
mm_ut_es for Hikino, Satoshi Kawasaki, Kohei Nagai, Kou Ibayashi -
joint Project for Improvement of Bridge Maintenance and

discussions)

Geopolymer Binder: A Sustainable Pavement
Construction Material: A Review - Gbenga E.
Aderinto, Jacob O. Ikotun, Durban University of
Technology, South Africa, Makungu M.
Madirisha University of South Africa &
University of Dar es Salaam, Tanzania, Valentine
Katte, University of Namibia, Namibia

Towards Smart Road Infrastructure For
Sustainable Development in Zambia - Denis Mwaba
& Michael N. Mulenga, Department of Civil and
Environmental Engineering, University of Zambia,
Zambia

Cyanobacteria-Based Biofuels: Lipids from Solvent
and Osmotic Pressure-Based Extraction Methods
for Scaled-Up Production - Behnam Tabatabai,
HaloCyTech LLC, Baltimore & Viji Sitther,
Departmentof Biology, Morgan State University,
USA

Management Capacity, Japan International Cooperation
/Agency, Mozambique

Proposed Preventive Accident Measures for the Jabi
Bye-Pass Abuja, Nigeria - Eme Noel Effiong, Abubakar
Dayyabu, Ifeyinwa ljeoma Obianyo, Akeem Amuda,
Nile University, Nigeria

The Traffic Environment as Predisposition to Child
Road Safety Knowledge — N.K. Nsiah-Achampong,
CSIR — Building, Road Research Institute, Kumasi,
Ghana

IAutomatic Guided Vehicle System: A Neuro-Fuzzy
IAnalytic Approach - Ehibe Prince, Department of
Electrical and Electronic Engineering, Abia State
Polytechnic, Aba, Nigeria

16:30-17:00 Exhibition & Tea Break — Gran Melia
17:00-18:00 | Concurrent Panel Session 10: Interdisciplinary| Concurrent Panel Session 11: Advances in
Research Collaboration & Commercialization Road Agency & Transport Sector Management
Chair: Prof. Joel Ademola Ojekunle, Ph.D., Chair: Prof. David A. Mfinanga, Ph.D., Professor of
Federal University of Technology, Minna, Nigeria | Transportation Engineering & Former Deputy Vice-
Chancellor, Administration, University of Dar es
Salaam, Tanzania
Academia & Researchers Forum Road Agency & Transport Sector Forum
Lead Presenter: Dr. Jerome Egwurube, Ph.D., Lead Presenter: Eng. Mike Pinard, Managing
Department of Transportation, Queensland, Director, InfraAfrica, UK
Australia
_ ) Panelist(s): Representatives from each country
Panelist(s): Representatives from each country
19:00 — 21:00
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19:00-19:10 Moderator: MC Organization
19:10-19:20 Arrival and Networking All Participants
19:20-19:30 Welcome Address Bronze/ Silver Sponsor Bronze/ Silver Sponsor
19:30-20:00 Keynote Speech Gold Sponsor Gold Sponsor
Dinner is Served All Participants
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ABSTRACT

Green Infrastructure (GI) is increasingly acknowledged as a practical alternative to conventional
infrastructure, given its economic, environmental, and societal advantages. Nevertheless, assessing and
assigning monetary value to the social and environmental outcomes of Gl encounters difficulties, resulting in
their oversight during comparative assessments. To enhance the attractiveness of Gl, this study introduces an
innovative framework that integrates social and environmental impacts as well as public sentiment, utilizing the
Analytical Hierarchy Process and Monte Carlo simulation. The framework provides a comprehensive method
for appraising the impact of GI. Insights derived from a project in Philadelphia reveal that initiatives featuring
more Gl components prove cost-effective when factoring in public opinion and long-term advantages. The
research underscores the significance of incorporating the threefold benefits of Gl into evaluation frameworks,
enabling decision-makers to make well-informed decisions by considering social, environmental, and economic
impacts.

KEYWORDS: Green Infrastructure, Analytical Hierarchy Process, Monte Carlo Simulation, Benefits
Quantification, Monetization.

1.0 INTRODUCTION

Green Infrastructure (GI) is a comprehensive approach utilizing natural systems for various urban benefits,
incorporating Low Impact Development (LID) techniques for stormwater management to its source (Davies,
MacFarlane et al. 2006). GI not only mitigates the urban heat island effect, supports wildlife habitats, but also
fosters sustainable transportation and compact communities. Federal and state authorities in the U.S. are
increasingly integrating Gl practices into infrastructure management for economic growth and a healthier
environment. These practices encompass green roofs, permeable pavement, rainwater harvesting, and more,
providing economic, social, and environmental advantages (Pitt and VVoorhees 2011, Khattak, Noltenius et al.
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2018, Liu and Jensen 2018, Semeraro, Pomes et al. 2018).

While conventional infrastructure approaches often prioritize economic impacts, they may overlook social
impacts due to their subjective and variable nature. Despite appearing cost-effective in traditional planning, the
omission of social and environmental considerations may undervalue the appeal of Gl projects. By integrating
the quantification of social and environmental benefits into project analyses, Gl emerges as a more attractive
option (Gallet 2011, National Academies of Sciences and Medicine 2011, Mostafa and EI-Gohary 2014, Wang,
Shen et al. 2014).

Existing attempts to quantify Gl's benefits lack considerations for public opinion variability and prioritize
different benefits inconsistently. This study addresses these gaps using the Analytical Hierarchy Process (AHP)
and Monte Carlo simulation, aiming to overcome subjectivity and variations in social and environmental
benefits across different regions in the United States (Raucher and Clements 2010, Gallet 2011).

Many U.S. state transportation departments are embracing green infrastructure (GI) practices to achieve
sustainability goals, foster economic development, improve traffic safety, and enhance quality of life. Gl
involves a network integrating landscapes, natural areas, and waterways, including Low Impact Development
(LID) techniques. However, traditional infrastructure planning tends to prioritize economic impacts, neglecting
environmental and social considerations. Despite some initiatives to quantify Gl benefits, a unified framework
is needed to comprehensively assess economic, environmental, and social impacts, considering public opinion
and benefit prioritization. This study focuses on evaluating the environmental and social impacts of
infrastructure, aiming to develop a systematic framework with spatially-specific and temporally-dynamic
metrics, objective weights, and practical quantification methods. The proposed framework aims to guide
practitioners in promoting sustainable infrastructure practices.

2.0 LITERATURE REVIEW

Green infrastructure (GI) emerges as a cost-effective and multifaceted solution catering to transportation
infrastructure needs, delivering a spectrum of environmental, economic, and social benefits. Notably, its
implementation successfully addresses the challenges of stormwater management, presenting an innovative
approach that combines both green and gray infrastructure elements to reduce overall compliance costs with
stormwater management regulations. Beyond the pragmatic considerations of stormwater management, Gl
projects contribute significantly to the visual appeal of communities, surpassing traditional built environments.

Recent studies underscore the imperative of incorporating social and environmental impacts into decision-
making processes concerning transportation infrastructure. In particular, research by Strong et al. (2017) and
Ameen et al. (2015) illuminates the substantial advantages of integrating environmental and social
considerations into planning and design, resulting in reduced greenhouse gas emissions, improved public health
outcomes, and an emphasis on community engagement and stakeholder involvement.

Furthermore, there is a growing emphasis on developing robust and standardized frameworks for evaluating the
social and environmental impacts of green transportation infrastructure. Initiatives such as those proposed by
Ramani et al. (2011) and Liang et al. (2020) provide frameworks with quantifiable metrics and indicators,
addressing factors like accessibility, safety, air quality, and transit-oriented development. However, the current
state of these frameworks reveals a lack of standardization and formalization, posing challenges for
transportation departments attempting to optimize their investment strategies.

The existing quantification programs exhibit significant variability in terms of performance metrics,
guantification methods, weighting schemes, and integration techniques. Moreover, they often prioritize
economic aspects at the expense of environmental and social considerations, resulting in biased decision-
making. The subjective nature of individual programs' methods for scoping performance metrics and
determining their relative importance, without considering their effectiveness or community implications,
further complicates matters.
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Despite the numerous benefit quantification and modelling studies available, there is a noticeable gap in
efficiently utilizing their results for quantitative framework development. The strong dependency between
explanatory variables in these studies often leads to unstable analysis outcomes. Integrating all benefits into a
single measurement proves to be subjective and uncertain, highlighting the pressing need for a more objective
understanding of the mechanisms driving infrastructure impacts and causes.

To address these issues, initiatives like the Environmental Protection Agency (EPA) and the Federal Highway
Administration's Green Highways Partnership aim to enhance the functionality and sustainability of highways
through GI practices. Various tools and rating systems, such as the FHWA Sustainable Highways Self-
Evaluation Tool, Green roads, BE2ST, and SIPRS, have been developed to assess and certify the sustainability
of transportation infrastructure projects. These tools, while contributing valuable insights, still face challenges
in accounting for stakeholder perspectives, temporal and spatial variations in impacts, and the complex
interdependencies within the infrastructure system.

In light of these challenges, it is imperative to bridge the gaps in the literature to develop effective decision-
making frameworks. Future research should prioritize the development of standardized and objective metrics
for quantifying the social and environmental benefits of green transportation infrastructure. A systematic
approach to incorporate stakeholder input, accounting for temporal and spatial variations in impacts, and the
creation of robust models to navigate the complexities of the infrastructure system are crucial steps towards
ensuring sustainable and impactful transportation planning and decision-making.

3.0 METHODOLOGY
The methodology employed in this research integrates several key components:

1. The Analytical Hierarchy Process
2. Monte-Carlo Simulation
3. Quantification and Monetization frameworks for various impacts of Gl

The subsequent sections will delve into each of these subjects, providing a comprehensive overview of their
roles and significance in this research.

The Analytical Hierarchy Process

The Analytic Hierarchy Process (AHP) is a multi-criteria decision-making (MCDM) technique created by
Thomas Saaty in the late 1970s (Saaty 1980). It serves as a mathematical model for tackling intricate decision-
making challenges involving numerous criteria and preferences. AHP finds widespread application in
engineering, economics, management, and environmental science (Vargas 1990). Its structured approach
empowers decision-makers to dissect complex problems, break them into manageable parts, and prioritize based
on importance.

AHP relies on the principle that decisions involve comparing the relative importance of criteria and alternatives.
Through pairwise comparisons, decision-makers assign values on a scale from 1 to 9, determining the
importance of each criterion or alternative. The method includes a consistency test to ensure logical and
consistent comparisons.

Table 1: The Fundamental Scale for Pairwise Comparison used in AHP is as follows:

Intensity of importance Definition

1 Equal importance

3 Moderate importance

5 Strong or essential importance

7 Very strong or demonstrated importance
9

2

Extreme importance
,4,6,8 Intermediate values
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| Reciprocals | Reciprocals Values for inverse comparison |

AHP's structured, transparent, and flexible decision-making process has led to its widespread adoption across
various fields. Extensively studied and validated, AHP has demonstrated effectiveness in numerous
applications.

Mathematically represented by equations, with the eigenvector method being the most commonly used, AHP
calculates weights for criteria and alternatives. Chosen for its ability to address subjectivity in evaluating social
and environmental impacts, AHP transforms subjective assessments into objective measures. Its suitability for
addressing complex decision-making involving multiple levels and criteria makes AHP an optimal choice for
the current study.

Monte-Carlo Simulation

Monte Carlo Simulation (MCS) is a powerful computational tool widely used in various fields such as
engineering, finance, physics, and environmental sciences. It is a probabilistic method that uses random
sampling to simulate different scenarios and estimate the probability distribution of outcomes (Mooney 1997).
MCS has been used in environmental sciences to assess the uncertainty and variability of different parameters
and their impacts on the system (Creutz 1987). It is particularly useful in assessing the uncertainty associated
with the implementation of Green Infrastructure (Gl) projects, which involves various uncertain factors.

The basic idea behind MCS is to generate a large number of random samples from a probability distribution
function (PDF) of the input parameters and propagate them through a mathematical model to obtain the output
distribution. The output distribution represents the probability of different outcomes for a given scenario, which
can be used to estimate the expected value and variance of the output.

The Monte Carlo Simulation can be mathematically represented by the following equation:

! =%if(x;-)

Where,

| = the estimated value of the output

N = the number of samples

xi = a random sample from the PDF of the input parameters

f(xi) = the corresponding output of the model for the input sample xi

The utilization of Monte Carlo simulation in this study was motivated by the need to account for the inherent
randomness that may stem from public opinion. Given that the community survey was conducted solely within
the state of Tennessee, the use of Monte Carlo simulation is expected to facilitate the extrapolation of the survey
results to a broader scale encompassing the entire United States.

The Hierarchy Structure

The hierarchy structure for determining the best choice among Gl, traditional infrastructure, and combined
infrastructure is shown in Table 1:

Table 1: The Hierarchy Structure for Determining the Best Infrastructure Choice

Goal Level 1 Level 2 Alternatives

ikeli . Recreational .
L'ke“hOOd of Social ecreatio a_ use Green infrastructure (GI)
Selection Heat reduction
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Job creation

Enhanced property value

Environmental

Reduced stormwater runoff

Reduced air pollutants

Reduced energy use

Economic

Initial cost

Combination of green and
traditional infrastructure
(Ch

Maintenance cost

Traditional infrastructure
(T1)

The research reported here however is concerned with only the social and environmental impacts of different
infrastructures and determines the efficiency of infrastructure when we only consider its social and

environmental impacts.

As a result of considering only the social and environmental impacts, the hierarchy structure shown in Table 1

takes the form of Error! Reference source not found.:

Table 2: The Hierarchy Structure Considering only the Social and Environmental Impacts

Environmental

Reduced air pollutants

Goal Level 1 Level 2 Alternatives
Recreational use
Heat reduction Green infrastructure (GI)
Social Job creation
Enhanced property value
Likelihood of Combination of green and
Selection Reduced stormwater runoff t(ré\:j)itional infrastructure

Traditional infrastructure
(T1)

Framework Demonstration

Based on the hierarchy structure of Table 2, the framework to find the best alternative taking public opinion and

monetary gain from co-benefits into concern is shown in Figure 1:
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Comparison between

Comparison Comparison
between level between sub-
one criteria criteria/ level
two criteria

alternatives taking Select Best
each sub criteria into Alternative
concern

Utilize
survey
responses
conducted
over the
DOTS.

Utilize Utilize co-
survey benefit
responses quantification
conducted and
over the monetization
state of frameworks.
Tennessee.

Figure 1 Framework to Choose Best Alternative

To complete the framework, a total of nine pairwise matrices have to be constructed. One matrix for the level
one criteria answering the relative importance of social and environmental criteria in the decision making
process. Two matrices for the level two criteria or sub-criteria showing the relative importance between the sub-
criteria and six matrices to compare each of the alternatives when each of the sub-criteria is in concern.

In order to construct the first pairwise matrix, aid was taken from a survey conducted across the United Stated
over all the state Departments of Transportation (DOT). In this survey, a representative from each DOT was
asked to rank the order of importance they give to social, environmental and economic impacts of infrastructures
when choosing between alternatives. Figure 2 shows the responses. To complete the first pairwise matrix, first,
the importance scale was inverted to conform to Error! Reference source not found.. Subsequently, a
weighted average was taken to find the importance of each criterion.

Importance of environmental criterion = (5x3)/5 =5

Importance of social criterion = [(3x2) + (2x3)]/5=2.4

N1 EE2 W3

Social Economic Environmental

Figure 2 State DOT Survey Response

Therefore, the first pairwise matrix is as shown in Error! Reference source not found..

Table 4: Pairwise Matrix for Level One Criteria
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Environmental Social
Environmental 1.00 2.08
Social 0.48 1.00

After having constructed the first pairwise matrix, aid was taken from a survey conducted over the state of
Tennessee to construct the matrices for the sub-criteria level. The survey had 98 responses in total. Error!
Reference source not found. shows the general demographics of the participants.

In the survey, the participants were asked to rank the importance of Gl in contributing to the social and
environmental aspects shown in Table 2. The results are shown in Error! Reference source not found.3 and
Error! Reference source not found.4.

37-47
College High 3304 26-36
Graduate School 20%
or Some Graduate
College 3%
55%
Profession
al School 18-25
or 10%
Graduate
School 48-58
42% 21% 1 6%
(A) Highest level of education (B) Age Range
Two or
s 12(33;?_ $Tg;].£)0K more races
1%
$=<30K African
6% k T American
————
3%
Asian
$30-40K 1%
4%
$40-70K 95%
429% (D) Race

(C) Annual Income Range

Figure 3: Descriptive Statistics of the Survey Respondents

The methodology will be described for the construction of the pairwise matrices for the social impacts. The
choices were ranked with weights from ‘very important’ being 9 to ‘not important’ being 1 and the choices in
between — ‘important’ and ‘somewhat important’ were given the weights 6.34 and 3.67 respectively to relate
with Error! Reference source not found. (Hossain, Adnan et al. 2014, Caliskan, Aksakal et al. 2019) and to
construct the pairwise matrix for Level 1. The ‘not sure’ responses were discarded as they do not contribute to
the decision-making process, which yielded 93 participants.

The weight for the i"" row was divided by the weight of the j™ column to determine the (i,j) entry of the matrix.
93 pairwise matrices were constructed in this process— one for each participant. One such matrix for the social
impacts is shown in Error! Reference source not found..
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52 50
- 32
11
7 7 4
1 H .
| | — —

Very  Important Somewhat ~ Not Not sure

Not sure . ;
important Important important

Very  Important Somewhat  Not
important Important important

Health benefit from heat reduction

34
29
24
8
3
H

Very  Important Somewhat  Not
important Important important

Recreational opportunity

39
30
22
| —

Very  Important Somewhat  Not
important Important important

Not sure
Not sure

Economic development from job

Property value enhancement creation

Figure 4: Survey results Showing Participants’ Opinion about GI’s Social Impacts

Here, the entry at (i,j) position refers to the relative efficiency of the i"" row when compared to the efficiency of
the j"" column. Therefore, a value of 1.42 in the (1,3) position of the matrix infers that the participant believes
Gl will be 1.42 times more effective in increasing the recreational opportunity in the vicinity of the Gl than
contributing economically by creating jobs. The entry in the (3,1) position is the reciprocal of the value in
position (1,3).

The diagonal values of such matrices will of course be one. Therefore, one would need only n(nz—l) values in

order to build a pairwise matrix with n criteria which in this case is four. Six arrays- each containing 93 values
were extracted to build six cumulative distributive functions (CDF) for each entry of the pairwise matrix.

To demonstrate the comprehensive methodology by constructing the pairwise matrices required at the
last step, the results from the report - A triple bottom line assessment of traditional and green infrastructure
options for controlling CSO (Combined Sewer Overflow) events in Philadelphia's watersheds (Raucher and
Clements 2010) were utilized. The authors in this report determined the monetary gain from Gl over a 40-year
period using the frameworks shown in the sections 3.6 and 3.7 for the social and environmental impacts of
different Gl options (100% Gl, 75% GlI, 50% GI, 25% GI) in four projects across the city of Philadelphia.
However, in this research, only one project’s (Lower Delaware river watershed) data will be used to demonstrate
the comprehensive framework. The findings will be used to determine the entries of the pairwise matrices for
the last step of the AHP where all the alternatives are compared to each other when each of the sub-criteria is
concerned. The findings in the above-mentioned report for the Lower Delaware River watershed are tabulated
below:

Table 5: Monetary gain from social benefits of proposed Gl in the Lower Delaware river watershed

Recreational use Health benefit Job . creation _Property value
benefit increase
25% Gl $4,684,956 $294,200,000 $28,000,000 $77,123,000
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50% Gl $34,016,111 $420,900,000 $60,000,000 $154,246,000
75% Gl $51,271,313 $547,500,000 $93,000,000 $231,369,000
100% Gl $62,912,556 $674,200,000 $121,000,000 $308,492,000

Table 6: Monetary gain from environmental benefits of proposed Gl in the Lower Delaware river

watershed
Reduced Stormwater | Reduced Air
Runoff Pollutants
25% Gl $6,713,580 $9,820,003
50% Gl $16,307,399 $22,391,744
75% Gl $22,785,416 $31,204,186
100% Gl $28,405,151 $39,210,732

Since this report only determined the monetary gain for combined infrastructure and Gl, the hierarchy
structure of Table 2 is modified to take the form of Table 7. This modification not only demonstrates the
capability of the framework to function properly but also shows the flexibility it allows for the policymakers to
shape the decision-making process in terms of the data they have at their disposal. The structure in Table 7 has
four choices to relate to Table 2 and to help authorities decide between the alternatives. The importance of
traditional infrastructure (T1) in contributing to the social benefits can be inferred from the trend of the results
determined from the hierarchy process in Table 7.

Table 7: Hierarchy structure for the case study

Goal Level 1 Level 2 Alternatives
Recreational use
Heat reduction 250 Gl
) Job creation
Social
Likelihood - of Enhanced property value
Selection property 50% Gl
Reduced stormwater runoff
75% Gl
Environmental
Reduced air pollutants
100% Gl

To populate the pairwise matrices for the next step of the AHP, Table 5 and
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Table 6 were used. For each criterion, the highest monetary gain was assigned the value 5 and the lowest
gain was assigned the value 1. The assignment resulted in the choice with the highest monetary gain being five
times as important as the choice with the lowest monetary gain when compared as shown in Error! Reference
source not found.8. The rating for the values in between can be determined with Equation (2).

(2)

i highest rating - lowest rating
Rating for the nth largest value = 1+ {(nth value - lowest value) x }
largest value - smallest value

The user of the framework has the freedom to decide if the choice making the most monetary gain is more or
less than five times as important as the choice with the lowest monetary gain. The resulting pairwise matrix for
the first criteria — as an example- is shown in

Table 8.

Table 8: Pairwise comparison matrix for recreational opportunity

Recreational opportunity

100% Gl 75% Gl 50% Gl 25% Gl
100% Gl 1 1.19 1.658 5
75% Gl 0.84 1 1.393 4.2
50% Gl 0.603 0.718 1 3.015
25% Gl 0.2 0.238 0.332 1

All six matrices were consistent. The weights from the pairwise comparison matrices are consequently
integrated with the local weights obtained from the Monte Carlo simulation to determine the range of weights
for the four alternatives.

Social Impact Quantification Frameworks

In the next step of the AHP, we need to determine entries for four pairwise matrices — one for each social
criterion to compare the efficiency of the three alternatives in contributing to the social aspect in concern. One
such matrix is shown in 9.

Table 9: Pairwise Matrices to Compare Between Alternatives

Recreational opportunity
Gl Tl cl
Gl 1
T 1
cl 1
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In order to populate the matrices with appropriate entries, the social impact monetization framework, which has
been developed through previous research, will be employed.

Recreational Use

The increase in vegetation due to the newly built GI would allow increased participation of the inhabitants of
the areas encapsulated by the Gl in activities like walking, biking, jogging on sidewalks, etc. These activities
are similar to the ones performed in parks. Therefore, the benefits gained from recreational use resulting from
the increase in vegetation can be compared to the benefits from the added area in a park.

As the first step to quantifying the benefit, the area which will serve for recreation is determined. The total
amount of anticipated vegetation less the parking lot and green roof area will serve for recreation. After
identifying the vegetated area, the GI’s proximity to the available recreational area is determined. A Green

Calculate the total Calculate the total Calculate total
anticipated Vegetation antiCipated parking IOt anticipated green roof
area area to be vegetated (C)

(A) (B)

The vegetated area which will serve for recreational use
=A-(B+C)

Is there any park in close

proximity?
Yes No
The Gl will serve x% user days . o
(daily visit) of what a normal park The Gl will sarve y% of what a
would serve normal park would serve
| Calculate user days Calculate user days

‘ Calculate monetary gain based on ‘ Calculate monetary gain based on ‘
direct use values direct use values

Figure 5: Framework for monetizing recreational use

Infrastructure (GI) in close proximity to a park may not function as effectively as a GI without such adjacency,
in terms of its ability to serve as a park. Therefore, a GI’s ability to serve recreational activities depends on its
proximity to existing recreational opportunities. A 10-minute walking distance or 0.5 miles radius is selected as
the proximity measure.

The methodology relies on a report How Much Value Does the City of Philadelphia Receive from its Park and
Recreation System (Alliance 2008) prepared by the Trust for Public Land to determine the increase in
recreational activities per acre increase in vegetation. The report calculates the increase in the number of daily
visits (user days) per acre of the increased area in the park. According to a survey conducted by the National
Recreation and Parks Association, residents frequent nearby parks at an average rate of 26.7 visits annually per
1000 acres of parkland (Clements 2021). The increase in the user days is then attributed to a monetary value by
the ‘Unit Day Value’ method (ENGINEERS 2021) as the last step of the methodology.

Heat Reduction
Extreme heat events (EHE) are one of the major reasons for loss of lives (Koppe, Kovats et al. 2004, Valleron
and Boumendil 2004, Kaiser, Le Tertre et al. 2007) and increased emergency room use due to morbidity impacts
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(Semenza, McCullough et al. 1999, Bernard and McGeehin 2004) during the summer season. Gl reduces the
urban heat island effect as trees provide shading and replace dark paved surfaces with green vegetation that
absorbs less heat (Mercado, Hudischewskyj et al. 2001, Sailor 2003, Rosenzweig, Solecki et al. 2006). Several
heat-related hospitalizations and mortalities can be avoided due to the reduced heat resulting from the impact
of GI.

Weather data collection for the summer

period
1. Dry moderate (DM) (May 1 to Sep 30)
2. Dry polar (DP) -
3. Dry tropical (DT) i
f' ﬁqsi 111(ide.31(211\;[16i;§MM) Assign each day to an air mass category
‘6)' Mz;z " fl% a 1 (MT based on the weather data (temperature,
: . pica (MT) dew point, wind speed, cloud cover)

7. Moist tropical plus (MT+) and

Moist tropical plus plus (MT++) i
8. Transition (T) Detect offensive days (days that have daily Mortality data collection for the

mortality values that are consistently larger |« summer period
than longer-term average) (May 1 to Sep 30)

!

Determine heat-related mortality for each
offensive day

l

Repeat steps 2,3,4 but with the impact of GI
attributed to the weather data of each day

l

Find the difference in mortality and
multiply it with the value of a statistical life
(VSL)

Figure 6: Framework for monetizing heat reduction benefit

The weather data for the summer season for the area where the Gl is going to be built is collected as the first
step of monetizing this benefit. Consequently, based on the weather data (temperature, dew point, wind speed,
cloud cover, etc.), each day of summer is assigned to an air mass category (Kalkstein and Sheridan 2003). The
mortality data for the area of interest is also necessary for this framework. Based on the air mass labels of each
day and mortality data for respective days, the ‘offensive days’ are identified. An ‘offensive day’ is when daily
mortality values are higher than the longer-term average. The next step is to determine the heat-related mortality
on each of the offensive days.

The next step repeats steps 2,3, and 4 however with the impact of Gl attributed to the weather data. The impact
of Gl is going to be determined by the existing meteorological models (Sailor 2003, Rosenzweig, Solecki et al.
2006). Having the impact of Gl attributed to the weather data, we can calculate the difference in the number of
fatalities between the two scenarios. Based on the calculated number, we can anticipate the total number of lives
saved throughout the project. The last step is to estimate the monetary gain based on the Environmental
Protection Agency’s (EPA) recommended Value of Statistical Life (VSL) (EPA 2008).

Enhanced Property Value

Due to increased aesthetics, vegetation, improved air and water quality, and better living standards in general,
properties adjacent to a Gl are expected to experience an increase in value. Previous studies have attempted to
estimate the enhancement of value, and the value ranges from 1% to 7%. Table 10 shows a literature review of
those studies:

Table 10: Literature on estimating property value enhancement

% increase in

Study value
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The effect of low-impact-development on property values. (Ward, MacMullan et
al. 2008) 35-50

How Water Resources Limit and/or Promote Residential Housing Developments in 11-27
Douglas County. (Schultz and Schmitz 2008) ' '
Piedmont community tree guide: benefits, costs, and strategic planting. 30-70
(McPherson, Simpson et al. 2006) ' '

What is a tree worth? Green-city Strategies and Housing Prices. (Wachter and
. . 2
Bucchianeri 2006)

Influence of trees on residential property values in Athens, Georgia (USA): A survey 35_45
based on actual sales prices. (Anderson and Cordell 1988) ' '

As the first step of this methodology, the area where the Gl is going to be built has to be identified. After the
area is identified, the median value of the properties in that area will be calculated from the house sales data.
The property sales data is a prerequisite in this framework.

Having determined that, the enhancement in property value is estimated using the literature listed in the previous
section. Consequently, the number of properties in the area of interest is calculated. As the last step of the
framework, the total monetary gain is determined using the median

Identify the area that the Gl
will encapsulate

Determine the median of the
property value for that area
and anticipated
enhancement in value
(A)

Determine the approximate
number of properties in that
area

(B)

Total monetary gain =AxB

Figure 7: Enhanced property value quantification framework.

value and the anticipated increase in value.

Environmental Impact Quantification Frameworks

Similarly, methodologies for quantifying and monetizing the environmental impacts, specifically concerning
'stormwater reduction’ and 'reduced air pollution' benefits, were developed. Due to space limitations within this
manuscript, the comprehensive frameworks delineating these methodologies have not been shown here;
however, they can be found in the report titled "Integrating social and environmental impacts of green
transportation infrastructure: a framework for effective decision-making" authored by (Sabbir 2023) for detailed
elucidation on these frameworks.

4.0 RESULTS AND DISCUSSION

The 100% Gl option is the best choice among the alternatives as can be observed from Figure 8. The results are
intuitive since the 100% GI was deemed to be accruing the highest monetary gain according to the frameworks.
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Figure 8: Range of weights for all infrastructure choices

The downward trend of the weights when more traditional infrastructure is integrated into the project indicates
that a 100% traditional infrastructure would be the most inefficient choice in earning monetary value from the
social and environmental aspects as well as having public acceptance. After 10,000 simulations the range of
weights for 25% GlI, 50% Gl, 75% Gl and 100% Gl are from 0.079 to 0.082, 0.198 to 0.214, 0.308 to 0.313 and

0.394 to 0.412 respectively.
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Figure 9: Range of Weights for Individual Choices
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5.0 CONCLUSIONS

Despite its limitations, this study presents a novel framework that integrates public acceptance, benefit
quantification frameworks, the Analytic Hierarchy Process (AHP), and Monte Carlo simulation to evaluate the
effectiveness of various alternatives in generating monetary gain from social and environmental aspects. The
challenge of selecting the optimal option when subjectivity is present is a complex one. The Monte Carlo
simulation approach is utilized in this research to address the potential randomness that may occur in public
acceptance across different regions. The AHP methodology is leveraged to convert subjective elements into
guantifiable metrics. Social and environmental impact assessment frameworks are effective in identifying the
monetary gain associated with different projects across varying spatial and temporal variables. This study also
offers flexibility to users in shaping the decision-making process to determine the best choice. This methodology
can be applied in a comprehensive framework that considers the social, environmental, and economic aspects
of infrastructure projects.

5.1 Limitations & Future Work

Although efficient, the framework comes with some inherent limitations:

1. The Likert scale was designed in a manner that did not permit participants to indicate the possibility of
the GI being inefficient in comparison to Tl. The scale solely featured positive response options,
thereby limiting the participants' ability to express a comprehensive range of opinions on the subject
matter. To enhance the scale's validity and comprehensiveness, it is imperative to incorporate response
options that reflect negative perspectives and provide a more balanced assessment,

2. While determining the efficiency of Gl in gathering more social and environmental benefits than Tl
may not require the use of Analytic Hierarchy Process (AHP), this research represents a component of
a more extensive framework that seeks to incorporate social, environmental and economic factors in
evaluating various infrastructure projects. In this regard, the AHP methodology will be essential in
assessing the efficiency of the different alternatives proposed within the comprehensive framework.
Therefore, while intuitive assessment may suffice for this particular research component, a more robust
and comprehensive approach, such as AHP, will be required for the overall framework's successful
execution.,

3. Presently, there is a lack of standard validation methods for social benefit quantification frameworks.
Furthermore, the majority of these frameworks rely on survey-based approaches, which can introduce
subjective biases into the assessment process. However, to establish a more objective benchmark,
authorities can establish guidelines and standards at the local, state, or federal level for assessing all
projects uniformly. This approach would promote consistency and transparency in the evaluation
process, enhancing the reliability of the results obtained.
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ABSTRACT

Concrete pavement slab differential settlement is one of the major problems encountered in jointed rigid
pavements after years of service. The conventional method to rectify this problem is to lift the slabs using
injected asphalt or concrete mud, slab grinding, partial/full depth repair or asphalt overlay. The Tennessee
Department of Transportation (TDOT) investigated the use of Polyurethane material to level settled slab in
Chattanooga, Tennessee. Five study sections were monitored for two and half years to evaluate pavement
surface roughness using a high-speed inertia profiler to obtain raw longitudinal profiles; and a smartphone-
based application called RoadRoid to obtain the estimated IRI (eIR1). The raw data was analysed by the profile
viewing and analysing (ProVAL) software to compute the international roughness index (IRI) and the mean
roughness index (MRI). This study evaluated the suitability of polyurethane materials for pavement preservation
in Tennessee.

The installation of Polyurethane was within the scheduled time. Ride quality surveys were conducted before
and immediately after application polyurethane, then at about every eight months intervals after application
using the high-speed inertial profiler. The smartphone-based app was used to monitor the treated sections
monthly. Generally, the pavement ride quality slightly improved immediately after application, and continue to
increase on some sections and decrease on others. However, the decrease or increase in MRI did not change the
state of section’s ride quality condition, in which it was before application of the material. The ride quality
neither statistically significantly improved nor retrogressed the condition of the sections but maintained it in
their state before application of the material, however, results enabled the adoption of polyurethane for pavement
preservation in Tennessee.

KEYWORDS: Rigid Pavements, Smoothness, RoadRoid app, IRI, MR, elRI

1.0 INTRODUCTION

Rigid pavements are constructed with Portland Cement Concrete (PCC) slabs resting on a granular base course
or directly on a subgrade. When thermally induced tensile stresses exceed the concrete tensile strength, concrete
slab develops transverse cracks; hence, concrete slabs require either transverse joints or tensile reinforcements
(Huang, 2004). For a Jointed Plain Concrete Pavement (JPCP), a vertical load transfer mechanism between
adjacent slabs is required, provided by either aggregate interlock or dowel bars. When the vertical load transfer
efficiency is reduced, slab faulting or drop-off is experienced, which may pose unsafe driving conditions.

Pavements are designed to provide to road users a smooth ride, resulting to comfort, safety, and lower vehicle
operating cost. Distresses on pavements, such as slab drop-offs, pose a safety hazard to motorists, especially
motor bikes. Therefore, it is imperative for transportation agencies to maintain pavement smoothness by
correcting the developed pavement defects.

This case study evaluated the performance of polyurethane materials (injected under rigid pavements)
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immediately after installation and their long-term performance. To assess the long-term performance of the
material, the treated sections were monitored by measuring their surface roughness using a high-speed inertial
profiler, a smartphone-based app (Roadroid app) and visual inspection.

Polyurethane is a high-density expanding foam obtained by combining diisocyanate and polyol to form a
urethane linkage. These high-density polyurethane (HDP) foams stabilize/lift PCC slab with poor foundation
support (or voids). HDP foams have primarily been used in residential and commercial applications to lift
sidewalks, driveways, and office floors, but it has been found effective in levelling of concrete pavement slabs.
Several DOTs and the US Air Force have used polyurethane materials to lift pavement and airport slabs with
success (PolyLevel®, 2016). The advantage of these materials is that the repair requires shorter time and fewer
lane closures compared to the conventional methods.

TDOT Region 2, has been experiencing severe slab settlement (drop-offs) on some of the sections of its concrete
pavements (I-24 and 1-75), that carry high traffic volumes. Generally, the settlements varied from 1 inch to
almost 3 inches on some locations. Figure 1 shows faulting observed on sections of 1-24 West. Evaluating
possible maintenance techniques in use, such as mud jacking, slab replacement, and diamond grinding, TDOT
Region 2 elected to treat few distressed sections with polyurethane materials. Reasons being, this method
requires fewer lane closures and shorter lane closure times, the work was performed at night (9:00 pm to 4 or
5:00 am) when the interstates are less congested, and the sections were reopened to traffic in about half an hour
after application. This material was used here for the first time on Tennessee highways.

Mud jacking is a hon-destructive method, that uses flowable materials pumped under concrete slabs to fill the
void underneath the slab and lift it up. This method is time consuming and requires longer lane closures for the
material underneath to set (Smith et al., 2014). Slab replacement is a destructive method, expensive and time
consuming, with 28-day lane closure required for concrete to cure. Slab replacement is the best to fix faulted
slabs, because it opens the whole pavement slabs and fixes it from underneath, the problem is the high cost and
time on lane closures. Diamond griding smoothens the surface without addressing the issues underneath the
pavement.

In this paper HDP is used to include commercial product names that use similar materials with polyurethane.

Objective

The objective of this study was to evaluate the effectiveness of the injected polyurethane material as rigid
pavement non-destructive pavement preservation technigque to improve pavement smoothness. RoadRoid app
was used to collect estimated International Roughness Index data (elRI) and a high-speed profiler for
International Roughness Index (IRI). This study aimed at determining whether HDP could be used as pavement
preservation technique in Tennessee.

2.0 LITERATURE REVIEW

High density polyurethane (HDP) foam has been widely used in the US by some of the state Departments
of Transportation (state DOTSs). In 2014, Pennsylvania DOT, used HDP on a 6 miles (9.7 Km) section of US
Highway 422, to stabilize the subbase aggregate layer, mitigate faulting, and improve joint load transfer
efficiency (LTE). They did not see improvements when assessing the before and after IRl (Vennapusa and
White, 2014). Michigan DOT in 1995 used HDP on three sections of 1-75 in Monroe County on a trunk road
with 10 —11 in. reinforced concrete slabs, resting on an open-graded base course. They did not recommend the
use HDP since it did not improve the pavement performance in terms of IRl (Opland and Barnhart, 1995).
Oregon DOT used HDP to raise slabs at 12 sites around the Glenn Jackson Bridge on southbound side of 1-205.
This reduced water infiltration into the subgrade (Soltesz, 2002). Gaspard and Morvant assessed the
effectiveness of HDP in levelling faulting on continuously reinforced concrete pavement, jointed concrete
pavement, and bridge approaches for the Louisiana Transportation Research Center. They determined that HDP
could be used for undersealing or levelling operations (Gaspard and Morvant, 2004).

Wisconsin DOT evaluated the effectiveness of HDP to reestablish Portland cement concrete (PCC)
pavement elevations and increase the stability of the slab after pavement lifting. Two sites were evaluated. The
first test site was on the bridge approach for both the passing and driving lanes on 1-39 and USH 78, in Columbia
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County. The second site was on the bridge approach of the three-lane highway on USH 12 near the city of
Middleton in Dane County. The study concluded that the method is successful on lifting concrete slabs but
might not be cost effective when filling large voids is required (Abu Al-Eis and LaBarca, 2007). Priddy et. al.
reported the results of a test designed to determine whether foam injection could increase the bearing capacity
of compacted soil and fill the voids under distressed pavements. They also compared foam backfill to a
traditional backfill materials, capped with similar materials having same thicknesses. Results validated
polyurethane foam as viable options for backfilling repairs, but the quality of the repairs were not as strong as
clay-gravel as they did not sustain as many simulated vehicles passes before failure (Priddy et. al., 2007).

Priddy et. al., in 2010 evaluated the use of injected polyurethane material for the repair of deteriorating
concrete slabs on rigid pavements and airfields. The main objective was to quantify the benefits of foam
injection technology for conducting rapid repairs of PCC pavement. Initial observations confirmed significant
cracking occurrences after injection on the first test slab due to high number of injection holes and high volume
of injected material. Results showed that 5 to 9 holes were adequate as injection holes and had fewer cracks
compared to 32 holes (Priddy et. al., 2010).

From the literature review, different experiences on the usefulness and life expectancy of polyurethane
materials are reported. Some researchers experienced cracking after the application of polyurethane materials,
while others did not. The sections monitored by the University of Tennessee at Chattanooga (UTC) for TDOT
did not crack after application of polyurethane. There are reports on IRl measurements and load transfer
efficiency that did not improve with polyurethane applications, although other reports recommend the use of
polyurethane materials since there was improvements in IRl measurements. Similarly, UTC experienced a
general improvement on IRI readings from most sections although the improvements were not statistically
significant.

Findings from this research did not differ from most of the published reports. Generally, the IRI readings
showed improvements on the IRl numbers but when evaluated at 95% confidence level the improvement was
not statistically significant. The HDP treatment maintained the condition of the pavement and reduced
deterioration rate but did not improve the condition. This study was performed to determine the effectiveness
of HDP as rigid pavement preservation technique. Since HDP can be used with shorter lane closure times, fewer
lane closures, lanes can be opened half an hour after HDP installation, the work can be performed at night, the
cost was much less compared to mud jacking and slab replacement, DOT recommended the use of polyurethane
materials as one of pavement preservation techniques in the state.

3.0 METHODOLOGY

The main objective of this study was to evaluate the effectiveness of HDP as pavement preservation
material/technique. Pavement surface roughness index was used to assess the performance of the treated
sections. TDOT hired a contractor to collect roughness measurements by using a high-speed inertial profiler
before and after application of the material. This raw roughness data collected by the standard inertial profiler
was analysed using the profile viewing and analysing (ProVAL) software to obtain International Roughness
Index (IRI) and Mean Roughness Index (MRI). The UTC team used the RoadRoid app to collect estimated IRI
(eIRI) monthly. The app gives its reading in estimated IRI only.

The IRI varies depending on the vehicle type, vehicle operating speed, and road surface condition. A
study conducted in 2013 by the University of Pretoria evaluating the variations of estimated IRI obtained from
RoadRoid application with factors such as speed, pavement surface, tire pressure, etc. concluded that RoadRoid
yields consistent results if the above-mentioned key indicators are standardized (Jones and Forslof, 2014).
RoadRoid gives two options for obtaining the road section IRI (Jones and Forslof, 2014; RoadRoid, 2015):

1. Estimated IRI (elRI) which is based on the peak and root mean square vibration analysis and correlates to
Swedish laser measurements on paved roads. The elRI values are collected in a speed between 20-100
km/hr. elRlI is the base for RoadRoid Index (RI) classification of single points and road stretches.

2. Calculated IRI (cIRI) is based on the quarter car simulation. Data are collected at a speed of 37 — 59 mph
(60-90km/hr). The operator can set a known reference when measuring cIRI.

For this study, pavement profile data collected by TDOT Region 2 contractor using high-speed inertial
profiler (ICC Profiler) at an interval of about 8 months, and elRI collected monthly using RoadRoid app by
UTC team are used to evaluate the smoothness of the pavement test sections on 1-24 and 1-75. The RoadRoid
app version used is Pro2 v2.3.5,, it also has a beta-testing version 2, which has GPS-video, and a brake friction
test option. This app and data acquisition was free for university researchers.
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The variability of RoadRoid app was tested using Analysis of Variance (ANOVA) test of 6 runs of 3
vehicles. The results showed that there is a mean difference at 95% significance level, since the p value 0.000655
was smaller than 0.05 indicating rejection of the null hypothesis that eIRlI means are equal for the six runs.
Further analysis using Turkey Honest Significant Differences (HSD) test, which performs pairwise comparison
of data sets, indicated existence of mean elRI difference on four pairs out of fifteen pairs tested. The difference
was between two cars and one car that was older than the two cars. However, since two out of the three vehicles
showed no difference in mean elRI values, we assumed no mean difference. The elRI data collection utilized
only two cars, one car in the first year and the second car in the second year. The older car was not used on data
collection.

Data Collection

Five (5) pavement sections on U.S interstates 1-24 and I-75 in Chattanooga, Tennessee were treated with
polyurethane material to and monitored to ride quality improvement over time (Figure 1). Table 1 shows the
pavement sections treated with HDP materials and considered for monitoring program. The Average Annual
Daily Traffic (AADT) on 1-24 East and 1-24 West was 134,740 and 119,930 vehicles per day, respectively, with
trucks being 18.50 %. The AADT on I-75 sections was 77,150 vehicles per day, of which 14.50 % were trucks.
TDOT Region 2 engineers determined the treatment sections depending on the severity of observed distresses
(roughness). Figure 1 maps the location of tested sections.

Table 1 Sections treated with Polyurethane Materials

Highway . . Length | Treated | Polyurethane
Section ID StartMile | End Mile (mi.) Lane # | Application Date
1-24 West 179.5 178.2 1.3 2 9/27 - 10/1/15
I1-24 East_182 | 182.35 183 0.65 3 11/2 - 11/5/15
I-24 East Moore Brg | McBrien Brg | 0.3 2 2/9 - 2/11/15
I-75 North 7 9 2 3 6/5 - 6/9/16
I-75 South 9 7 2 3 5/8 -5/9/16
Note: Treated lanes are counted from the left in the direction of travel
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Figure 1: Google map showing the tested sections on [-24 and I-75

The test sections had lane width of 12 ft. (3.65 m) slab thickness of 10 in. (255 mm) and joint spacing of 15 ft.
(4.57 m). Figure 2 shows slab faulting on 1-24 West section with a faulting of 1 in. (2.54 cm) before and about
0.15 in. (0.38 cm) after treatment.
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i
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Figure 2: Before and after leveling slab
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The application of polyurethane materials involves drilling holes that are about 5/8 in. (1.58 cm) diameter. The
main two components of polyurethane materials are mixed in the nozzle and injected at high pressure and
temperature under the slab through the holes. As the materials mix, they expand and lift the ten-inch rigid
pavement slab. Care must be taken to avoid slab overcorrection, which may result into slab cracking. Figure 3
shows AFS crew drilling the holes with a three-rig drilling machine, preparing holes, application of the two-
part polyurethane materials via injection nozzle at the holes, the view of | 75 test section, the polyurethane
injection and the pumping of mud from underlying air pockets that are filled with water after rains. As
polyurethane is pumped in, it fills the air voids or water pockets underneath the concrete slab causing water or
mud to be expelled out. A more stable underlying layer results from the process.

Pavement roughness was measured before and after application of polyurethane material to evaluate the
immediate effectiveness of the material for pavement maintenance and performance. UTC used the RoadRoid
app to conduct monthly pavement roughness measurements for the project duration (two and a half years). The
average pavement roughness index (MRI) before and after was compared using statistical analysis methods to
evaluate the improvement at 95% significance level.

Figure 3 Drilling holes, preparing holes, test section view, installation of polyurethane materials and injected
polyurethane sipping our mud/water from underneath slabs.

37



Proceedings of 9™ International Conference on Sustainable Transportation & Smart Innovations (ICTA2024)
Gran Melia Hotels & Resorts, Arusha, Tanzania, July 29 31, 2024 ISBN: 978-99968-0-872-2

4.0 ANALYSIS OF RESULTS

Mean Roughness Index (MRI) and estimated International Roughness Index (elRI) data was collected
periodically to monitor a key variable that correspond to pavement smoothness of the polyurethane treated
sections. Data was collected on five test locations on 1-24 and 1-75 in Chattanooga, using the RoadRoid app
(elRI), and high-speed inertia profiler (for MRI). The MRI data was collected by a TDOT contractor at about
eight months intervals, while elRI data was collected by UTC team every month after the installation. The elRI
before treatment is not available because the research team did not have the app ready when polyurethane was
applied on the selected sections. This section presents data collection and results analysis.

Pavement Roughness Data Collection using RoadRoid App

UTC adopted the use of RoadRoid application for data collection using Samsung Galaxy 5 smartphone. The
trial eIRI data was collected on May 1st and May 15th of 2016 for segments on 1-24 West and 1-24 East_182
(mile marker 179.5-178.2, and 182.35-183 respectively) using the RoadRoid app. RoadRoid classifies the elRI
profile index with the categories/thresholds as follows: < 2.2 m/km Good; 2.2 — 3.8 m/km okay; 3.8 — 5.4 Fair,
and > 5.4 m/km poor (Huang, 2004). The data was collected on five sections listed on Table 1.

RoadRoid Data Analysis

From September 2016 to March 2018, the UTC research team conducted nineteen (19) RoadRoid runs,
using a smartphone mounted on the front windshield of a passenger car travelling at speeds ranging from 51
mi/hr. (82 km/hr.) to 63 mi/hr. (102 km/hr). Data collected using RoadRoid smartphone app at these speeds was
stored on RoadRoid servers, downloaded into a computer over Wi-Fi, and analysed.

The estimated IRI (elRI) indicated that all sections performed well, varying in a range of 1.0 to 1.5 m/km
except 1-24 West and 1-24 East 182, which had values higher than 1.5 m/km, for runs conducted from
September 2016 to January 2017 and October 2017 to March 2018 respectively. All sections, however,
performed within the desirable “good” elRI (below 2.2 m/km) for measurements conducted at a speed of 70
km/hr.

It was established that, elRI data may, to a small extent, be affected by a vehicle used for data collection
depending on the vehicle condition. The team, therefore, maintained data collection using one vehicle for the
first year and another vehicle on the second year for consistency. The elRI data collected was below the upper
limit which indicates that the sections performed well (Figure 4). The correlation between elRI and MRI was
not performed on this study due to limited MRI data.

Ride Quality Assessment Using the ICC Inertia Profiler

An ICC inertia profiler was used to obtain a true ride quality that had no influence of vehicle vibrations
as it travels. TDOT hired a contractor to collect the longitudinal profiles using the standard ICC inertial profiler
before and after injection of the polyurethane underneath the test sections slabs. The data was analysed using
ProVAL software. Raw profile data were collected at a sampling interval of 1.03 in. (26.27 mm).

The FHWA categorizes the pavement condition of the National Highway System (NHS) based on ride
quality as follows: Good for IRIs below 1.5 m/km; Fair for IRI between 1.5 and 2.7 m/km; and Failed for IRIs
above 2.7 m/km. The ride quality of the pavement is considered acceptable if the IRI falls in either the good or
fair category (USDOT, 2015).

The ride quality of the test sections was within the acceptable level before application of the polyurethane
and remained the same nineteen months or more after the treatment. The only exception was the section at 1-24
East_182, which consistently measured in the failed category (IRl > 2.7 m/km) before and after application,
with an irregularity at the eighth month post injection measurement that fell within the acceptable level. This
may be attributed to wheel wander, in which the previous wheel paths differ from the current wheel paths,
among other things. The RoadRoid results also indicated fluctuations on IRI measurement. The material was
injected on different dates while the ICC profiler runs were conducted on the same dates each time. This means
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that data were collected on different pre- and post- application lengths/intervals.

Analysis of Results

Roughness data collected using ICC Profiler was subjected to statistical analysis to determine if a
statistical difference in MRI before and after polyurethane applications exists.

Effectiveness of Polyurethane to Improve Pavement Ride Quality

The UTC team conducted a statistical analysis of MRI data collected before and after Polyurethane
application to assess the improvement on ride quality of the sections treated with Polyurethane. The raw
roughness measurements obtained using an ICC inertia profiler were analysed using the ProVAL software to
obtain the mean roughness index MRI. Table 2 shows the overall roughness measurements of the treated
sections.

Table 2 Overall MRI Measurements of Before and After Polyurethane Application

Highway Start End Lane | Before After After After

Section ID Mile Mile # Date MRI | Date MRI | Date MRI | Date MRI
1-24 West 179.5 178.2 2 9/24/°15  2.19 | 10/08/°15 2.06 | 6/16/°16  2.03 | 7/12/°17 2.09
I-24 East_182 | 182.35 183.0 3 9/24/°15 2.83 | 10/08/°15 2.89 | 6/16/°16  2.54 | 7/12/°17 2.85
I-24 East Moore Brg | McBrien | 2 2/09/°15  2.19 | 03/02/°15 2.05 | 3/21°16  1.75 | 7/12/°17 1.68
I-75 North 7.0 9.0 3 3/21/16  1.68 6/16/’16  1.64 | 7/12/°17 1.82
I-75 South 9.0 7.0 3 32116  1.83 6/16/°16 177 | 7/12/°17 1.87

*MRI is in m/km [1m/km is equivalent to 63.36 in./mi.] ** ’15 means 2015 etc.

The following is observed from Table 2 and complemented on Figure 4:

1. Ingeneral, the MRI of four test sections decreased after application of Polyurethane except for 1-24E_182,
which slightly increased. This section had MRI before application on the failed region with (MRI > 2.7
m/km) while the rest of the test sections were in the fair region (1.5 < MRI <2 .7 m/km).

2. A continual decrease in MRI readings after application was observed on section 1-24 East, Moore Bridge,
while 1-24 West MRI readings remained almost the same as after applications. There is no specific pattern
observed, almost all sections had fluctuations on MRI readings except for 1-24 East Moore Brg., which its
MRI values continued to decrease (meaning improved smoothness). Fluctuations were also experienced
with elRI readings (Figure 4).

3. Approximately two years after the Polyurethane injection on I-24 East_182, the ride quality is almost the
same as before application. Two and a half years after application on 1-24 East, Moore Bridge, the ride
guality is continuing to show improvement (MRI values decreasing).
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Figure 4: IRI measurements for [-24 East Moore road and [-24 West and eIRI for the same sections

Further statistical analysis to assess changes in ride quality of the sections was conducted on every interval
of 100 m using a paired t test to compare MRI measurements (before and after application of Polyurethane).
The assumption was that the underlying MRI population data is normally distributed and the null hypothesis
was accepted if the MRI means are equal; otherwise, it was rejected with confidence level of 95% or a level of
significance of 0.05.

Results of the paired t tests.

The results showed a reduction on MRI readings after Polyurethane application, although no statistically
significant changes were achieved at 95% confidence level, in all sections immediately after application. I-75
North and I-24 East_182 had statistically significant changes on MRI readings thirteen and eight months after
Polyurethane application respectively. The MRI of 1-24 East Moore decreased from 2.19 m/km to 2.05 m/km
one month after application, this change was not statically significant change, but it continued to decrease
thirteen months and twenty-nine months after application, which was a statistically significant decrease in MRI.
Sections on 1-75 South and 1-24 West did not show any statistically significant changes on MRI readings at any
time on the data collection periods although there was a reduction on MRI readings immediately after
application and it went back to almost original readings thirteen months after application for 1-75 South. 1-24
West had a reduction on MRI immediately after application and twenty-nine months after application it was
still below the original readings although not statistically significantly different. Figure 4 shows MRI and elRI
of two pavement sections.

The MRI data was further plotted to establish a liner correlation between roughness readings and time.
The average of all roughness data collected in one day was calculated and plotted against time. The results
showed the linear regressions for both MRI and elRI data to be decreasing with time, respectively. Both the
slopes and R-squared values are very small, which implies a poor fit of the data and the linear relationship
between the two variables (time vs. MRI and elRI) is not significant. This indicates that a longer data collection
period is needed to a point where most of the sections fail to determine a better deterioration model and a true
performance period of the Polyurethane material on highways. The linear regression models are currently not a
good representation of long-term performance of pavements with PolyLevel application.
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Figure 5 Regression models of averaged MRI and eIRI versus time

Fluctuations on MRI and elRI readings could be attributed to test vehicle’s wheel wonder or change in
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properties of Polyurethane materials with change in temperature or environment (humidity and rainfall), which
was not part of this study.

The pavement roughness was measured before and after application of polyurethane materials to evaluate
the immediate effectiveness of the material for pavement maintenance and performance. UTC used the
RoadRoid app to conduct monthly pavement roughness measurements for the study duration (two and a half
years). The average pavement roughness index (MRI) before and after was compared using statistical analysis
methods to evaluate the improvement at 95% significance level.

5.0 CONCLUSION AND RECOMMENDATIONS

This study was conducted to evaluate the effectiveness of the injected polyurethane material under rigid
pavement slabs to improve surface smoothness on interstates 1-24 and 1-75 in Chattanooga, Tennessee. The aim
of the study, among other things, was to determine whether TDOT can adopt the use of polyurethane (HDP)
materials for pavement preservation in Tennessee. The study was limited to monitoring smoothness of 5 sections
in Chattanooga TN (Table 1 and Figure 1), using ICC inertia profiler measuring MRI and RoadRoid app
measuring elRI for two and a half years from HDP application on the pavement sections. Measurements were
used to evaluate the ride quality before and after the HDP application.

From the results it was observed that the application of HDP did not significantly improve the pavement
smoothness, but mainly, maintained the pavement condition for the period of two and a half years. The study
observed roughness data fluctuations, which could be attributed to test vehicle’s wheel wonder, it is not possible
for the vehicle to pass at the exact same location (wheel path) every time data is collected, this causes
fluctuations on results. It can also be attributed to change in properties of Polyurethane materials with change
in temperature or environment (humidity and rainfall), which is not part of this study.

Pavement Surface Roughness Measurements

Ride quality survey for pavement surface roughness was conducted to assess both short- and long-term
pavement performance. Longitudinal profiles data on the treated sections was collected using a high-speed
inertial profiler before and after application of the material, and a smartphone-based app after Polyurethane
application for a period of two and a half years. Since the Polyurethane application dates differed significantly
the data collection intervals between the sections also differed (Table 2). The following conclusion can be
drawn:

1. Generally, the pavement roughness measured (MRI) after the application showed reduction of MRI
readings, meaning improved smoothness, but the improvement was not statistically significant at 95%
confidence level.

2. MRI of section 1-24 East_182 before application of the material was in the failed region (MRI1 > 2.70 m/km)
and it has remained in the same region after application of Polyurethane. The MRI of other four sections
were in fair region (1.50 <MRI<2.70) and remained in this region after application of Polyurethane. For the
sections monitored there was no improvement that went beyond the performance region after Polyurethane
application.

3. The fluctuations observed in roughness reading for both MRI and elRI resulted into a negative slope when
a linear regression was performed on the data, indicating that the smoothness is increasing with time (Figure
5). A longer data collection period is recommended to capture the time when most of the sections will have
readings below the acceptable range.

4. Onaverage elRI indicated that all sections performed within the acceptable region (<2.2 m/km), while MRI
readings showed that section I-24E_182 was in a poor condition. This shows that eIRI may underestimate
roughness readings compared to MRI.

5. Visual inspection showed no cracks after the installation of the material, which was great.

In conclusion, application of Polyurethane material underneath the pavement slabs neither statistically
significantly improved nor retrogressed the condition of the sections but maintained it in their state before
application of the material. Therefore, for a pavement section in a poor condition (IRI/MRI >2.70 m/km)
polyurethane foams injection is not the best option, as the section will remain in the same state even after
application of the material. However, state DOTSs can apply polyurethane foams on section with good or those
transiting to a fair condition to extend the life of the pavement.
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The results also indicated that HDP materials can maintain the pavement condition for longer time (two and a
half years in this case) giving the agency time to plan for reconstruction or other maintenance techniques, if
needed. From this study, TDOT adopted HDP materials for pavement preservation in Tennessee, because the
cost of installation was lower compared to other methods, used shorter lane closure times, fewer lanes were
closed during installation, the road was opened at least half an hour after installation, the work was mostly
performed at night and by 5 am the road was opened to traffic ready for early morning commuters resulting to
very few destructions to traffic patterns. These reasons justified the acceptance of polyurethane materials as
maintenance techniques for pavements in Tennessee. Furthermore, the pavement deterioration rate has slowed
down giving the agency time for major repair if needed. It is recommended to collect MRI data for a longer
time until there is a significant failure or improvement. More research is needed to establish reasons of continual
improvements of ride quality with time on some sections, while other sections condition deteriorated with time.
A thorough study is also recommended to look at different pavement types, pavement conditions and
environment in comparison to a control situation to provide a better understanding of the material as used in
pavements, its performance and derive practical guidelines from the study. Until then the manufacturer’s
specifications will be followed.
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ABSTRACT

The Government of the Republic of Ghana received a credit from the International Development
Association (IDA) towards the cost of the Transport Sector Improvement Project (TSIP) and applied part of the
proceeds of the credit to procure consulting services for Geographic Information System (GIS) support for
transport infrastructure Management. Our Company, Development Institute of Business Solutions (DIBS), won
and signed a contract with the Ministry of Roads and Highways (MRH) of Ghana, to build a Road Asset
Management System and Integrate with an existing Geo-database System (G-Trans) for the MRH and
Implementing Agencies. A Web-based Integrated Geodatabase and Road Asset Management System
(WIGRAMS) comprising Inventory, Condition Survey, Location Referencing, Pavement Management, Bridge
Maintenance Management, Maintenance Programming, Budgeting, Prioritization, Multi-year Programming,
Asset Valuation and Traffic Information Subsystems were developed under the Project. As a bonus, a Mobile
Application for field data Collection during Road Asset Inventory and Condition Survey, that enables Data
Upload directly unto the Server, was developed. In addition, an Artificial Intelligence based Subsystem that
uses Machine Vision to Process Digital Video Images of Road Pavement Surfaces recorded during Road
Condition Survey was developed to Rate Predominant defects and Categorise the Pavement Condition into Very
Good, Good, Fair, Poor and Very Poor as another option for Network Level Survey. This paper seeks to provide
details of the Approach and Methodology used to develop the Web Based Integrated Road Asset Management
System for the Client. The Business Logic, the Technology Option deployed for System Development, Data
Requirements as well as the Functionalities of the various sub-modules developed are discussed. In particular,
being an Engineering forum, the Business Logic that underpins the System is discussed.

KEYWORDS: Asset Management, Pavement, Bridge, Budgeting, Multi-year Programming, Asset
Valuation

1 INTRODUCTION

The Government of the Republic of Ghana received a credit from the International Development
Association (IDA), towards the cost of the Transport Sector Improvement Project (TSIP) and applied part of
the proceeds of this credit to procure Consulting Services for Geographic Information System (GIS) G-TRANS
update to clean, edit, and populate data and to develop a web-based Road Assets Management System
(WIGRAMS). Development Institute of Business Solutions (DIBS) was awarded the consultancy services
contract entitled “Consultancy Service of Geographic Information System (GIS) Support for Transport
Infrastructure Management to Clean, Edit, and Populate Data into the G-Trans and to Develop Road Asset
Management System” with Contract No. GH-MRH-69315-CS-QCBS. The project commenced on 25
November 2019 with and was completed in December 2023. WIGRAMS comprises 11 submodules which are
discussed below.

2 ROAD INVENTORY SUB_MODULE
The Inventory Sub-Module of the WIGRAMS is used to register Inventory information of the Road

Assets and provides capacity for detailed data capturing. Inventory data on Road Components such as Surface
type, Road Alignments, Pavement Layer information, Road Cross Section, Carriageway Details, Right-of-Way
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details, Structures (Culvert & Bridges), Major intersections, Road Furniture and Other Landmarks are to be
collected in the field for entry into the Inventory Sub-Module of the WIGRAMS. The Mobile App developed
as part of the System is employed for the Inventory Data Collection.
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Fig. 1.0 Video Logging with Dashcam capturing Video of entire ROW, GPS
coordinates Speed and Accelerometer data

3 LOCATION REFERENCING SUB-MODULE

A location referencing system constitutes a set of procedures for recording, storing, maintaining, and
retrieving information about points and segments on the road network. Both Linear and Spatial Location
Reference methods (Bennett et al, 2005) were adopted in the development of the WIGRAMS. Road Inspectors
are therefore required to use the vehicle odometer to locate the Chainages of inventory items such as Culverts
for the Linear Location Referencing and GPS Coordinates for Spatial Referencing with the aid of the Mobile
App. Other Points of Interest such as Intersections, Centers of Cities/ Towns/ Villages, Bridges, Major Box
Culverts and other Landmarks such as Markets, Schools, Churches, Police Stations etc. are also to be Captured
and stored as Location Reference Data.

4 ROAD CONDITION SURVEY SUB-MODULE

The current Road Condition Survey Manual of Ghana Highway Authority (Charles Adams, 2003) was
adopted for the Road Condition Survey, however, due to the methodology for Road Condition Survey adopted
in the WIGRAMS, a few modifications have been made where necessary. Road Condition Survey for the
collection of Condition information has been implemented in two stages; Network Level Survey with the means
of a DashCam to log a video of the Right of Way as described by Bennett et al (2005) and a Mobile App to
also record data on Predominant Survey. Detailed Road Condition Survey with the aid of a Mobile App

purposely developed by DIBS to Rate the Individual Defects on the Road. The Road Agencies may opt to use
either the Video Logging or the Detailed Visual Condition Survey.

4.1. Network Level Survey

For the Network Level Condition Survey, Visual Condition Survey has been replaced with Video logging
by a Dashcam in order to automate the rating of the road condition. The video data obtained from the Dashcam
is tagged with GPS coordinates, Speed and even Accelerometer data as shown in Fig. 1.0.

Rating of defects at the network level survey is not done by the Inspectors in the field but by means of an
Acrtificial Intelligence (Al) Sub-Module built into the WIGRAMS to automatically rate the defects into Very
Good, Good, Fair, Poor and Very Poor categories. This is achieved by uploading the video data from the
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Dashcam unto the WIGRAMS, which then processes the data and rate the various road sections into the 5
condition categories.

The rating of the roads has been changed from the 3 categories (Good, Fair Poor) into 5 categories (Very
Good, Good, Fair, Poor, Very Poor) to give a wider latitude in the choice of maintenance interventions for
optimization of the allocated budget.

4.2. Predominant Defects Data Collection

The Video Logging is supplemented by the collection of data on Predominant Defects as defined by Keith
Kay (1992). A Mobile App have been developed for the use of the inspectors to record data on predominant
defects on the road as well as the GPS Coordinates at the various sections of the Road. This data is used to aid
the Engineer to assign maintenance intervention suitable to address the predominant defect at the various road
sections. Data collection of Predominant defects involves taking record of a data of the Type, Severity, and
Extent of distress, and a scoring scale for rating distress/defects for the predominant Defect type.

The steps required to complete the data form are:
(i) Identify the Defect Type, (ii) Determine the degree (Severity) of distress/defect; Slight, Moderate, or Severe,
and (iii) Estimate the percentage of area affected (Extent); Localized, Intermittent or Prevalent

The Mobile App has been designed such that a drop-down list is used to first rate the Severity by choosing
Slight, Moderate, or Severe. Next the drop-down list for rating the Extent of the defect is also pulled down and
Localized, Intermittent or Prevalent is chosen based on how widespread the defect affects the segment being
rated. The system then assigns the corresponding rating indicated on the Table 1 below. There may be more
than one defect at a section, but the inspector is required to rate only the predominant one.

The defect type and severity are scored using the Standard definitions and photographs included in a
defect catalogue for the various surface types described in an accompanying manual to the Software.

Table 1. Rating Criteria for Defects

Type of Defect Degree/Severity Extent
Localized Intermittent Prevalent
1-15% 15-30% >30%
e.g. Alligator | Slight 1 2 3
Cracking Moderate 4 5 6
Severe 7 8 9

Source (Charles Adams 2003) pp 14

4.3. Roughness data Collection

The Client Recommended that Roughness data in IRI units is to be measured with iDRIMS Mobile App
which was developed in parallel by JICA for the Ministry and its Agencies. Selected Engineers from the various
Road Agencies have already been trained by JICA. The Roughness data may be used for validation of the output
of the ratings obtained after processing of video data by the Al Sub-Module of WIGRAMS. The final output
after the validation, is sufficient assessment of pavement condition at the Network level.

Data from the Simplified Network Level Condition survey is used for preparing the following documents;
Annual Road Condition Mix Report, Budgeting and Prioritization, Maintenance Programme for the year and
Evaluation of the Previous Years Maintenance Programme.

4.4. Defect Types
Defect types vary from surface type of road. Table 2 shows the defect type on the various surface types
that are to be recorded and rated during the Predominant Defect Survey.
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Table 2. Defect Type on Rigid and Flexible Pavements and Gravel Surfaced Roads
PAVEMENT TYPE

Bituminous Surface
(Asphaltic Concrete and Chip Seal)

Cement Concrete Gravel Surface

Alligator Cracking Alligator Cracking Gravel Thickness
Longitudinal Cracking | Depressions Loose Gravel
gggsk\i/r?gr;e Rutting Dust
Faulting Bleeding Potholes
Spalling Ravelling Corrugations
E Blow-'Up Trans-ver?e Crackirfg Rutting-
L Pumping Longitudinal Cracking Depressions
W Scaling Edge Cracking Erosion Gullies
Joint Seal Damage Shoulder Drop Off / High Shoulder Slippery Or Rocky Surface
Patching Vegetation Encroachment
Potholes Soft Spot

Flat Or Reverse Crown

Source (Charles Adams 2003) PP 15, 34 & 38

4.5. Detailed Visual Inspection

For the Detailed Visual Inspection Option for Network Level Survey, the individual distresses on the
road are rated according to their Severity and Extent as proposed by Charles Adams (2013), Keith Kay (1992).
For distresses for which the severity is considered as always severe, for example soft spot, the rating is done
according to the extent. The Rating is done in a similar manner as described for Predominant Defect, however
for the Detailed Visual Inspection, all the Individual Defects on the Road are Rated.

For each distress the Inspector records one number (1-9) or blank to denote the severity and extent.

The Severity and Extent of the various distress types are rated according to the Table 3 below.

Table 3. Rating Criteria for Predominant Defects

4.6. Pavement Condition Evaluation

The Al sub-module processes the video files and rate the road links/sections into Very Good, Good, Fair,
Poor and Very Poor categories. The Al sub-module also detects potholes, Alligator Cracks, Transverse and
Horizontal Cracks and measures the areas covered by these defects. The Al module then takes the areas covered
by these defects into consideration to further refine the initial rating and comes out with a final output. The
Roughness data measured with the iDrims App may be used to validate the Ratings of the Al. The Maintenance
Engineer can manually intervene and where required, playback the video of a section to make a final decision.

4.7. Project Level Survey

Project level data provides additional information about pavement thickness, type of materials and
pavement strength. These data are collected on Sections/ Roads selected for the current year Programme that
requires Improvement or Rehabilitation. Instruments/Equipment such as the Benkelman Beam and Falling
Weight Deflectometer are used to determine the structural number of the road pavement. For low volume roads,
Dynamic Cone Penetrometer is recommended for the Project Level Survey.

Project level survey can be undertaken after the major rainy season but it must come before the minor
rainy season to ensure that any further damage that might occur during the rains is captured during the project
level survey.
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Prior to the onset of the Major Rainy Season, it is expected that all routine and periodic maintenance
projects awarded in the previous year have been completed especially on the gravel network, for a good update
of the Road Condition data.

Traffic Survey is also conducted to aid in the Pavement Design Process.

Survey and design of sections requiring re-alignment (vertical or horizontal) is also required at this stage
especially on road sections requiring major rehabilitation. For sections that require crack sealing and pot-hole
patching for example, detailed condition survey is required to determine the relevant quantities of these work
items to be executed. Re-design of Drainage Structures may also be conducted especially at sections where the
deterioration is attributable to poor drainage. The project level survey leads to project preparation for contract
award.

Line Diagram and/or Sectional Designs are to be prepared where required and used to prepare Bill of
Quantities to be used for tendering. The Activities prescribed from the design is to be prioritized based on
approved budget and stage construction could be employed when there is a shortfall in the allocated budget for
upgrading/Rehabilitation.

Contract Packaging then follows and finally the Bidding Documents are prepared for the Procurement
Process to commence.

5 BUDGETING SUB-MODULE

The output from the Maintenance Programming is used for the preparation of the budget. Six Maintenance
Interventions (MO1 — M06) have been implemented with each intervention comprising a number of Activities.
Unit Rates of the Activities of the various Maintenance Intervention are multiplied by the quantities and summed
to arrive at the unconstrained budget.

6 PRIORITIZATION & SELECTION SUB-MODULE

As is mostly the case, the allocated budget is less than the unconstrained budget, the amount required to
execute the maintenance interventions on all the road links/sections to achieve the desired condition. There is
therefore the need to prioritize to select the roads that the allocated budget could be utilized for.

The Road links/Sections are prioritized according to the following criteria; Functional Classification,
Road Condition (IRI), Traffic Level (Low, Medium, High), Topography (Mountainous, Rolling, Flat) Climatic
Condition and Socio-Economic & other Considerations (Low, Medium, High). Each criterion is assigned a
weighting. In the Prioritization process, for each Road link/Section, Scores are assigned to the various criteria.
The scores are multiplied by the weights and summed to obtain a total score for each Road Link/Section per the
formulae below.

Priority Score = Sum of (Wi x Assigned Score) or PS = Zﬁj Wi x Si

The Priority Scores are ranked for the various Road Links/Sections and the Amounts required for each Road
Link/Section summed cumulatively from the top towards the bottom till the Allocated budget is exhausted and
a red line drawn. The Road Links/Sections above the Red line are then those Selected for the Current Year’s
Maintenance Programme.

7  MAINTENANCE PROGRAMMING SUB-MODULE

The final output obtained from the Prioritization Model becomes the Current Year’s Works
Programme. A Road Deterioration Model as well as Works Effect Matrix has been developed to be used to
prepare Multi-year Programme. The Deterioration model is used to predict the next year’s PCI, whilst the Works
Effect Model is used to determine the PCls of the Road Links/Sections Selected for Maintenance Intervention.
The Details of the Deterioration Model and Works Effect Matrix are beyond the scope of this paper and will be
covered in a separate Paper.

8 MULTI-YEAR PROGRAMMING SUB-MODULE
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The Road Deterioration Model and the Works Effect Matrix mentioned above was built into the system
for the preparation of Multi-year Programme. In brief, after obtaining the Year 1 Programme as discussed
above, for the following year’s condition is obtained by using the Road Deterioration Model to predict the
Condition of the unfunded road links/sections whilst the Works Effect Matrix is used to assign the appropriate
Condition for the funded road links/sections after the Maintenance Intervention is executed. The same budget
Level is used for similar prioritization performed for Year 1 to obtain the Year 2 Programme. This procedure
is repeated for the required number of years. The model will also enable the Agencies to predict the performance
of the network at the current funding levels and is a powerful tool to make a strong case for external funding.
It can also be used to obtain the required funding levels to attain a target condition mix required at a future date.

The process flow for Multi-Year Programming is shown in Figure 2.

Step 1- Road Inventory

Step 2 Road Condition

MULTI-YEAR PROGRAMMING

1 YEAR 1 ANALYSIS
Step 3 Choose Intervention type and prepare |

budget

Step 4 Prioritization

Step 5 Finalize Year 1 Programme

Step 6a Funded Sections Step 6b Non-funded Sections

Step 7a Predict Condition after

. Step 7b Predict Year 2 Condition
Intervention

Repeat Steps 3 through Step 7
for Year 2, 3, 4

Figure 2 Process flow for Multi-yvear Programming

9 INTERGRATION OF WIGRAMS TO HDM-4

Provision has been made in the System Development to export the dataset from WIGRAMS into the
HDM-4 data format for the roads in the Very Poor and Poor categories which need major
Rehabilitation/Reconstruction. The full data fields required by HDM-4 have been provided for in the
WIGRAMS so that the dataset that is not available in the WIGRAMS Database could be entered and Exported
into HDM-4 for further analysis outside of WIGRAMS. Provision has also been made for the output from the
HDM-4 Analysis to be imported back to WIGRAMS for Storage.

The Roads that pass the Economic Analysis are to be subjected to detailed survey, design and estimation
for the preparation of the Bill of Quantities for Contract Packaging. Those that are not selected due to budgetary
constraints are deferred for Rehabilitation/Reconstruction in the future. The roads that passed the economic
analysis and those that failed are recorded in the WIGRAMS for further processing.

10 CONTRACT PACKAGING SUB-MODULE

Road Links /Sections selected for the current year’s programme are grouped according to their
geographical area into preferred total lengths to form contract packages. Bill of Quantities are then prepared
for these contract packages. Contract Packages are also prepared for the Roads that passed the Economic
Analysis with HDM-4 or RED. Procurement of maintenance works is then undertaken in accordance with the
Procurement Act and Contracts are subsequently awarded.
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11 ASSET VALUATION SUB-MODULE

An Asset Valuation Sub-module was developed as an integral part of the WIGRAMS to enable the
Road Agencies and the Ministry place monetary value on the Road Assets it is managing and include it in
their Annual Reports. This provides an alternative way for the Road Ministry to track whether its assets are
decreasing or increasing in value with the Investments made over the years. This sub-module also allows
the Ministry to compute other metrics such as Asset Sustainability Ratio, Asset Consumption Ratio and
Future Renewal Funding Ratio for measuring Budget Performance as defined by the Department of
Transport, Federal Highway Administration 2016 Report 5. Detailed description of the Asset Valuation
Model is beyond the scope of this Paper and will be covered in a Separate Paper.

12 BUSINESS PROCESS OF WIGRAMS

The Business Logic underpinning the WIGRAMS is shown in a Flow Chart in Figures 3a, 3b & 3c
and summarises the Business Process as follows:
At the onset, Road Asset Inventory is conducted followed by a Condition Survey of all the inventoried Assets
of the Road to populate the Database. The Asset Conditions are evaluated and based on a Maintenance
Intervention Matrix, specific Maintenance Interventions (M01 —MO06) are assigned to each Road
Link/Section. Each Maintenance Intervention comprises a set of Maintenance Activities. Unit Rates of these
activities are applied to each Road Link/Section in the Network to compute their Estimated Maintenance
Cost for the Network to obtain the Unconstrained Budget which is compared with the Allocated Budget. If
the Allocated Budget is less than the Unconstrained Budget the Prioritization Sub-module is applied to select
the Road Links/Sections that could be funded with the Allocated Budget. The Multiyear Programming Sub-
Module is applied to prepare a Rolling Budget. Project Level Survey is then conducted on the Road
Links/Sections selected for the Year 1 Programme. BOQs are Prepared and used to prepare Contract
Packages for Procurement of Contractors. The Contracts are Managed, Monitoring and Evaluation is
conducted and on completion As-Built Line Diagram are to be prepared and handed over to the RAMS
Management Unit to Update the Asset Condition and any new Inventory Item Constructed is also added to
the Inventory Sub-module.

WIGRAMS
DATABASES

Figure 3a. RAMS Process Flow Diagram- P1
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Figure 3b. RAMS Process Flow P2

‘OUTPUTS FROM THE SYSTEM

(5 ™ Vs =
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CONDITION MIX MANAGEMENT ) | SUSTAINABILITY PERFORMANCE -
REPORT REPORTS; \RAT\O REPORT ) S
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Figure 3c. RAMS Process Flow P3
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ABSTRACT

Full-Depth Reclamation (FDR) has become an increasingly common rehabilitation technique that
mitigates distressed pavements and restores pavement structural integrity. Factors contributing to this interest
include improved equipment, stabilization technology, sustainability, and costs relative to more conventional
rehabilitation strategies. Despite this interest, questions still linger regarding the behaviour of the stabilized
materials and their long-term performance under traffic loads. FDR consists of in-situ pulverization of existing
pavement and underlying layers, uniform blending of pulverized material, grading, and compaction. Three
common types of stabilization methods are: mechanical (addition of aggregates), chemical (addition of cement)
and bituminous stabilization (addition of asphalt binder). Maximum utilization of resources for FDR can be
achieved by following selection guides in addition to laboratory testing protocols to determine sustainability of
the stabilizing agent on the present condition of the road and the future projection of the road usage. In this
research, two stabilizing agents were studied: Portland cement and emulsified asphalt. Materials were collected
from two sites in the State of Tennessee and extensive laboratory tests were conducted to ascertain the most
optimum stabilizing agents for Tennessee pavements. A comprehensive state-of-practice survey was also
conducted to establish the state of the discipline and best practices of FDR in the United States. The results of
this research indicated that FDR is accepted as a suitable rehabilitation solution for most pavement distresses.
Cement stabilization works best when there is significant inclusion of granular materials from the base and
subgrade layers. The survey indicated that visual inspection and core sampling to be the most adopted means of
FDR candidate selection. In addition, the report recommended the inclusion of Cement Kiln Dust (CKD) as
possible material for FDR stabilization. CKD, a waste product from the production of cement, has been used in
stabilizing and improving the properties of soil with high plasticity.

KEYWORDS: Full Depth Reclamation (FDR); Stabilized Full Depth Reclamation (SFDR); Asphalt
Emulsion Full Depth Reclamation (AEFDR); Portland Cement Full Depth Reclamation (PCFDR); Department
of Transportation (DOT): Cement Kiln Dust (CKD)

INTRODUCTION

Full Depth Reclamation is a process of pavement rehabilitation where the existing asphalt materials from
a deteriorated pavement, including its base, sub-base and/or subgrade are recycled by pulverization for an
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improved pavement structure. The pulverized reclaimed asphalt pavement (RAP) materials are then compacted
to form a new pavement base over which a wearing surface course is laid (Miller et al. 2006). The process
typically includes one form of stabilization which could be bituminous, chemical, or mechanical. The choice of
stabilization agent used in FDR significantly influences the performance of the pavement.

The FDR construction process consists of a train of equipment fitting the stabilization method for the
FDR but would typically include a reclaimer fitted with cutting bits capable of pulverizing up to 12 inches of
pavement materials. Modern reclaimers are fitted with water supply in the pulverization chamber, so the
machine cuts the material, sprays water, and mixes the recycled materials in one pass. The FDR machine train
includes the reclaimer, calibrated bulk spreader, water truck, motor grader and compaction rollers, haul trucks.
Asphalt emulsion FDR would require a tanker truck for the stabilizing agent, and any specialized equipment
that may be needed like curing and fog sealing equipment. Many transportation agencies in the United States
have used full depth reclamation to varying degree for pavement rehabilitation as a viable alternative to
reconstruction with success, reporting significant cost saving, reduced importation of virgin materials, low
gaseous emissions, and short lane closure period (Diefenderfer and Overton 2015; Diefenderfer 2011;
Thompson, Garcia, and Carpenter 2009). Application of FDR can be found in airports, parking lots, major
arterials, and others. It is very effective in treating special cases of pavement failure, and it is versatile enough
to allow for the addition of special additives in the mix to make up for pavement materials and subgrade material
deficiencies in the pavement structure. Much like standard pavement designs, FDR projects require mix-designs
for bituminous and chemically stabilized base, with new mix designs prepared for the pavement being
rehabilitated. Variations in pavement materials and structure, as well as the subgrade materials do not allow for
the adoption of a single mix design for all pavement rehabilitation use cases.

Bituminous Stabilization

Bituminous agents for FDR stabilization are usually in the form of emulsified asphalt or foamed asphalt.
Emulsified asphalt is composed of portions of asphalt, water and an emulsifying agent (Shuler 2015), and FDR
stabilized with emulsified asphalt often referred to as Asphalt Emulsion Full Depth Reclamation (AEFDR)
demonstrates improved strength and reduced water susceptibility (ARRA 2022). Preparing a mix-design for
AEFDR follows a modified super-pave asphalt design method which aims at optimizing the water content and
the asphalt content of the mix. Foamed asphalt combines cold water with hot asphalt binder which vaporizes
the water and traps the steam in the binder, forming bubbles. The result produces a thin-film bituminous binder
with high coating capabilities. Steps in preparing FDR mix design using foamed asphalt(" Asphalt") have been
extensively researched on by the California Department of Transportation(Jones, Fu, and Harvey 2009).

Chemical Stabilization

Chemical stabilization for FDR includes agents like Portland cement, quick lime, fly ash, calcium
chloride. The use of Portland cement in FDR stabilization, referred to as Portland Cement Full Depth
Reclamation (PCFDR) is applicable to a large variety of load cases, and largely improves the durability of FDR
pavement base. PCFDR has been investigated to perform very well in rehabilitating pavement with severe
distress from heavy load, and the Portland Cement Association (PCA) estimates that using PCFDR could save
30% to 60% in cost over alternative reconstruction methods (Jones, Fu, and Harvey 2009; Kearney and Huffman
1999). The National Lime Association provided benefits of using lime as a stabilizing agent to include long-
lasting strength gain, improved shear strength, stability and resilience modulus, reduced plasticity and moisture
holding capacity (Reeder et al. 2017; Association 2007). Calcium chloride as a hygroscopic deliquescent
material in FDR helps to retain maximum density and optimum water content in the base for a long time. It also
depresses the freezing point of capillary water, making it good for reducing frost heaving (Smith et al. 2008).

Mechanical Stabilization

Mechanically stabilized FDR base refers to FDR bases constructed without the inclusion of any chemical
additive of bituminous binder. It is a simple case of pulverizing the existing pavement structure to proper
aggregate gradation, spreading the pulverized materials, and compacting the spread materials, and it is akin to
an unbound pavement base. In some cases, imported aggregate may be added to improved gradation of the
pulverized materials, and water is sprayed to improve compaction. Unlike the other types of FDR, mechanically

53



Proceedings of 9™ International Conference on Sustainable Transportation & Smart Innovations (ICTA2024)
Gran Melia Hotels & Resorts, Arusha, Tanzania, July 29 31, 2024 ISBN: 978-99968-0-872-2

stabilized FDR does not necessarily require a mix design and would typically give lower strength readings than
chemically stabilized and bituminous stabilized FDR bases(Shepard, Pickett, and Kienzle???).

SELECTION GUIDE FOR FDR

Selecting the right candidate for full-depth reclamation factors a series of information from a pool of
possible candidates. Not all cases of pavement deterioration require an overhaul of the entire pavement structure.
Solutions like Cold In-place recycling (CIR), Hot In-place Recycling (HIR), and Milling are sufficient for
distresses and deterioration of pavements with healthy base layers. Selecting FDR candidates should follow a
process that assesses the pavement distresses and failures, estimates the current traffic condition and traffic
demand on the road, investigates the pavement condition at all layers of the pavement structure, and analyzes
the materials of the pavement structure and environmental condition of the road.

Pavement Distresses and Failure

The most common way of assessing pavement deterioration is visual inspection. It reveals all visible
distresses like cracking, deformation and disintegration, and based on the nature of the distresses, can be used
to estimate the location of the defect (subgrade, base, or surface), and its level of severity (SUDAS///). The
location of the defect and the severity dictates the rehabilitation or maintenance technique suitable for the
pavements. Solutions like cold in-place recycling, hot in-place recycling, mill and overlay are adequate for
rectifying certain levels of defect, while measures like FDR and total reconstruction are required for more
extreme cases (Adlinge and Gupta 2013). Beyond visual inspection for distress assessments, investigation of
subterranean properties of pavement structures plays a vital role in candidate selection. In this case, retrieving
pavement core samples reveals more on the health condition of the pavement base structures, and using
equipment like the falling weight deflectometer, dynamic cone penetrometer, and the ground penetrating radar
give even more information of the structural condition and stiffness of the different layers of the pavement
structure down to the subgrade. Suitable candidates for FDR display weak base properties and surface distresses
associated with base/subgrade failure. Table 1 provides a list of pavement distresses for FDR rehabilitation.

Table 1 FDR Suitability for Pavement Failure Types

Pavement Distress | FDR Would be Applicable
Category: Surface Defects
Raveling N
Flushing N
Slipperiness N
Category: Deformation
Corrugation
Ruts-shallow
Rutting Deep Y23
Category: Cracking (Load Associated)
Alligator
Longitudinal Y
Wheel Path Y
Pavement Edge
Slippage
Category: Cracking (Non-Load Associated)
Block (Shrinkage) Y
Longitudinal (Joint) Y
Transverse (Thermal) Y
Reflection
Category: Maintenance Patching
Spray Y4
Skin Y*
Pothole Y
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Deep Asphalt |
Category: Base and Subgrade
Weak Base or subgrade | Y
Category: Ride Quality/Roughness

General Unevenness
Depressions (Settlement) \&
High Spots (Heaving) Y©

NOTE:

2: The addition of new aggregate may be required for unstable mixes.

3: The chemical stabilization of the subgrade may be required if the soil is soft or wet.

4: In some instances, spray and skin patches may be removed by cold planning prior to these
treatments (considered if very asphalt rich, bleeding).

5: Used if depressions are due to a poor subgrade condition.

6: Used if high spots are caused by frost heave or swelling of an expansive subgrade soil.

Traffic Estimate

Traffic load is an important parameter in candidate selection as it factors in the current and future estimate
of axle load and traffic volume in the performance of roadway pavement, and the suitability of rehabilitation
techniques to meet current and future traffic demand. The effect of heavy axle loads is one of the most significant
in pavement deterioration. Unlike lightweight vehicles, trucks are a major consideration in the design of
pavements and can be used to provide estimates of stresses transferred from the wheels, through the pavement
structure, to the subgrade. Irrespective of the number of surface repairs, a road section with inadequate pavement
base strength, or with increased traffic load from the original design of the pavement will experience severe
distresses and rapid deterioration. FDR pavement candidate selection should take account of the traffic load and
the volume as well since higher ADT implies higher load repetition and consequently, faster deterioration.
Lastly, traffic speed is another traffic related factor in pavement deterioration, and FDR candidate selection.
Slow moving vehicles exert higher stresses on pavement structure than faster moving vehicles. In selecting
suitable candidates for FDR, traffic load, traffic volume and traffic speed are important factors to consider
(Alkins, Lane, and Kazmierowski 2008).

Pavement Survey and In-situ Tests

Important information on pavement stiffness and resilience modulus, Pavement structural number and
the pavement condition index on a part or the whole of a road section can be obtained from a well conducted
survey operation on the pavement. The choice of survey and assessment tools and techniques should provide
information on the structural condition of the pavement layers. Tools like sample coring, falling weight
deflectometer, ground penetrating radar, dynamic cone penetrometer have been favored by many transportation
agencies for the type of information they provide (Owino et al. 2022). It should be noted that the information
from some of the equipment like the falling weight deflectometer might require further processing, back-
calculations, and advance analyses tools for data interpretation. The data could as well be manually calculated,
however, the lengthy iterations over large quantities of data could make the process rather cumbersome. Popular
analyses tool include MODULUS, EVERCALC, MICHBACK and MODTAG (Graveen 2001). Combining the
information from a successful pavement survey operation and the result from pavement distress assessment,
parameters governing the health of a roadway pavement like the pavement condition index and the structural
number could be estimated and compared for the different pavement candidates for FDR selection.

Materials and Environmental Factors

Material importance in the selection process for FDR pavement candidates is significant in the proportion
of materials in the mix design and the depth of reclamation during construction. Since it is optional to include
subgrade materials in FDR, the type and composition of the subgrade soil is vital to its inclusion and the
selection of stabilization agent for the design. All these material factors contribute to the overall cost of
rehabilitation and the performance of the mix design for the project. Environmental condition at the location of
the project is also of significance in candidate selection for FDR. Areas prone to flooding and areas with drainage
problems would require extra measures to ensure proper performance of the FDR base and may require the
inclusion of supplementary materials in the mix-design. Subgrade with deleterious materials may require extra
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effort to either avoid their inclusion during construction or their complete removal. Pavement with uneven
structural thicknesses may require targeted pre-construction milling (Ceylan et al. 2005).

FDR MIX DESIGN.

Proper mix design for FDR is important in ensuring optimum performance of the pavement. The cost and
performance of FDR mixes significantly depends on the materials in the mix. The gradation of the recycled
materials is one of such factors that has major impacts on the cost and performance of FDR. Higher portions of
fines passing the #200 sieve would require higher quantities of the stabilizing agents for effective stabilization,
and RAP with high plasticity could pose a challenge requiring supplementary materials. A properly designed
FDR base helps eliminate the risk of early pavement failure. An FDR mix design shows the proportion of RAP
materials, granular base materials, subgrade materials moisture, and stabilizing agent needed to attain a target
strength for the mix.

Portland Cement Full Depth Reclamation (PCFDR)

Different agencies approach the preparation of mix-design for PCFDR in different ways. Texas
Department of Transportation (TxDOT) have tests for Atterberg limits, optimum moisture content unconfined
compressive strength, moisture susceptibility and seismic properties as part of their design protocol and uses a
gyratory compactor (Titus-Glover, Darter, and Von Quintus 2019). Georgia Department of Transportation
(GDOT) adopted the standard proctor test in their design and test for optimum moisture, maximum dry density
and unconfined compressive strength (Diefenderfer and Overton 2015). Many other agencies follow the testing
protocols stated with variations in their acceptance criteria which could be based on pavement thickness or the
unconfined compressive strength of the mix (Diefenderfer 2011). The mix-design process for Portland cement
stabilized FDR consists of steps which ultimately grade the RAP material, determine its optimum moisture
content, optimum cement content and the unconfined compressive strength of the mix. The chart in Figure 1
provides a schematic representation of the process in preparing a mix design for Portland cement stabilized FDR
mixes.

‘ Obtain Field Samples ‘ Consider blending well For each cement content,
[—' graded aggregate with mold specimens at maximum
‘ Determine sample gradation ‘ Nor FDR samples density and optimum
l ) ¥ moisture content for
- Select three separate determination of unconfined
Will part of the J |  cement contents for compressive strength (UCS)
subgrade/base be testing
incorporated into the FDR? "} For cold weather states,
| - - Determine optimum determine freeze/thaw
vES? Determine chemical moisture content and durability for each specimen
compatibility of existing maximum dry density for at the estimated cement
materials if necessary each estimated cement contents
(sulfate content, pH, organic content
content Plot the unconfined
If more than 20% of materials Create a mix design compressive strength and
passes the #200 sieve, run report with the freeze/thaw durability test
Atterberg limits test to established cement results on a graph to
determine plasticity Index and moisture/density determine the desired cement
(P content

Figure 1: Steps for Preparing a Portland Cement FDR Mix Design
Asphalt Emulsion Full Depth Reclamation (AEFDR)
Mix Design for AEFDR could be done with the proctor method or the Superpave method. The process of
preparing a mix design for emulsified asphalt stabilized FDR varies across agencies. Mix designs for the

Colorado Department of Transportation (CDOT) are made with a modified proctor method, with requirements
for material gradation, indirect tensile strength (ITS), conditioned ITS, thermal cracking, resilient modulus,
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short term strength test (Thompson, Garcia, and Carpenter 2009). The Illinois DOT uses the Superpave method
in place of the modified proctor for AEFDR mix design (Kim and Lee 2006), while South Carolina DOT mix
design is based on the classification of the recycled materials(Mallick et al. 2002). AEFDR mix design following
three major phases: preliminary testing and material characterization, water optimization, and asphalt emulsion
optimization. The research used the Superpave mix design method for asphalt design, and the chart in Figure 2
provides a schematic representation of the process for the preparing an emulsified asphalt stabilized FDR mix
design.

Base and subgrade . . . . . Repeat steps for phase 2
. . RAP material analysis Mixed materials analysis but with different emulsion
material analysis and ) 4 .
: and gradation and gradation content and constant water
gradation
content.
4 ¥
Mix with constant Mix reclaimed materials Select 4000g reclaimed Measure sample size and
emulsion content and | and water properly, seal n materials, 3% emulsion mass and plot density-
compact with a gyratory in container and let sit for content and target water emulsion content curve
compactor 24 hours contents +
Perform dry Marshall
Measure the sample Measure sample dry Plot graph of bulk density s;alilllg.:eslt acr;c: plot glra_ph
mass and volume, and | volume, dry mass and [+ against moisture content O stabrlity oat © emuision
cure for 48 hours at 40°C submerged mass at peak density conlent
Perform wet Marshall test
- - Check minimum Determine the stability 1
Create mix design  k— requirements of stability | load, stability flow and Soak samples in water for 23
report load and percent retention percent retention | hours at 25°C and 1 hour at 409C

Figure 2: Steps for Preparing an Emulsified Asphalt FDR Mix Design
SURVEY AND STATE OF THE PRACTICE

A survey conducted in the United States provided some enlightenment on the state of the practice in full
depth reclamation. Two sets of Questionnaires targeting engineers, material engineers and construction
engineers of Transportation agencies at the state level in all 50 states of the United States, and at the county
level in all 99 counties in the State of Tennessee were used to survey FDR practice across the United States and
Tennessee. At the state level, 93.5% of respondents reported to have had experience with FDR with Portland
cement being the most used stabilization agent before emulsified asphalt, lime, and foamed asphalt. Many of
the respondents with experience in FDR with multiple stabilizing agents indicated preference for Portland
cement for its adaptability to different soil types, and the ease of application. The inclusion of subgrade materials
in FDR mixes is optional, and maximum portion of subgrade material inclusion reported in the survey was 50%
of the total FDR aggregate mix. Since there are no standard design guides for FDR, most respondents reported
the provision of specifications for FDR projects, and guidelines for using FDR by their state transportation
agencies. The use of supplementary materials such as fly ash was not very common among the respondents, and
those who have used it as cement replacement, or in special situations for moisture control. A few respondents
even reported unfavorable results from the use of supplementary materials.

From the survey, FDR has been used in almost every pavement type at the state level. The most
application of FDR is on highways, local roads, and arterials. Other applications include residential roads, city
streets, parking lots, airports, and interstates. Candidate selection for FDR is mostly done by taking and
assessing core samples from candidate pavements, and visual inspection. Other common techniques used for
candidate selection reported in the survey include analyzing the pavement structure using a falling weight
deflectometer and a dynamic cone penetrometer. Some of the common problems reported in using FDR for
pavement rehabilitation as reported in the survey include improper moisture control, failure to meet density
requirement, improper curing, failure to meet strength requirement. Only a few of the respondents have long-
term performance information on FDR over 10 years, and only a few have performed economic assessment on
the future cost of maintenance and rehabilitation of FDR pavements. When asked, more than 95% of the
respondents stated that they would recommend FDR for a myriad of reasons including but not limited to cost
effectiveness in treating an repairing pavement to its full depth, its “green” benefits of recycling roadway
materials, restoring roads in poor conditions, severely fatigued or old HMA pavements, for situations where

57



Proceedings of 9™ International Conference on Sustainable Transportation & Smart Innovations (ICTA2024)
Gran Melia Hotels & Resorts, Arusha, Tanzania, July 29 31, 2024 ISBN: 978-99968-0-872-2

overlays and other maintenance alternatives does not provide the required strength needed for the pavement.
For the issues seen during the service life of an FDR project, respondents reported seeing shrinkage cracking,
edge line and reflective cracking, there was also the tendency of shoving and tearing of newly constructed FDR
base in its tender stage, and drainage issue in certain circumstances which could lead to moisture problems, and
other forms of cracking associated with Portland cement base. Some problems reported were encountered during
the construction phases of FDR project like public perception, presence of large rocks in the subgrade, going
too deep into the subgrade with the reclaimer, environmental issues (wind and temperature), soil profile and
deleterious materials. When rehabilitating an FDR pavement, some respondents reported milling and overlaying
with HMA, regrinding the FDR base for another FDR construction after years of service, and some used a
different stabilizing agent. Some respondents mentioned targeted operations like crack sealing, and fixing spots
with severe drainage issues, and subgrade treatments for problems located in the subgrade(Litzka and Haslehner
1995).

LABORATORY TESTING AND FIELD INVESTIGATION

A study for the suitability of Portland cement and emulsified asphalt as stabilizing agents for full depth
reclamation was conducted. Two pavement candidates were considered for the study, and preliminary
preconstruction tests were performed on pavement core samples, reclaimed aggregate materials and the sub-
surface pavement structure. The tests revealed varying pavement layer thicknesses across the roadway section
for rehabilitation ranging from 3.75 inches to 11 inches, and varying resilience moduli in all layers of the
pavement structure. Aggregate gradation was done on the RAP materials, and the subgrade type which also
varied within the roadway section was determined. Based on the material classification, mix designs were
prepared. Three batches of RAP materials referred to as batches 1-3-5, 7-9-11 and 13-15, corelating with three
distinct sections of the road. Laboratory Process for the PCFDR mix design tested the Atterberg limits, optimum
moisture content, unconfined compressive strength, and an evaluation of the moisture susceptibility for three
target cement contents (4%, 6% and 8%). The optimum cement content for the mix was determined to be 7%,
and samples were tested for 3 days, and 7 days compressive strength. Figure 3 presents a moisture curve showing
the optimum moisture content.
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Figure 3: Typical Dry Density vs Moisture Content Curve

AEFDR testing process first accounted for a gradation analysis, and determination of the asphalt content
in the RAP materials. The asphalt emulsion used for the tests had a 66% asphalt content of PG 58-28. Following
the chart presented in Figure 2, optimum moisture content for the batches were determined at 5.6%, 5.45% and
5.7% for batches 1-3-5, 7-9-11 and 13-15 respectively. The test for optimum emulsion content was performed
by testing the Marshall stability of samples and the retained stability of submerged samples. The optimum
emulsion contents were determined as 3.5%, 3.3%, and 3.5% for batches 1-3-5, 7-9-11 and 13-15 respectively.
Table 2 shows the Marshall Stability and Retained Stability Results. and Table 3 shows the results for the
optimum moisture content and optimum emulsion content for the batches.
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Table 2 Marshall Stability and Retained Stability Results

Samples Dry Marshall Test Wet Marshall Test Stability
Emulsion Sample Stability Flow Stability Flow Retained
Content Number . . Stability (%)
(Ibf) (in.) (Ibf) (in.)
2.00% 1 10531 0.025 7320 0.142 0.66592
2 12322 0.032 7898 0.147
Average 11427 0.0285 7609.45 0.1445
3.00% 1 12119 0.037 6802 0.145 0.62472
2 11642 0.034 8042 0.145
Average 11881.2 0.0355 7422.5 0.145
4.00% 1 NA NA 5650 0.15 0.50733
2 11939 0.051 6463 0.16
Average 11939.1 0.051 6057.1 0.155
5.00% 1 12628.6 0.069 5486.1 0.153 0.44807
2 12331.3 0.073 5697.7 0.155
Average 12480 0.071 5591.9 0.154
Table 3 Summary of Moisture Content and Emulsion Content for AEFDR
Batch Optimum Water Content (%) Optimum Emulsion Content (%)
1-3-5 5.60 3.50
7-9-11 5.45 3.30
13-15 5.70 3.50

With the completion of the mix designs, Portland cement was selected as the stabilization choice for a
pavement candidate, and post-construction tests on the rehabilitated pavement showed smoother ride quality,
and a higher structural number above 6.0 compared to the pre-construction structural number which was below
4.0 shown in Figure 4.

== SN (pre-FDR)

==8=—2SN (post-FDR)

= O =Mean SN (pre-FDR)
10 = O =Mean (post-FDR)

Structural Number
o

Stations

Figure 4: Pre-Construction and Post Construction Structural Numbers Chart.
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Major takeaways from the research:

e PCFDR achieves high strength quickly, and while curing, has the tendency to develop micro
cracks. One practice is to allow the PCFDR pavement base to cure fully and develop the micro
crack before overlaying the base with a surface wearing course.

e Cement stabilization works for a wide range of material classification and for soils with high
plasticity.

e Irregularity along the road section means that the proportions of RAP materials reclaimed for the
mix would vary from section to section.

e Differences in the proportions of the RAP content in a constant mix-design result in inconsistent
modulus resilience across the roadway section which relates to differences in

e the structural numbers on the road.

e Sections of the roadway with deep asphalt layers generated lower post construction results
compared to sections with thin asphalt layers.

e Sections with thin asphalt layers had more granular base materials which when stabilized with
Portland cement resulted in higher post construction modulus resilience and higher structural
numbers.

o AEFDR gave good results for reclaimed materials with high RAP contents.

e Higher asphalt binder content in the RAP materials relates to lower emulsion content needed for
stabilization.

e Higher fines in the mix relate to the demand for higher stabilizing agent content.

e PCFDR and AEFDR are effective measures for pavement rehabilitation.

CONCLUSION

The benefits from FDR include but are not limited to cost saving, improved load bearing capacity, short
construction cycles, and reduced gaseous emission. However, to fully achieve these benefits, FDR success
depends on a sequence of operations that starts with the selection of suitable candidates. In selecting suitable
candidates for FDR, careful assessment of the pavement distresses, traffic estimate, pavement structure,
materials and environmental factors are necessary as this governs the benefits derived from the projects.
Performance data from the research indicates that reclaimed materials with high RAP content respond well to
emulsified asphalt stabilization, and materials with 100% RAP content are unsuitable for cement stabilization.
Likewise, materials with high granular content from the base and the subgrade (optional) are very good
candidates for Portland cement stabilization so long as they are not of deleterious properties. In some instances
of pavement irregularity where the pavement asphalt layer happens to be too deep, it is beneficial to pre-mill
some portions of the pavement to depths that would allow for ideal material representation in the mix through
the pavement layer structures.
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ABSTRACT

High-volume roads in Sub-Saharan Africa are mostly constructed with dense-graded asphalt (DGA).
Unfortunately, most of these roads experience premature fatigue cracking and rutting, two primary structural
distresses that minimize pavement longevity. Elsewhere, stone matrix asphalt (SMA) is the preferred asphalt
paving material for high-volume roads, due to its superior performance over DGA. Regardless, the application
of SMA in Sub-Saharan Africa is uncommon, most likely due to a lack of adequate local information on the
comparative performance benefits of SMA. This study sought to develop an empirical understanding of the
differences in the performance characteristics of SMA and DGA, with the view of filling that knowledge gap
and promoting SMA as a sustainable paving material. Using the same material sources, an SMA mixture was
designed according to AASHTO R 46 to conform to the requirements of AASHTO M 325, while a DGA mixture
was designed as per ASTM D 6926 to comply with Ghana’s Ministry of Roads and Highways’ Standard
Specification for Road and Bridge Works (2007). Asphalt mixture performance characteristics — including
fatigue cracking, rutting, moisture damage resistance, and durability — were measured. The study found that
DGA was 24% less durable than SMA, based on Cantabro abrasion loss test results. While both mixtures
exhibited similar moisture damage resistance, the cracking resistance index of SMA was 14 times higher,
indicating its superior fatigue cracking resistance. Both mixtures met specification requirements for Marshall
stability and flow. In conclusion, the study showed the overall performance superiority of SMA over DGA, in
utilizing local materials. Field evaluation of SMA is recommended in Sub-Saharan Africa to develop a local
understanding of SMA design and performance to facilitate its sustainable use in high-volume pavement
applications.

KEYWORDS: Stone matrix asphalt, dense-graded asphalt, rutting, fatigue cracking, durability

1.0 INTRODUCTION

Hot mix asphalt (HMA) mixtures are classified, based on aggregate gradation, as dense-graded, open-
graded, or gap-graded. A dense-graded HMA mixture has a well-graded aggregate gradation with
significantly low permeability. In contrast, an open-graded HMA mixture has a high coarse aggregate
content and low fines content, making the mixture highly porous. Gap-graded HMA mixtures, on the
other hand, lack mid-size aggregate particles, resulting in higher air-void content and stone-on-stone
aggregate contact.

Stone matrix asphalt (SMA), an HMA with gap gradation, is commonly used for constructing
heavy-duty pavements in many developed countries due to its exceptional performance qualities. The
technology, invented in the 1960s in Germany, was a response to the need to prevent wearing course
deterioration caused by studded snow tires and prolong pavement life (Blazejowski, 2011). Originally
referred to as Splittmastixasphalt in German, SMA comprises a skeleton of gap-graded coarse
aggregate, with the interstices filled with a rich mortar comprising asphalt binder, filler, and a stabilizing
additive. The popularity of SMA started spreading to other European countries in the 1980s when its
performance benefits became evident (Blazejowski, 2011; European Committee for Standardization,
2016; EAPA, 2018). Today, SMA is utilized not only in Europe, but also in Asia (Jia-Liang and Joseph,
2000) Australia (AAPA, 2000; White and Jamieson, 2018), and the U.S. (Nunn, 1994; Brown et al.,
1998) for paving roadways, runways, and harbor areas.

SMA owes its popularity to certain desirable properties. Its high resistance to rutting is due to
the strong interlock within the high coarse aggregate content (Blazejowski, 2011). The relatively high
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bitumen content makes it highly resistant to fatigue cracking (Blazejowski, 2011; EAPA, 2018). The
coarser surface texture improves SMA’s skid resistance and drainage (Blazejowski, 2011; Hainin et al.,
2012; EAPA, 2018). SMA possesses good noise-reduction benefit, which stems from the air paths that
dissipate entrapped air in tire tread grooves (Greer, 2006; Blazejowski, 2011).

Despite SMA’s numerous benefits, it is rarely used in Sub-Saharan Africa. Joubert et al. (2004)
reported a comparative study of trial sections paved with dense-grade asphalt, SMA and open- graded
(porous) asphalt at Johannesburg International Airport. The performance evaluation of the mixtures
focused primarily on the pavement surface characteristics. Overall, the SMA mixture showed superior
performance, leading the South Africa agency to incorporate SMA in their specifications (SABITA,
2014, 2022). Apart from South Africa, there is a lack of documented evidence of the application of
SMA in sub-Saharan Africa. These road agencies focus on dense-graded asphalt, although premature
failures, particularly rutting and fatigue cracking, have been associated with such a mixture (Aderinola
and Abimbola, 2014; Ampadu et al., 2015; Banda, 2018; Daramola et al., 2018).

Considering SMA’s superior performance, particularly in rutting and cracking resistance
(EAPA, 2018; Brown et al., 1998), it is reasonable to argue that SMA will be a cost-effective paving
material for heavy-duty pavement construction. However, there exist limited studies comparing the
performance of SMA and DGA, particularly in sub-Saharan Africa. Climate and local conditions may
influence asphalt mixture design and performance characteristics, necessitating development of
empirical understanding of asphalt mixture design and performance characteristics. The lack of
adequate local information in Sub-Saharan Africa on the comparative performance benefits of SMA
could be a hindrance to convincing road agencies to adopt SMA. The objective of this study was to
develop an empirical understanding of the differences in the performance characteristics of SMA and
DGA mixtures using local materials, with the view of bridging the knowledge gap to promote SMA as
a sustainable asphalt paving material. The study characterized the durability, moisture damage
susceptibility, cracking resistance and rutting resistance of dense-graded and SMA mixtures, with the
goal of enhancing empirical understanding of the differences in their performance characteristics in the
sub-Saharan African region.

1.1 Stone Matrix and Dense-Graded Asphalt Design Concepts

SMA depends on the stone-on-stone aggregate skeleton, occasioned by the absence of some
mid-fraction aggregate sizes and a rich mortar, for improved performance. In contrast, DGA depends
on densification of its continuous aggregate gradation, and the mixture is not designed to have stone-
on-stone contact (see Figure 1). SMA has high contents of coarse aggregate (72%-84%) and filler
material (8%-12%). Unlike SMA, DGA hardly carries heavy traffic loading without experiencing
severe rutting. Whilst the optimum binder content of DGA usually ranges between 3.5% and 6.0%,
SMA typically has a minimum binder content of 6% (NAPA, 2002). Consequently, SMA often requires
a stabilizing additive (e.g., cellulose fiber) to prevent excessive drain-down of the asphalt binder during
transportation or storage. The rich mortar of SMA significantly improves the mixture’s durability. Thus,
SMA design seeks to achieve an aggregate skeleton with stone-on-stone contact, while ensuring enough
rich mortar. Stone-on-stone contact is achieved when the voids in coarse aggregates (VCA) in the
mixture is less than the VCA of the coarse aggregate fraction; the VCA is determined by the dry rodded
unit weight test (ASTM C29). Note that the coarse aggregate fraction is the portion of the total aggregate
blend that retains on the “break” sieve, which is related to the nominal maximum aggregate size
(NMAS) of the aggregate blend. For a blend with 12.5 mm NMAS, the break sieve is 4.75 mm, while
itis 2.38 mm for a 9.5-mm NMAS (NAPA, 2002).
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Figure 1. Aggregate structure of SMA and DGA (NAPA, 2002)

2.0 MATERIALS AND METHODS

2.1 Materials

Granitic aggregate, with properties shown in Table 1, was obtained from a local quarry in the
Ashanti region of Ghana to prepare SMA and DGA mixtures. The aggregate quality met the requirements
of Ghana’s Ministry of Roads and Highways’ (MRH) Standard Specification for Road and Bridge Works
(MRH, 2007). Where local specifications were unavailable, aggregate quality specifications from other
sources were consulted. Hydrated lime was used as an active filler, and it constituted 1% by mass of the
total aggregate blend to conform to the MRH limit of 1% active filler content (MRH, 2007). AC-30
viscosity graded asphalt binder was used, and its properties are presented in Table 2.

Table 1. Aggregate quality test results

MRH
Test Procedure Result Specification (2007)
Los Angeles Abrasion ASTM C131 25% 40% (max)
Ten Percent Fines BS 812 211kN 160kN (min)
Flakiness Index ASTM D4791 9% 25% (max)
Moisture Absorption ASTM C127 0.11% 1.0% (max)
Aggregate Crushing Value BS 812 18% 30% (max)*
Aggregate Impact Value BS 812 12% 30 (max)!
Elongation Index ASTM D4791 14% 15 (max)*
Soundness (Sodium Sulphate) ASTM C88 0.9% 15% (max)?
Bulk Specific Gravity ASTM C127 2.692 -
Source: 'The Constructor; 2AASHTO M 325
Table 2. Asphalt binder test results
Test on Unaged Sample P(tgg?lfjl\ljlge Result (ig?rcﬁzlgégogng
Penetration at 25C, 100g, 5s D5 65 30 (min)
Flash Point (Cleveland Open Cup) D92 332°C 230°C (min)
Kinematic Viscosity at 135°C D3381 370 mm?/s 250 mm?/s (min)
Viscosity at 60°C D4402 322 Pa.s 240-360 Pa.s
Specific Gravity at 25°C D70 1.04 -
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2.2 Dense-Graded Asphalt Mixture Design

Using the Marshall procedure (ASTM D 6926), the DGA mixture was designed with the gradation
in Figure 2 to meet the Standard Specification for Road and Bridge Works (MRH, 2007) requirements for
wearing course mixture Type I. Trial samples were prepared at binder contents of 0.5% increment from
3.5% to 5.5%. The mixture was blended at 160 °C and aged for 2 hours as per AASHTO R 30. Seventy-
five blows were applied to each face of the specimens at a compaction temperature of 130°C. Figure 3
shows plots of binder content versus the mixture properties. An optimum binder content corresponding to
4% air voids was determined to be 4.5%, following Asphalt Institute’s Manual Series Number 2 (Asphalt
Institute, 2009).
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Figure 3. Plots of DGA mixture properties

2.2.2 Stone Matrix Asphalt Mixture Design

Figure 4 shows a 12.5-mm NMAS aggregate blend gradation, which complies with the mid-
gradation specified by AASHTO M 325. The dry-rodded unit weight test (ASTM C 29) was performed to
determine the voids in coarse aggregate (VCAnprc), as per Equation 1.

G Yw_ Ys
VCApge = (C&T)loo (1)

Where:
Gca = Specific gravity of coarse aggregate
ys = Unit weight of the coarse aggregate fraction (kg/m?)
yw = Unit weight of water (kg/m?®)

AASHTO R 46 recommends that, for aggregate blends with specific gravity of less than 2.750, the
required minimum binder content of 6.0% should be increased by 0.1% for every 0.05 reduction in specific
gravity from 2.750. The aggregate blend had a combined specific gravity of 2.692; therefore, the minimum
binder content for the trial mixture was calculated as 6.1% and was rounded up to 6.5%. The mixture was
blended at 160°C and aged for 2 hours as per AASHTO R 30. Marshall test specimens were prepared,
applying 50 blows on each face. According to (Hainin et al., 2013) if SMA mixtures are compacted with
more than 75 blows, the aggregates tend to break, and the density does not significantly increase compared
with specimens fabricated with 50 blows. The volumetric properties of the mixture were evaluated to
determine whether the trial blend satisfied AASHTO M 325 specifications. Table 3 shows the volumetric
properties of the trial mixture. The VCAmix was determined using Equation 2.
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Figure 4. Aggregate gradation for SMA
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Table 3. Volumetric properties of SMA trial mixture

Mixture Property Value
Voids in coarse aggregate (VCAay) (%) 43.00
Bulk specific gravity of total aggregate blend, Gs» 2.691
Bulk specific gravity of mixture, Gmy 2.347
Percent of aggregates in mixture, Ps (%) 93.50
Theoretical maximum specific gravity of mixture, Gmm 2.462
Bulk specific gravity of coarse aggregates, Gea 2.835
Percent of coarse aggregate in aggregate blend, Pca (%) 72.5
Voids in mineral aggregate, VMA (%) 18.44
Voids in coarse aggregates in compacted mixture, VCAmix (%) 40.14
Voids in asphalt mixture, V, (%) 4.643

VCAmix = 100 — (Z2)Pg, 0)

CA
Where:

VCAnmix = voids in coarse aggregates of compacted mixture (%)
Gmb = Bulk specific gravity of compacted mixture

Gca = Bulk specific gravity of coarse aggregates

Pca = Percent of coarse aggregates in total aggregate blend

As shown in Table 4, the VCAgry exceeded VCAmix, Which indicated that stone-on-stone contact in
the trial mixture has been achieved. With a VMA of 18.44%, the minimum VMA of 17% specified by
AASHTO M 325 was met. Hence, the trial gradation met AASHTO M 325 specifications for SMA mixture
design. Next, three Marshall-compacted specimens were produced at 7.0% and 7.5% binder content each,
using the satisfactory trial gradation, to determine the optimum binder content. Table 4 shows the mixture
properties. AASHTO M 325 recommends that the optimum binder content correspond with 4% air voids
and that the respective VCA and VMA be compared with specification requirements. Figure 5 is a plot of
binder content against air voids, and the optimum binder content is 6.75%, which may be rounded up to
6.8%.

Table 4. Volumetric properties of the SMA at trial binder contents

Binder Content

Mixture Property 6.5% 7.0% 7.5%
VMA (%) 18.4 19.3 20.0
VCAmix (%) 38.3 38.6 38.8
Va (%) 4.6 35 3.1
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Figure 5. Air void content against binder content for optimum binder determination

2.3 Mixture Performance Testing

2.3.1 Durability

Cantabro abrasion loss was used to evaluate the durability of the mixtures. Historically, the test
has been used to characterize open-graded friction courses, but its applicability to other mixture types
including SMA and DGA mixtures has been verified and found to be effective in differentiating several
mixture characteristics that impact durability, including binder type and content, aggregate type, air void
content, binder absorption, and aging (Doyle and Howard; 2012; Cox et al., 2017; Sangiorgi 2018;
Gardziejczyk et al., 2020). The test was performed following TEX-245-F (Texas Department of Transport,
2017). Six Marshall specimens (three for each mixture type) were prepared at 4.5% and 6.8% optimum
binder contents for the DGA and SMA, respectively. The mixtures were short-term aged (as per AASHTO
R 30) and were then compacted to 7% air voids. Having measured the initial mass of the Marshall-
compacted specimens, each was then subjected to abrasion in the Los Angeles abrasion machine for 300
revolutions (without steel balls). The final specimen mass was determined, and the Cantabro abrasion loss
index (CALingex) Was computed according to Equation 3.

Initial Sample Mass—Final Sample Mass
CAL; %) = x 100 3
mdex( /0) Initial Sample Mass ( )

2.3.2 Moisture Damage Resistance

The modified Lottman test (AASHTO T 283) was conducted to examine the moisture damage
resistance of the mixtures. Twelve DGA and SMA Marshall specimens (six for each mixture type) were
prepared at an optimum binder content of 4.5% and 6.8%, respectively, aged for 2 hours as per AASHTO
R 30, and compacted to 7% air voids. One set of the Marshall-compacted specimens was conditioned
according to AASHTO T 283, but without a freeze-thaw cycle; the second set was unconditioned. Both sets
of specimens were subjected to monotonic loading at a rate of 50mm/min, and the measured peak load was
used to calculate the indirect tensile strength as described in Equation 4. The tensile strength ratio (TSR)
was computed as the ratio of the tensile strength of the conditioned to the unconditioned specimens.

2000P
St = o @

where:
St = tensile strength (kPa)
P = maximum load (N)
t = specimen thickness (mm)
D = specimen diameter (mm)
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2.3.3 Cracking Resistance

The indirect tensile cracking test (ASTM D 8225) was used to evaluate the cracking susceptibility
of the mixtures. Specimens and field cores, prepared utilizing Marshall or Gyratory compactors, can be
seamlessly employed in this test without necessitating additional procedures such as notching, drilling,
instrumentation, or cutting (Chowdhury et al., 2022; Newcomb and Zhou et al., 2018; Yan et al., 2020).
The DGA and SMA mixtures contained 4.5% and 6.8% optimum binder content, respectively. Similarly,
the loose mixtures were short-term aged in conformance with AASHTO R 30 and then compacted to 7%
air voids. Six specimens were used for this test (three for each mixture type). Using a universal testing
machine (UTM), the specimens, conditioned at 25°C, were monotonously loaded at 50mm/min until failure.
The cracking tolerance index (CTingex) — @ fracture mechanics-based parameter — was computed using
Equation 5 to evaluate cracking resistance. The higher the CTingex, the higher the cracking resistance.

_t s Gy 6
CTindex = EXFX@X 10 (5)
where:

CTindex = cracking tolerance index

Gs = failure energy (Joules/m?)

IM, 5| = absolute value of the post — peak slope (N/m)

l;5 = displacement at 75% of the peak load after the peak (mm)

D = specimen diameter (mm)

t = specimen thickness (mm)

2.3.4 Rutting Resistance

The rapid rutting test which characterizes asphalt mixture rutting resistance at high temperatures
using a parameter called rutting tolerance index (RTingex), Was performed. This simple test, known for its
repeatability, reproducibility, and sensitivity to various asphalt mixture components such as binder type and
content, aggregate type and gradation, additives, and mixture aging, has demonstrated a strong correlation
with established simulative and fundamental rutting tests, as well as real-world performance (Zhou et al.,
2019; Zhou et al., 2020; Zhou et al., 2021).

The test was conducted in accordance with ASTM D8360, there was however a deviation from the
standard, which involved the use of Marshall-compacted specimens instead of gyratory-compacted
specimens. Additionally, the recommended concave supporting cradle, featuring a curvature radius equal
to the nominal radius of the test specimen, was not used in this study. The mixtures were produced at 4.5%
and 6.8% optimum binder content for DGA and SMA, respectively, short-term aged (AASHTO R 30) and
compacted to 7% air voids. Four of the compacted specimens (two for each mixture type) were conditioned
in a 60°C water bath for 45 minutes and were then loaded at a constant loading rate of 50mm/min until
failure. The failure load was used to calculate the shear strength of the mixture (Equation 6), which was
subsequently used to determine the rutting tolerance indeX, RTingex, according to Equation 7. The RTingex iS
a rutting performance indicator, the higher the index, the better the rutting resistance of an asphalt mixture.

7, = 0.356 X ?:—W (6)
where:

T+ = shear strength (Pa)

Pmax= maximum load (N)

T = specimen thickness (m)

W = width of upper loading strip (=0.0191 m)
RTjpdex = 6.618 X 107° x = (7)
where:

RTindex = rutting tolerance index
¢ = shear strength calculated from Equation 6.
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1P, = a unit cancelation factor

2.3.5 Marshall Stability and Flow

Stability and flow are performance indicators in the Marshall mixture design methodology. The
test was performed according to ASTM D6927. Similarly, mixtures were produced at 4.5% and 6.8%
optimum binder content for DGA and SMA, respectively. The mixtures were age-conditioned according to
AASHTO R 30 and compacted to 4% air voids. Three specimens, for each mixture type, were utilized for
this test. The compacted specimens were conditioned in a 60°C water bath for 30 minutes and subjected to
loading in the Marshall test device at a rate of 50.8mm/min. The maximum load sustained by each sample
was recorded as the stability and the corresponding plastic deformation as the flow.

3.0 Results and Discussions
Table 5 shows the average values derived from the mixture performance tests.

Table 5. Mixture performance test results

Performance Test Perfo_r mance DGA SMA
Indicator

Cantabro Abrasion CALingex (%) 28.0 4.4
Moisture Damage Susceptibility TSR (%) 90 90
Rutting RTindex 32 8
Cracking CTindex 75 1,069
Marshall Stability Stability (kKN) 19.0 7.4
Marshall Flow Flow (0.25mm) 3.7 2.9

4.1 Durability

The Cantabro abrasion loss results, as presented in Table 5, highlight the high material loss
resistance of SMA as a result of abrasion. Notably, SMA exhibited a CALindex approximately six times that
of DGA. The considerably lower abrasion loss observed in SMA is an indication of its superior adhesion,
cohesion, and resistance to wear and fatigue effects of aggregates. The high abrasion resistance of the SMA
mixture can be attributed to the rich mastic, which has also been corroborated by researchers such as Hamza
etal. (2012). Their research indicated a decreasing trend in abrasion loss with an increase in binder content.
The high durability demonstrated by SMA, may offset part of the potential high cost of SMA production
due to the increased binder content. The extended service life and reduced maintenance needs associated
with SMA imply potential long-term cost savings and underscore the economic viability of this asphalt
mixture type. It is worth noting that, while there are no specific criteria for Cantabro abrasion loss in both
DGA and SMA mixtures, the recorded abrasion losses presented in Table 5 are deemed low, particularly
for SMA. This suggests that the durability of the SMA mixtures is unlikely to pose a concern. For open-
graded friction course mixtures, for instance, where the Cantabro abrasion loss is commonly tested, ASTM
D7064 specifies an average Cantabro abrasion loss of 20% and 30% for unaged and aged compacted
specimens, respectively, with an individual specimen not exceeding a 50% loss.

4.2 Moisture Damage

Despite the porous nature of SMA, its moisture damage resistance was comparable to that of DGA,
both exhibiting a high tensile strength ratio (TSR) of 90%. Researchers such as Asi (2006) and Prowell et
al. (2010) have reported that SMA provides better moisture damage resistance, especially when polymer
modified bitumen is used (Haghshenas et al., 2015). SMA's high moisture damage resistance can be
attributed to the presence of a richer mastic film on the aggregate, which reduces the detrimental effects of
moisture on mixture durability.
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Moisture damage is a critical factor influencing asphalt pavement performance, often leading to
distresses such as raveling, cracking, and rutting. The high moisture damage resistance of SMA, despite its
high porosity, shows the effectiveness of the mastic film withstanding moisture damage. This positions
SMA as a resilient and durable option, aligning with the essential goal of minimizing pavement distress and
ensuring long-lasting infrastructure.

4.3 Cracking Resistance

While there is currently no specific criterion for assessing cracking performance based on the
Cracking Tolerance Index (CTI) measured according to ASTM D8225, studies have shown that dense
graded asphalt mixtures exhibiting subpar performance tend to register CT1 values below 70, whereas those
displaying good performance yield values in excess of 100 (Zhou et al., 2017). The CTI value recorded by
SMA was 14.25 times higher than that of the DGA, suggesting the superiority of SMA in terms of cracking
resistance. Even though both mixtures utilized the same aggregates, sourced from the same materials,
possessed similar characteristics in terms of shape and texture, however, they differed in gradation. The
gap-gradation of SMA results in the utilization of higher percentage of coarse aggregates but with higher
filler (passing sieve 0.075mm) and binder content resulting in richer mastic. Research suggests that finer
and denser aggregate structures tend to contribute to better fatigue life (Nejad et al., 2010; Freire, 2015).
However, it is crucial to note that increasing binder content can have significant influence on asphalt
mixture fatigue performance (Hu et al., 2011; Shashwath and Erdem, 2018). The better cracking resistance
of SMA observed in this study could be attributed to the increased binder content associated with the
mixture. Other studies (e.g., Prowell et al, 2010; Saboo and Kumar, 2016; Son et al, 2016) have also
observed better cracking resistance of SMA.

Given the prevalence of fatigue cracking and its adverse effects on pavement durability in many
Sub-Saharan African countries, the observed enhanced crack resistance in SMA holds substantial promise
within the region. A mixture with good fatigue resistance has potential to extend the lifespan of pavements,
offering a valuable solution to address the structural challenges commonly faced in most Sub-Saharan
African countries, where axle load control scheme is less effective (Pinard et al., 2010; Martinez et al.,
2018),

4.4 Rutting Resistance

The rutting test did not indicate the superiority of SMA in rutting performance; however, reported
laboratory and field performance data have proved the relatively good rutting performance of SMA (Brown
etal., 1997; Brown etal., 1998; West et al., 2012; Kamaraj et al., 2015; Wu et al., 2017). Asi (2006) reported
the same observation and attributed the low rutting resistance of SMA to the Marshall specimen size used
in the study. Because the rutting performance of SMA derives from its stone-on-stone aggregate contact,
the Marshall specimen size might not have allowed for the proper formation of the aggregate skeleton, thus
resulting in the observed low rutting resistance. This deviation (i.e., the use of Marshall compacted
specimens instead of the recommended Superpave gyratory compacted specimens) from the ASTM D8360
testing method in this study, could have contributed to this observation.

4.5 Flow and Stability

The relatively lower Marshall stability of the SMA does not necessarily mean the SMA was prone
to instability. SMA mixture design standards (e.g., AASHTO M 325) rarely include Marshall stability and
flow as mixture performance indicators. Generally, SMA is expected to have comparatively low Marshall
stability due to its high binder content (Gardete et al., 2012). The National Asphalt Pavement Association
(NAPA, 2002) suggests a minimum stability of 6.2kN for SMA, which the SMA mixture met.

5.0 CONCLUSIONS AND RECOMMENDATIONS

This study sought to develop an understanding of the comparative performance characteristics of SMA
and DGA to increase the confidence of Sub-Sahara African road agencies to utilize SMA. The following
conclusions and recommendations are provided, based on the results of this study:
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1. Cantabro abrasion test indicated that SMA was more durable than DGA; the observed better
performance of SMA is attributed to the rich mastic, which tends to provide a medium for
dissipation of microcracks.

2. Both mixtures showed similar moisture damage resistance. However, considering the relatively
high porosity of SMA, it is reasonable to note that SMA exhibited better moisture damage
resistance.

3. The rutting test could not prove the superiority of SMA, which might be due to the test specimen
size used. However, several field and laboratory studies have indicated SMA’s superiority in rutting
resistance over DGA.

4. The SMA exhibited higher fatigue cracking resistance. This desirable mixture performance
characteristic will be beneficial to Sub-Saharan African countries, considering the poor axle load
control regime, which often results in accelerated fatigue cracking.

5. Despite the lower Marshall stability value for SMA, it does not suggest SMA is unstable. Generally,
due to its higher binder content, SMA has lower Marshall stability than DGA.

6. SMA’s high binder content is needed to adequately coat the large amount of fines to produce a rich
mortar. The long-term benefits associated with the enhanced mixture durability and cracking
performance outweigh the initial high material cost.

7. This study has corroborated several others that have shown that SMA has notable performance
benefits over DGA. Sub-Saharan African road agencies are encouraged to construct SMA test
sections to develop empirical understanding of SMA design and performance characteristics.
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ABSTRACT

With nearly 1.25 million deaths a year on transportation all over the world, a need exists for
counter-measures to reduce the number and severity of crashes. A wide range of technologies and
techniques are now available to vastly improve the performance of transportation systems in order to
eliminate transportation crashes, but we have been slow to implement them. This paper provides a state-of-
practice summary of intelligent transportation systems (ITS) as a solution to the current transportation
systems and traffic management practices in eliminating road crashes. Intelligent transportation systems
(ITS) and its components have been discussed, followed by best practices of intelligent transportation
systems (ITS). Finally, the paper gives the future scope in the field of intelligent transportation systems
(ITS) to make it more user friendly and accessible and also highlights the conclusions extracted from the
studies of different systems.
KEYWORDS: Intelligent transportation systems, management strategies, traffic management, crashes.

1.0 INTRODUCTION
GENERAL

With nearly 1.25 million deaths a year on transportation all over the world, a need exists for counter-
measures (Advanced traffic management) to reduce the number and severity of crashes on average of 3,287
deaths a day. An additional 20 - 50 million are injured or disabled with more than half of all traffic deaths
occur among young adults, ages 15 - 44. Traffic crashes rank as the 9th leading cause of death and account
for 2.2% of all deaths globally. Unless action is taken, traffic injuries are predicted to become the fifth
leading cause of death by 2030 [65]. Rapid vehicular growth partnered with ever increasing population,
rural to urban migration and economic upsurge has put immense amount of pressure on transportation
infrastructure, especially on traffic management practices in urban areas [1, 8, 17, 45, 65]. The intelligent
transportation systems (ITS) is a system that capitalizes on leading-edge information technology (IT) to
support the comfortable and efficient transportation of people and goods. Its aim is to achieve a quantum
leap in the safety, transport efficiency and comfort of road traffic, contributing strongly to the solution of
the problems of today’s motorized society. These problems range from urban traffic problems, such as
traffic accidents and congestions, to environmental and energy issues. Intelligent Transportation Systems
(ITS) supports comfortable and flexible movement in intermodal transportation systems (encompassing
road, rail, air and marine transport). Its ultimate goal is to create a more livable society, as encapsulated in
the phrase, “ITS for a livable society” [8, 28, 30].

Figure 2 shows using information from transmitters built into or along a road to the cars on it, the system
works to help avoidance from dangers like a missed stop sign or signal or a dangerous intersections, see
Figure 1.
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Figure 1: Intelligent Transportation Systems (ITS) Data Collection [50, 63]

Intelligent transportation systems (ITS) intend to add information and communications technology
infrastructure and vehicles in an effort to improve: -

- Safety

- Reliability

- Resource efficient

- Quality of means of transport

- Climate environment friendly

- Seamless friendly for the benefit of citizens, economy and society

- To boost competitiveness of transport

There should be a relationship between people, roads and vehicles to achieve Intelligent transportation
system (ITS) [10, 14, 15, 28, 51, 52].

AIMS / OBJECTIVES OF THE STUDY

The study aims to facilitate a national multi-modal surface transportation system that features a connected

transportation environment around vehicles of all types, the infrastructure and carry-in passenger devices

to serve the public good by leveraging technology to maximize safety, mobility, and environmental

performance. Others are: -

- to provide innovative management and enable users to be better informed and make safer, more

coordinated, and ‘smarter use of transport.

- to provide innovative services relating to different modes of transport and traffic management and reduce
smart wars on road.

- to enable users to be better informed and make safer, more coordinated, and 'smarter' use of transport
networks.

- to achieve traffic efficiency by minimizing traffic problems.

- to reduce time of commuters, as well as, enhances their safety and comfort. The use is not just limited to
traffic congestion control and information, but also for road safety and efficient infrastructure usage.

STATEMENT OF THE PROBLEMS

The following are some main problems bedeviling institutional arrangements regarding effective intelligent
transportation systems: -

- An under developed road network

- Severe budget restrictions

- Explosive urbanization and growth

- Lack of resources for maintenance and operation

- Less demand for automation

- Lack of interest among government decision makers

- Lack of user awareness
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- Lack of proper justification

- Strong political and legal barriers if the monitoring is done through cameras and number plate recognition
- Residents and shopkeepers tend to have a negative attitude towards such measures

- Inefficient and inadequate mass transport system.

SIGNIFICANCE / JUSTIFICATION OF THE STUDY

Little research is known to have been undertaken on the intelligent transportation systems, as a viable tool
for socio-economic development. A study like the current one undertaken is therefore timely as it examined
the viability, profitability or otherwise and economic development in the study area.

SCOPE OF PRESENT WORK

Intelligent transportation systems (ITS) is transforming the transportation sector with the generation of
intelligent transportation systems (ITS) that helps to optimize logistics and fleet management, goods and
services, traffic management driver assistance, etc. Intelligent transportation systems (ITS), helps in
automating railways, roadways, airways and marine vessels. It also helps in tracking and delivery of goods.
Increasing adoption of Intelligent Transportation System (ITS) to improve and reduce road accident is also
expected to significantly drive the intelligent transportation system market. Growing population and rise in
number of vehicle has driven the need for effective traffic management.

By generating an intelligent transportation system (ITS), it can automate an entire vehicle, congestion on
urban roads and rising accidents which need smart transport management solutions leveraging sensing,
communications, and data processing technologies, smart parking solution, traffic management solution,
passenger entertainment, fleet management and telematics solutions, and security solution, moreover,
prices of sensors are projected to come down in the near future.

INTELLIGENT TRANSPORTATION SYSTEMS (ITS) GOALS AND TARGETS

In order to realize its vision for the globe, guided by the theme of “Intelligent Transportation Systems

(ITS) for a livable society,” Intelligent Transportation Systems (ITS) world has set three first-step targets

or goals, which are the realization of: -

(1) A zone with zero traffic fatalities

(2) A zone with zero traffic congestion

(3) A zone with a comfortable transportation experience

From a private-sector viewpoint, intelligent transportation systems (ITS) is expected to achieve a number

of objectives in the medium-term (by about 2030). By this time it is hoped that Intelligent Transportation

Systems (ITS) will apply state-of-the-art technology in positioning and data communications to link people,

roads and vehicles in a network, enabling quantum improvements in advanced modes of road usage, high-

efficiency transport and comfortable road travel [30].

The scenario ITS Japan envisions for transportation in the medium term is one in which: -

1) Safe and secure “intelligent transportation systems (ITS) zones” are constructed, with the goal of
reducing traffic fatalities to zero

2) Improved logistical flow and development of automated driving systems of logistical vehicles on limited
stretches of road, with the aim of reducing traffic congestion to zero on those sections

3) Commercialization of “Human navigation systems”, to make the transportation experience more
enjoyable in a “comfortable transportation zone”

4) A comprehensive intelligent transportation systems (ITS) platform is in place.
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In carrying out the ITS project, it is essential to use the limited resources available from the budget as
effectively as possible. To accomplish this, the government should consider providing public-sector funds
for use in upgrading and operation of intelligent transportation systems (ITS) led by the private sector and
to explore the possibility of tax concessions. Intelligent transportation systems (ITS) recommends the use
of schemes, systems and organizations that combine private-sector and public sector funding, such as
private finance initiatives (PFI) [30].

WHY IS INTELLIGENT TRANSPORTATION SYSTEMS (ITS) IMPORTANT?

A wide range of technologies and techniques are now available to vastly improve the performance of our
transportation system, but we have been slow to adopt them. Information technology (IT) has transformed
many industries, from education to health care to government, and is now in the early stages of transforming
countries’ transportation systems [17, 18, 46]. Although many think that improving a country’s
transportation network means solely building new roads or repairing aging infrastructure, the future of
transportation lies not only in concrete and steel, but in the implementation of information technology (IT).
Information technology (IT) enables assets throughout the transportation system — vehicles, buses, roads,
traffic lights, message signs, and so forth — to become intelligent by embedding them with microchips or
sensors and empowering them to communicate with each other through wireless technologies [18]. See
Figure 3. Intelligent Transportation Systems (ITS) is an established route to resolve or at least minimize
traffic problems, see figure 2 [27].
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Figure 2: Why Application of Intelligent Transportation Systems (ITS) [27, 53]?

Intelligent transportation systems (ITS) refers to a set of Information and Communication Technology
(ICT) based solutions, applications and services that are applied in all areas of transport in order to achieve,
safer, more reliable and efficient transport journeys thereby supporting sustainable economic growth and
prosperity. When properly implemented, intelligent transportation systems (ITS) solutions have been
proven to be a useful tool in supporting the delivery of policy objectives such as casualty reduction, crime
reduction, traffic congestion and carbon emission reduction. Other objectives such as increasing
accessibility, informing travelers, integrated transport and efficient management of transport infrastructure
and assets are all being supported by intelligent transportation systems (ITS) implementations [42, 43, 49].
Specific examples of intelligent transportation systems (ITS) application are: - Traffic management, Real
Time Passenger Information, Ticketing and Revenue Protection, Logistics and Fleet Management, Driver
Information, Co-operative Highways and Infrastructure systems, Road safety and security, Enforcement
solutions, Emissions reduction, Road User Charging, Automotive and Telematics, Fare collection, Mobility
and accessibility, Navigation services, etc.
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WHAT IS INTELLIGENT TRANSPORTATION SYSTEMS (ITS)?

Intelligent transportation systems (ITS) represents a major transportation on many dimensions. Intelligent
Transportation Systems (ITS) is an international program intended to improve the efficiency of surface
transportation system through advanced technologies in information systems, communication and sensors.
Intelligent transportation systems (ITS) is a system which is designed to promote advance technology, to
ensure that the Electronic Toll Collection System (ETCS) is effective and to support safe driving. With this
system, people, road, and vehicles use the latest information communication technology [10, 54, 63], see
figure 3.

Information
Communication
Technologies

Sensory info technology

Positioning technology

Mapping info technology

Info communication technology

Info network technology
Human-machine Interface (HMI)

Figure 3: What is ITS?

Table 1 shows how different ITS representative organizations and countries have adopted various ITS
definitions. Leading ITS countries such as the United States, Japan and some in Europe primarily focus on
vehicle-oriented safety and efficiency, while later ITS adopters (among them, China and Indonesia) have
tended to develop ITS to mitigate traffic congestion [28, 61].

Table 1 Definitions of ITS by different institutions or countries [61]

Organization Definition
European Union Applications of information and communication technology to transport
European Road Transport Telematics A system that integrates information and communication technology with transport
Implementation Coordination Organization | infrastructure, vehicles and the user
ITS United Kingdom A combination of information and telecommunications technology that enables provision of

online information in all areas of public and private administration

European Telecommunications Standards Telematics and all types of communications in vehicles, between vehicles, and between vehicles
Institute and fixed locations; not restricted to road transport

ITS Japan A system that capitalizes on leading-edge information technology to support the comfortable
and efficient transportation of people and goods, anticipating a “quantum leap” in safety,
efficiency and comfort

ITS Canada Applications of advanced and emerging technologies (computers, sensors, controls,
communications and electronic devices) in transportation systems to save lives, time, money,
energy and the environment

Republic of Korea A transportation system that (a) improves efficiency and safety through automated systems
management; (b) provides transportation data through services that integrate such state-of-the-
art technologies as electric control and communication with vehicles and other transport
facilities

Malaysia Applications of advanced and emerging technologies (computers, sensors, controls,
communications and electronic devices) in
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There is little historical data available to quantify most intelligent transportation systems (ITS) impacts and
some ITS impacts, such as increased comfort or travel time reliability, are qualitative or difficult to measure
or value. Intelligent Transportation Systems (ITS) has been used to tackle the challenges that cities are
facing and to ease the habitants’ daily lives. There is presently little understanding of the causal
relationships between ITS projects and their impacts and often it may not be appropriate to transfer results
in space and time [10, 24, 51, 52].

CHARACTERISTICS OF INTELLIGENT TRANSPORTATION SYSTEMS (ITS)

Some of the special characteristics of ITS include but not limited to the following: -

a. Information dispels and wears out ignorance:

The single biggest cause of driver impatience that leads to reckless driving, incidents, road rage, and
accidents is ignorance [6, 17, 20, 22, 29].

b. Automated computation:

Unlike in many transportation systems across the world where the decision making and the computation
of the arrival times are still estimated manually, future system architectures must employ automated
decision-making computer systems to yield accurate information and achieve precise control and
coordination.

c. Accuracy of information is crucial:

Information must be accurate, timely, relevant, and consistent. Otherwise, drivers will begin to question
the value of the ITS technology and may even abandon it prematurely.

d. Respect for drivers’ freedom is of paramount importance:

Except under true emergency conditions, the intelligent transportation systems (ITS) architecture should
neither attempt to control nor dictate a driver’s behavior.

e. The individual traveler must constitute the focus:

The ITS architecture must be fundamentally centered around each individual driver or traveler, subject to
safety and fair resource availability for all

f. The design of asynchronous, distributed algorithms for control, coordination, and resource
management:

Since the constituent units and the resources of any transportation system are geographically dispersed, it
is logical for future system architectures to exploit distributed algorithms.

g. Continual checking for operational errors:

By their very nature, complex. Systems may contain design errors that manifest irregularly during
operations and elude detection but are severely damaging.

2.0 LITERATURE REVIEW

BY — MR. NIKSH R. MATE, PUBLISHED - SEPTEMBER 2016.

Objectives: This paper aims to build a structured literature review to the field of intelligent transportation
systems (ITS). In this literature review an effort made to evaluate the earlier researcher work and
methodologies related with intelligent transportation systems to study. Analyze and evaluate its relevance
in today’s changing environment. The recently published research articles related to ITS are undertaken for
the study.

Results: the literature review focuses on different areas such as: - ITS applicability in the developing
countries like India with major issue of traffic congestion, infrastructure constrains, high traffic loads. Non
— lane traffic system etc. there are few research gaps were identified in the field specifically in the areas of
ITS and its practical implementation to fill these gaps and extend previous studies there is a need for
conducting research to investigate the relationship between ITS and its implementing issues.
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INTELLIGENT TRANSPORTATION SYSTEM - A CRITICAL REVIEW: BY PREM SAGAR P.
ET AL, PUBLISHED 2018.

Objective: Vehicular traffic is one of the major problems to be addressed in a country, especially in major
cities. The effects are worst in the case of emergency vehicles such as ambulance, fire engines etc. when
they are struck in congestion. It may even lead to loss of lives of a few to many. Congestion occurs mainly
due to two reasons, one is due to traffic lights and other is due to incidents such as accidents, vehicle
breakdown etc. Congestion results in various problems such as increased average waiting time, decreased
average distance traveled, increased pollution, increased fuel consumption etc. which in turn results in
intolerance of drivers which may even lead to accident. Though there are many solutions to overcome the
traffic problem. One is to build new roads and widen existing roads. Another is to make effective and
efficient utilization of the available ones. First one is very costly and needs more time. It also creates a lot
of disturbance in the public. In some cases it can be said that first solution is literally impossible, whereas,
the second solution is comparably easier to implement without disturbing the available infrastructures.
Results: So, from the literature the following conclusions are made. Firstly, in the case of vehicular traffic
control, RFID solution is hardly possible as each and every vehicle has to be embedded with an RFID tag
which can't be removed, which is almost impossible in real time. Secondly, isolated traffic signal control is
not as efficient as fully connected one. Simple because it is making decisions independently without
considering traffic in other intersections. Fully connected traffic lights is achieved in two ways, centralized
and distributed. Both have advantages as well as disadvantages. Thirdly, an EV may not travel in emergency
always, i.e. it may be traveling for fuel station in its free time etc.

METHODOLOGY AND ORGANIZATION OF THE STUDY

The study adopts exploratory method of research that examined and discussed relevant issues of interest in
the history of intelligent transportation systems as a viable tool for socio-economic development. Thus, the
paper reviews existing literature on intelligent transportation systems. Because of the nature of the study
(macro), the writer relies on published documents in the area of intelligent transportation systems using
commissioned studies, non-commissioned studies and published works from various sources. Some of these
secondary sources are narrow in perspective and scope, but they serve as useful materials for researchers
wanting to embark on a macro-study.

RESEARCH HYPOTHESES

HO: there is no positive effect of intelligent transportation systems in effective functioning of the transport
system.
H1: there is a positive effect of intelligent transportation systems in effective functioning of the transport
system.

3. OVERVIEW OF INTELLIGENT TRANSPORTATION SYSTEMS (ITS)

A heterogeneous network of technologies comprises intelligent transportation systems (ITS) for highways
and roads: video cameras, embedded or mounted traffic sensors, smart cards, smart card readers, GPS
devices, license-plate readers, geographic information systems (GIS), computers, software,
communications equipment, fiber optic networks, wireless networks, electrical supplies, traffic signals,
emergency vehicle detection devices, and so on [21, 22, 23, 45, 61]. The most visible public interfaces for
intelligent transportation systems (ITS) are traffic signals, which regulate the flow of motorized vehicles,
bicycles, and pedestrians on streets; “dynamic message signs,” which can alert drivers to upcoming road
conditions; and ramp meters, which regulate the flow of vehicles onto highways. Perhaps the most
important intelligent transportation systems (ITS) interfaces, however, are the one hidden from public view:
traffic control centers, which monitor and respond to traffic conditions through remote manipulation of the
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system (and its data) as a whole. The hallmarks of these control centers are their impressive and oftentimes
massive “video walls,” which display road conditions in real time, whether through a graphic representation
of roads and signals, CCTV video feeds, or some combination of both, see Figure 4 [32, 64].
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Figure 4: Intelligent transportation systems (ITS) Video Wall for State Department of
Transportation

Typically speaking, departments of transportation for states, as well as for large cities, possess the most
advanced intelligent transportation systems (ITS). In the U.S., a nationwide ITS program was established
by the Intermodal Surface Transportation Efficiency Act of 1991 (60, U.S. DOT, 2006) and the government
has invested over $1 billion in the systems over the past decade (22, 23). According to recent research, the
global market for ITS was valued at USD 14.59 billion in 2012, and is expected to reach USD 38.68 billion
by 2020, which represents an annual growth of 13.0 per cent from 2014 to 2020 [61].
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Figure 5: Broad Overview of intelligent transportation systems (ITS) [12, 28, 31]
Source:
https://www.google.com/search?g=broad+overview+of+intelligent+transportation+system&source=
Inms&tbm=isch&sa=X&ved=2ahUKEwia gWchvzIAhXJTsAKHSn4BP0Q AUoAnoECASOBA&
biw=1366&bih=657#imgrc=vO1XtGnFtQs3dM
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Table 2: Technologies available for intelligent transportation systems (ITS)

Mode

Description

Air

The most important technologies elements in the air transport mode are maneuvers support system for aircraft landing and takeoffs
(IL) International Landing System and MLS-Micro Landing System). Navigation and system (VOR-VHF Omni directional
Range. GNSS) and radars.

Maritime /
Water

In maritime or water transport, the most representative element are the Automatic Identification System-AlS, and the positioning
and communication system GNSS (Global Navigation Satellite Systems). In this mode of transport, the radio- electric systems to
and navigation are widely used, Terrestrial or Satellite radio navigation system such as LORAN-Ctype (Long Range Aid for
Navigation), GPS- Global Positioning system and radar. (Radio Detection and Ranging) have been key technologies elements to
avoid collisions and to allow the development of this mode of transport.

Rail

In rail transport, the higher technologies development is clearly seen in the railway traffic management systems, such as the
European Rail Traffic Management System- ERTMS, which is composed by ETCS (European Train Control System) and GSM-
R (Global System for Mobile communication-Railways).

For railway traffic management in cities, system such as Train Protection-APT, or the Automatic Train Operation- ATO are used,
which enable an integral management of the rail network, producing safe and high quality service, and reducing the system’s
energy consumption.

Road

In road transport, the most important technological element is related width positioning systems like GPS and traffic monitoring
through cameras.

These systems can be used for automatic incident detection (AIDS), toll management, urban transportation control, and congestion
detection, in tunnel control, speed control and calculation, dangerous goods transport control, infraction detection among other.
Other relevant technologies elements for road transport are the advanced Driver Assistance System — AIDS - and the in-Vehicle
Information System IVIS - which provide users with information about secondary tasks related to transport, such as navigation.

INTELLIGENT TRANSPORTATION SYSTEMS (ITS) CHALLENGES

ITS presents a set of challenges not found in most other types of transportation strategies. There is much
that is unknown about intelligent transportation systems (ITS): -

- the market for in-vehicle devices,

- the level of benefits ultimately achievable, and

- the impact that institutional barriers may have on the rate of deployment of intelligent transportation
systems (ITS).

This paper talks about the challenges that are somewhat unique to intelligent transportation systems (ITS)
and how they might be overcome. Some of these challenges include: -

- Intelligent transportation systems (ITS) has a heavy emphasis on operations that many transportation
departments are not used to dealing with. For example, information systems take more attention to
maintain credibility with the public and other users.

- ITS crosses modal, institutional, and geographic barriers. This presents significant coordination
challenges. These are usually substantially more difficult than the technological ones.

- ITS works best as a cohesive system of individual elements that work together. The integration of these
elements makes the total concept of ITS more complex.

4.0 BENEFITS OF INTELLIGENT TRANSPORTATION SYSTEM (ITS)

The following is a list of identified benefits of intelligent transportation systems (ITS) projects [6, 17, 18,
36, 38, 52, 53]: -
e Reduced rush hour congestion and delay.

Increased safety and personal security.

Time savings and operation efficiency.

Reduced fuel consumption and emissions.

Improved customer services and reduces frustration.
Reduced road accidents and fatalities
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Enhanced economic productivity.

Applying information technology to a country’s transportation

network delivers five key classes of benefits by:

a. Increasing driver and pedestrian safety,

b. Improving the operational performance of the transportation

network, particularly by reducing congestion,

c. Enhancing personal mobility and convenience,

d. Delivering environmental benefits, and

e. Boosting productivity and expanding economic and employment growth.

5.0 CONCLUSION

With nearly 1.25 million deaths a year on roads all over the world, a need exists for counter-measures to
reduce the number and severity of crashes. A wide range of technologies and techniques are now available
to vastly improve the performance of transportation systems in order to eliminate road crashes, but we have
been slow to implement them. Continuous growth of population all over the world creates a great challenge
to the transportation management systems. More economical, more efficient and thus more intelligent
methods have to be developed to deal with these challenging problems. Knowledge from different research
areas is needed for developing these systems. Very often complex transportation systems require integration
of different methods from different branches of science. Due to the increased amount of vehicles, it is
necessary to take effective steps in order to control the traffic and hence avoid all types of road crashes and
loses that is caused due to traffic. Once we have predicted a high traffic density for a network segment, we
can initiate strategies to avoid this problem. In case of a road network, navigation systems can try to bypass
the critical zone. Furthermore, any traffic control systems can inform the drivers about the traffic jam risk
in order to guide them around the critical zone. In order to detect the traffic, different sensors are being used
and different techniques are used to determine the traffic and thus solve the problem related to traffic. ITS
contains policy recommendations for political leaders and high level decision makers to create the proper
policy frameworks to unleash the full potential of Intelligent Transport Systems (ITS) in addressing key
mobility challenges of safety, sustainability and efficiency. It is the turn for our Governments to invest in
ITS infrastructures to reap their benefits as explored in this paper. Professionals and Conference
Representatives are now called upon to deliberate and come up with suggestions on policy and other
directives required in this aspect.
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ABSTRACT

Urban transportation is a pivotal nexus, connecting individuals to opportunities and facilitating the
demand-driven movement of goods and people. The escalating energy demands within the transportation
sector, primarily fuelled by non-sustainable fossil resources, underscore the imperative for transformative
approaches. Recognizing sustainable transportation as a key Sustainable Development Goal, the UN has
emphasized its integral role in fostering economic growth, thus the need to promote green mobility. The
purpose of this paper is to investigate the contemporary landscape of urban mobility, focusing on the pivotal
triad of safety, intelligence, and environmental sustainability. While the sustainability of transport has
undergone scrutiny in developed urban settings, a discernible knowledge gap persists regarding the extent
of research in the African context. Leveraging bibliographic data from the SCOPUS core collection
database, our study conducts a meticulous bibliometric analysis of 96 documents. By scrutinizing the
existing body of literature, our research aims to discern the indicators characterizing a safe, smart, and green
urban mobility system. Moreover, the investigation seeks to unveil the current status of urban mobility
research in Africa concerning safety, intelligence, and environmental considerations. The study finds a
relative lack of scholarship emanating from Africa, little to no research focussiong on Africa and minimal
research collaborations. The result inform the significance of research on the intersection of intelligent
systems, sustainability and safety in transportation. The findings not only identify existing research gaps
but also lay the groundwork for a forward-looking research agenda, shaping the trajectory of future studies
in transportation.

KEYWORDS: Urban Mobility; Safety; Smart mobility; Sustainable Transportation; bibliometric
analysis; Africa

1. INTRODUCTION

Urban mobility is facing challenges due to the rapid urbanisation that is witnessed across the globe. In
developing countries especially in the Africa urban mobility is not well planned and, in some cases, very
complex due to urban sprawl and existence of informal service providers who offer high cost, unscheduled
and fragmented mobility services with low quality in terms of safety, reliability, security and consistency.
Thus, current urban mobility services affect how people move in cities as well as large metro areas and their
limitations might result in social exclusion, environmental issues, and congestion (Cruz et al., 2018). The
desire for a safe, smart and environmentally friendly urban mobility is higher than ever before. The
application of advanced technologies is likely to result in better planning, governance and sustainable
mobility. However, the adoption of technologies requires improvement of transport policies to help address
the issues of limited infrastructures as high demand, which result in increased congestion and safety
problems (Cruz et al., 2018).

The path towards sustainable transportation as identified under the UN SDG 11, governments should
develop a public transport service that is safe, efficient and green to discourage private car use (Sustainable
Mobility for All, 2017). This requires the adoption of smart mobility. Smart mobility refers to the
application of technologies such as big data analytics, internet of things, and automation to develop
intelligent mobility services (Mageto et al., 2022). This requires that the various transport modes available
to the public are integrated through digital transformation.
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Research on public transport safety has received considerable attention in the past, whereby many of
the developing countries record the highest incidents globally. Security issues in urban mobility relate to
crime in the buses, trains and other public transport modes (Delbosc & Currie, 2012). Safety issues relate
to the use of unroadworthy vehicles especially in cities where informal public transport operations are
dominant. Risky driver behaviour, which can be due to driving under the influence of drugs or alcohol,
fatigue, mobile phone use while driving and speeding coupled with lack of enforcement of public transport
regulations is also a common safety problem in developing countries (Pires et al., 2020).

The drawbacks of private car use in urban areas calls for mobility transition to green public transport,
which generally refers to mass transit systems that are efficient, effective and produce less greenhouse gas
emissions (Loder et al., 2024). While the benefits of sustainable transportation are well recorded, research
on how to achieve the three elements of safe, smart and green transport system is limited. The purpose of
this paper was to investigate prior research on urban mobility systems focusing on the pivotal triad of safety,
smart and environmental considerations. This will help identify the indicators of a safe, smart and green
urban mobility system.

The rest of this paper covers the methodology, results and discussion, and conclusion.

2. METHODOLOGY

The current paper is based on a bibliometric analysis of documents extracted from Scopus. Bibliometric
analysis refers to a rigorours process of analysing large amounts of scientific data (Donthu et al. 2021).
Bibliometric analysis offers an opportunity to researchers to analyse huge amounts of documents published
in reputable journals using Bibliometrix package in R and/or Vosviewer. It involves performance analysis
and science mapping (Mageto, 2022). The steps in bibliometric analysis include

1. Problem formulation and identification of the main concepts and objectives

2. Create a search string using the main concept phrases and synonyms

3. Data collection from relevant databases. This requires the selection of the right search criteria
on the database, for example, using all fields or title-abstract-keywords.

4. Examine the documents returned after the search to ensure relevance before exporting. Revise
the search string where necessary to ensure the results are relevant. This constitutes data
cleaning and processing.

5. Data analysis — performance analysis and science mapping through visualisations.

6. Interpretation and reporting of results.

7. Applications and implications. This includes the identification of the future research agenda.

A search was conducted in the Scopus core collection using the search string

(safe AND smart AND "green transport*" OR "sustainable transport™" OR "public transport” OR
"urban mobility") on 28 January 2024.

The search was limited to TITLE-ABS-KEY. The search returned a total of 96 documents. The
documents were examined for relevance by reading the title and abstract. Table 1 shows the main
information about the data. The year 2010 was significant in indicating the first significant appearance of
the term smart in the transport and mobility context. The average age of the documents is just under four
years, indicating a relatively new field of research, although this is growing significantly (at an annual
growth rate of 12.18%). Research interest is also high, as indicated by the average citations of 7.24 per
document.
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Table 1: Main information about the data

Description Results
MAIN INFORMATION ABOUT DATA

Timespan 2010:2024
Sources (Journals, Books, etc) 77
Documents 96
Annual Growth Rate % 12.18
Document Average Age 3.69
Average citations per doc 7.24
References 2907
DOCUMENT CONTENTS

Keywords Plus (ID) 771
Author's Keywords (DE) 327
AUTHORS

Authors 339
Authors of single-authored docs 11
AUTHORS COLLABORATION

Single-authored docs 11
Co-Authors per Doc 3.71
International co-authorships % 19.79
DOCUMENT TYPES

article 35
book chapter 10
conference paper 47
erratum 1
review 3

Source: Bibliometrix results from Scopus for this paper (2024)

3. RESULTS AND DISCUSSION

The annual scientific production is illustrated in Figure 1. The years of interest in Figure 1 are 2010,
2013, 2018, 2021 and 2023, which show a significant increase in publications. The years of interest coincide
with the first decade of action for road safety advanced by the United Nations (World Health Organization,
2011). In 2013,the entry of mobile app-based taxis such as Uber and Taxify globally, resulted in a significant
shift towards individualised smart mobility. The period also coincided with the push for sustainable
development goals by the United Nations. In 2021, possibly spurred by the Covid-19 pandemic o,
significant interest in smart solutions, this resulting in an enormous growth rate in publications. Therefore,
the need for safe, smart, and green transport might have motivated researchers to investigate how
technology can be leveraged to achieve better mobility services. Thus, the annual production reveals a
growth in publications that examine the complex intersection between technolog, safety and sustainability
of transport systems.
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Annual Production

Number of documents

2010 2012 2014 2016 2018 2020 2022 2024
Year

Figure 1: Annual scientific production
Source: Bibliometrix results from Scopus for this paper (2024)

Most relevant authors include Makarova, and Shebenkova, who have each published three papers
each. The rest of the authors in Table 1 have each published two papers. The authors have published papers
with themes on sustainable transportation, which include the safety of urban mobility systems by applying
advanced digital technologies. Transportation safety initiatives strive to minimize injuries and incidents for
all users, encompassing motorists, public transport passengers, pedestrians, and cyclists. Smart technologies
introduce aspects like real-time data acquisition, rapid processing, and decision-making. Smart technologies
also allow for automated responses into the control, monitoring, information management, and automated
revenue collection systems to further enhance the safety and smartness of urban mobility systems (Burlacu
et al., 2022; Kim et al., 2021). This tripartite integration of policy, technology, and smartness unlocks
various avenues for implementing policies that promote sustainability and safety in transportation systems
(D’Apuzzo et al., 2022).

Table 2: Most relevant authors

Authors Articles Themes

MAKAROVA | 3 Argues a case for smart bikes that monitor the condition of the
cyclist in smart cities. Advocates for adopting smart mobility,
which should be safe, green, and sustainable. To increase
sustainability in transport systems, they advocate for a
combination of public transport and non-motorized transport

systems.

SHUBENKOVA K 3 Sustainable transport systems should include non-motorised
transportation

BARBIERI J 2 Proposes using AR and VR to support communication with

people suffering from cognitive rigidity when using public
transportation. The study emphasises passenger safety in public
transport.
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BHATTACHARJEE A | 2 Promotes using solar power to charge electric vehicle batteries to
achieve sustainable transportation.

BOYKO A 2 The study focused on how to integrate motorised and non-
motorised city transport to achieve sustainable transportation

CHIN HC 2 Safety, sustainability, and smartness are the three critical

components of modern transportation systems. The application of
smart technologies to achieve sustainability in public transport
systems was examined.

D'APUZZO M 2 The study promoted sustainable, resilient and safe urban transport
through green mobility and application of advanced digital
technologies.

DEBNATH AK 2 Highlighted sustainability, safety, and smartness as the key
elements of future transportation. Smart technologies should be
part and parcel of urban mobility.

EVANGELISTI A 2 The study advocates using smart technologies to manage
transport infrastructure, especially in identifying areas that need
maintenance to achieve smooth traffic flow.

GARZOTTOF 2 Their study also focused on using advanced digital technologies
to help people with cognitive rigidity navigate public transport.
This will likely create a safer environment for challenged public
transport users.

Source: Authors (2024)

The top ten most relevant affiliations based on the number of documents published are presented
in Figure 2. Politecnico di Milano and the University of Casino from Italy were the leading institutions
researching the themes of safe, intelligent, and green urban mobility. The strong focus of Italian universities
on the three themes combined, suggest a countrywide drive towards the achieving safe, sustainable mobility
using technological solutions. The other universities in the top 10 are from China, Singapore, Spain, Russia
and India.

Number of documents by affiliation

POLITECNICO DI MILANO |

UNIVERSITY OF CASSINO AND SOUTHERN LAZIO |
KAZAN FEDERAL UNIVERSITY
NATIONAL UNIVERSITY OF SINGAPORE
UNIVERSITY OF ENNA KORE
LOVELY PROFESSIONAL UNIVERSITY
UNIVERSITY OF CALABRIA
UNIVERSITY OF OVIEDO
BEIJING UNIVERSITY OF TECHNOLOGY
HUZHOU UNIVERSITY

o
N

4 6 8 10

Documents

Figure 2: Most relevant affiliations

Source: Bibliometrix results from Scopus for this paper (2024)
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The most productive countries were Italy, followed by India and China. Most other countries shown in
Figure 3 have produced one or two documents. Notably, most of these countries are in Europe, suggesting
that researchers are seeking technological solutions to implement EU policies on safety and sustainability
in mobility. India and China also feature as prolific researchers in the field, suggesting that technologies
might be perceived as potential solutions to urban mobility issues. Unexpectedly, countries such as the USA
and Australia, whilst producing some output in the field have not been prolific. Of interest is that a single
paper emerges from Africa (Morocco), where mobility problems are arguably the worst of any region in the
world.
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Figure 3: Most productive countries

Source: Bibliometrix results from Scopus for this paper (2024)

Figure 4 illustrates country collaboration in research on the intersection of safe, smart and green
urban mobility in Africa. These results reflect that there is some research collaboration between India and
China, and India and the Russian Federation. There are a few less significant collaborative efforts, however
it is noted that there is very little collaboration between African and any global institutions, and furthermore
no intra-African collaboration. Given the nature of the problem on the continent, the gap in research
emanating from Africa is conspicuous.
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Figure 4: Country collaboration
Source: Bibliometrix results from Scopus for this paper (2024)

Figure 5 indicates the word cloud, based on the most prolific words in the research papers under
review. As expected, words such as public transport and urban transport feature prominently, suggesting
that the nexus of safe, sustainable and smart mobility find their greatest potential in the urban environment
and public transport. From a technology perspective, several key themes emerge, including autonomous
vehicles, intelligent transport, highway and vehicle systems, internet of things, smartphones and
information and communications technology. In addition, concepts such as deep learning and data analytics
also come to the fore. There is however also considerable interest in safety, as expected from the search
terms, with an emphasis on road safety, accident prevention and pedestrian safety. Sustainability is
emphasised through concepts such as urban growth, non-motorised transport, health, quality of life, energy
utilisation and green or sustainable transport.
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Figure 5: Word cloud
Source: Bibliometrix results from Scopus for this paper (2024)

The thematic map, which is based on key words plus, is shown in Figure 6. The results suggest that
concepts related to accident prevention, smart cities, information management, public transport, motor
transport, and automation are well established research themes. Themes that are highly relevant to the topic
area, but not yet well developed include battery charging, green transport, energy conservation and quality
of life, i.e. themes central to the concepts of sustainable mobility. Themes that are considered less relevant
but are being researched to a certain extent, suggesting potential future research areas, include traffic
control, electric vehicles and non-motorised transport. Communication issues and augmented reality are
niche themes, whereas issues related to emergency services are likely to be a declining theme, likely related
to the lack of broad application in the nexus research area.
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Figure 6: Thematic analysis
Source: Bibliometrix results from Scopus for this paper (2024)
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The co-occurrence network based on all key words is presented in Figure 7. The results reflect three
clear, but related, research areas, with several cross-cutting themes. The first (blue) relates to urban
transport, as it pertains to urban growth and the associated smart and sustainable mobility required to
address growth issues. The second (green) relates to public transport and the role that this plays within
sustainability and smart cities. The third (red) and final area is more heavily technology slanted, with
intelligent systems, intelligent highways, and smartphones, relating to accident prevention, infrastructure,
energy optimisation, and traffic congestion being key application areas.
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Figure 7: Co-occurrence network
Source: Bibliometrix results from Scopus for this paper (2024)

4. CONCLUSION

Smart mobility, green mobility, and safety are frequently researched topics though individually;
research on the complex intersection between the three themes is limited. In Africa, with its myriad of
transport problems, research into these areas is critical to address the continent-specific issues. Given the
backlog in mobility infrastructure investment, smart and green initiatives present a unique opportunity to
leapfrog many of the African cities to a safer, more environmentally friendly, connected, efficient and
effective transport system. The potential benefits of smart mobility necessitate more research into the area,
especially within the African context where there is evidence of limited research. This bibliometric analysis
has attempted to establish the current state of research into the nexus of safe, green and smart mobility.
Although interest in research that has examined the interaction between smart, green, and safety transport
systems is growing, research productivity is relatively low, especially in Africa.

The study highlights that many of the most relevant authors have identified smart technologies as the
cornerstone of modern transport systems that can influence both safety and sustainability goals in urban
mobility. Identifying smart technologies as a foundation, the paper established the possibility of (1)
improving safety in public transport systems especially through the use of AR and VR technologies among
passengers with cognitive rigidity catering for all social groups. (2) promoting sustainability or greenness
through the use of smart bikes, and solar power electric vehicles. (3) the application of smart technologies
is likely to achieve resilience in mobility systems through the integration of motorised and non-motorised
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urban transport, thus creating a more sustainable transport system. Finally, (4) Application of smart
technologies is likely to result in efficient and effective utilisation of transport infrastructure, especially in
Africa where there are limited funding for new and modern mobility related projects. Whilst some
researchers consider the effects of smart mobility as being improved sustainability and safety, there are few
papers that focus directly on these issues within the African context. Most papers that met the inclusion
criteria are conducting research in institutions that are not African-based, suggesting that African scholars
may be involved in research production, however focus areas tend to be related to general smart, safety,
and green urban mobility problem solving, rather than considering specific application to unique African
problems. This is considered to be a significant gap in the research. From the small amount of research
emanating from Africa, there is little collaboration, between African and international scholars, or indeed
intra-African collaboration. This suggests that the smart mobility field is in its infancy and networks have
not yet been developed. It also suggests that research problems are considered in isolation, with little being
done to apply learnings from elsewhere on the continent or internationally, within the local environment.

Key themes tend to be related to the application of specific technologies, although accident
prevention, pedestrian and road user safety, and health and quality of life are also indicated. Whilst urban
mobility and public transport are well established themes, aspects relating to green transport are considered
to be relevant, but under-researched. The relatively low level of interest in non-motorised transport and
multi-modal transport are of interest, considering some of the key research areas of the most relevant
authors, which specifically focus on aspects relating to non-motorised transport, as well as the identification
of integrated transport systems as a cornerstone of a smart and sustainable transport system. Nonetheless,
the results also indicate that urban mobility is strongly aligned with public transport, and, given urban
growth, sustainable and smart mobility are critical to future urban transportation systems. Therefore, we
highlight the importance of an holistic approach toward developing transport systems that incorporate the
three pillars of safe, smart and green. The indicators of these holistic approach include the inclusion of non-
motorised transport, and use of renewable energy such as electric vehicles in the planning of urban maobility
in African cities. Another indicator points towards the incorporation of technology to develop an accessible
and safe urban mobility system. In addition, this might include the presence of cycling infrastructure, which
might include smart bikes especially in more advanced city environments. An integrated, inclusive, and
safe urban mobility system that encourages active transport to discourage private car use and the
incorporation of advanced technologies such as Al to support urban mobility systems with real-time data
sharing capabilities will define the future of mobility.

These findings therefore indicate several research gaps, giving rise to a future research agenda. The
first is that very few papers are focused specifically on Africa. Given the state of transport across Africa, it
is critical that research focuses on contextual issues when considering nexus between smart, sustainable
and safe urban mobility. Research efforts need to consider the practical problems faced in African cities
and the application of appropriate solutions within these constraints. A second key finding is the relative
lack of African scholarship. Whilst there are isolated instances of African-based research, most research
into this field emanates from outside the continent. African-based researchers are likely to provide unique
insights into the field and research within Africa needs to be supported. Thirdly, there is little collaboration
in the research area. Given the nature of the field, where considerable research has been done in each of the
three key areas of safety, sustainability and smart mobility, the scope for collaboration is considerable.
There is also a great need for learnings from other countries, as well as learnings from other African
scholars, where there may already be applications which are contextually relevant. Collaboration in research
will be critical to solutions that achieve relevancy. Finally, the low level of collaboration and the key themes
also suggest that smart mobility and smart transportation are often considered from a technology
perspective, or have a sustainability focus, or a safety focus. Very few papers consider all of these aspects
simultaneously. Yet there is a considerable need for research which considers the effects of technology on
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the transport system as a whole, and attempts to solve the most pressing urban mobility challenges in Africa.
Future research approaches need to consider system wide effects, thus seeking solutions that will consider
the solutions based on the current realities of African cities. In addition, the current research lacks the social
impact of a safe, smart and green transportation system within an African urban environment. While the
current study highlights the state of safe, smart and green urban mobility research, it is limited to the corpus.
The extracted documents might not be exhaustive given that not all research is indexed in Scopus database
that was used. Future studies might consider combining documents from two or more relevant databases.
Future studies might also consider an empirical investigation of safe, smart and green urban mobility in
Africa.
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ABSTRACT

Flexible road pavements consist of several layers of different materials of different properties, with
higher quality materials at the top and lower quality materials at the These materials are generally sand,
stone aggregates and bitumen. Different and varying environmental and climatic conditions have an effect
on the performance of flexible pavement, such as Botswana which as a semi-arid climate characterised by
relatively high temperatures and low rainfall. The use of standard materials alone has been found to result
in pavements defects that occur prematurely and thus negating economic performance of these roads.
Empirical evidence has shown that the use of pure bitumen alone with other constituents materials for road
construction often results in premature failure or development of pavement defects. It is therefore necessary
to investigate the use of polymers to modify bitumen to improve the performance of bituminous pavement.

The purpose of this study, therefore, was to investigate the effects of incorporating polypropylene
waste into bitumen as a modifier with the intention of improving bituminous roads’ performance under
semi-arid climatic conditions. This was achieved using the dry method of polypropylene addition at
increments of 0.25% up to 1% of 100 g of bitumen. One major challenge faced in this research was the
rapid hardening of polypropylene; therefore the size of the integrated plastic was reduced to increase the
surface area for adequate mixing. Modified bitumen was tested for penetration, ductility, softening point,
asphalt; density, Marshall Stability and flow. The findings indicate that the incorporation of polypropylene
significantly affected the penetration and ductility of bitumen with reductions of 18 mm and 57.8 mm
respectively on average. This resulted in increased air voids, reduced filled with bitumen (VFB) and
increased voids in mineral aggregates (VMA). Satisfactory findings from stability and flow were noted,
both parameters increased respectively by an average of 2.22 kN and 0.2 mm. The research findings have
shown that polypropylene modified bitumen and its use in asphalt has an effect on bitumen and asphalt
engineering properties.

KEYWORDS: Modified bitumen; Flexible road pavement; Polymer; Polypropylene.

INTRODUCTION

Bitumen is a viscous black / dark brown hydrocarbon mixture obtained naturally or as a residue from
petroleum distillation for road surface and roofing purposes (Stevenson, 2010). It is widely used in surface
layers for flexible road paving. Due to extreme temperature variations and the increasing number of
different types of vehicles, this layer is subject to degradation in the quality and service life (Gawande et
al., 2012). Research on improving the performance of surface layers has been considered in conjunction
with waste management in the global regional and local spectrum (Appiah et al., 2016). Therefore,
considerations on innovations in flexible road pavements and waste recycling in industrial processes are
one of the most effective and innovative alternative solutions to the problem. Literature on bitumen
modification using of polymers by Bishnoi et al., 2017 reveals that polymers have been used for a long time
in flexible road paving. In addition, variations of polymer-based additives have been and continue to be
integrated in bitumen to improve its performance and properties within a range of acceptable temperatures
and traffic loads (Ghalayan & Rana, 2017). Comparative research has reported the beneficial effects of
polymer addition in bitumen in many countries such as Ghana, India, and the Netherlands (Bishnoi et al.,
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2017). Recently, waste plastic use in bitumen modification has resulted in beneficial effects such as
improved durability reduced cracking and increased skid resistance. This type of modified asphalt bitumen
also showed fatigue resistance to traffic load (Appiah et al., 2016). Studies conducted in different countries
in recent years have demonstrated the possibility of modifying bitumen with plastic waste to construct and
maintain flexible road pavements (Khan, et al., 2016). One of the main countries integrating plastic in
bitumen and asphalt is India, known to have peak summer temperatures and heavy traffic loads on flexible
roads (Singhal at al., 2016). As a result, few states in India have implemented waste plastic to manufacture
polymer-modified bitumen.

LITERATURE REVIEW

Every nation's development relies on connectivity, which is a necessity that can be ensured by adequate
and comprehensive transportation system. The common mode of transportation in Botswana is the road
according to the Ministry of Transport and Communications, 2011 with a significant cost of construction
per kilometer signifying a huge investiments that must be protected by all means to prolong its lifespan.
According to Appiah et al., (2016), widespread use of technologies and techniques is increasingly needed
to improve service function of flexible road pavements. The demand is due to the need for competitive
materials compared to conventional materials, that has led to an increase in modified bitumen (Dwijen,
2012). Mohan et al., (n.d) that the effectiveness of polymers is widely reported in literature in improving
the performance of asphalt mixtures, especially at high temperatures. Nevertheless, its effectiveness
depends on various factors such as the method of mixing and the type of polymer used.

History of bitumen

Bitumen occurs either as a natural residue, a natural asphalt element or as a crude oil product. It takes
millions of years to generate crude oil; it is formed by biodegradation of organic matter fused with mud
accumulated into layers (McNally, 2011). Products such as bitumen, kerosene and gas oil are extracted at
a high temperature range of 300-350°C by fractional distillation of crude oil. Bitumen is a product from
fractional distillation of crude oil, from which different grades are made. Bhardwaj et al.,( 2017) reported
that around 102 tonnes of bitumen is consumed worldwide and around 85% of bitumen is used as a binder
for flexible road construction. Four specific grades are developed, that is penetration, cutback, hard and
oxidized bitumen grades (McNally, 2011). Penetration graded bitumen was considered for the purposes of
this study.

Bitumen penetration grades differ in characteristics such as hardness, ductility, softening level, and
bitumen loading property. Such characteristics are tested by performing various laboratory tests for
suitability, workability and durability under different temperature ranges. In addition, Misra., (2017)
reports that penetration graded bitumen is used in industrial uses and flexible road pavement construction
for asphalt manufacturing, used in layers of bases and surface courses. Penetration grades are determined
from the penetration test in which a needle is used to measure bitumen hardness (in mm) under test
conditions.

The history of bitumen modification

Bitumen modification has a long history of practice since the 1840’s, the modification of bitumen by
adding natural and synthetic polymers is evident according to Appiah et al., (2016). Bitumen modification
by incorporating polymers began in the roofing industry, followed by the road industry (Zhu et al., 2014).
During the 1970s, additives such as polymers were used to enhance some bitumen properties used in
flexible road pavements. The additives enhanced properties such as temperature tolerance and traffic
loading resistance to permanent deformation. As time progressed and industrialization became prominent,
the need for thin layer of surface course for flexible pavements prompted further investigations into bitumen
modification. It has been confirmed that physical bitumen additives falling within the polymer category
have been used. (Chandh & Akhila., 2016).
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Bitumen modifiers and additives

Utilizing various types of additives in bitumen may enhance bituminous binders ' rheological and
physical properties. Gawande et al.,(2012) reported that the use of additives enhances bituminous
properties such as durability and resistance. There are two types of polymer modifiers namely thermosets
and thermoplastics.

Thermosets polymers: are polymers that once shaped cannot be softened and remoulded by application of
heat. In the thermosetting process, an irreversible chemical reaction occurs. Examples of
thermosetting are; epoxy, polyester, polyurethane, alkyd and melamine.

Thermoplastic polymers: are polymers that undergo chemical change in their composition when heated and
can be moulded repeatedly. Examples include polyethylene (PE), polypropylene (PP),
polystyrene, polyvinyl chloride (PVC) and poly fluoro ethylene (PTFE).

The classes of polymers that fall under thermoplastics and thermosets are referred to as additives. For
the purpose of this study, the modifier used is thermoplastic and the additive is polypropylene (example:
plastic bags and food sacks). Although Ductility, Penetration and Softening point tests on polypropylene
have been conducted in several studies, it should be noted that some of these studies have been conducted
in other countries with different climatic conditions. In addition, the specifications used in other countries
differ from those of Botswana, therefore this research aims to conduct research on the performance of
modified bitumen plastic waste based on the Technical Recommendation for Highway 8 (TRH8), Botswana
Roads Design Manual (BRDM), TMH1 and ASTM standards adopted in Botswana.

Table 3: Types of Thermoplastic Waste Modifier, Additives and the examples

Thermoplastic Waste Origin

Low Density polyethylene Shopping bags, food sacks, cosmetic and
domestic bottles etc.

High density polyethylene Shopping bags, bottle bags, household
articles etc.

Polyvinyl chloride Mineral water bottle, credit cards, toys,
pipes etc.

Polystyrene Yoghurt containers, food trays, disposable
cups, protective packaging etc.

Polypropylene Bottle caps, detergent wrappers, microwave
trays etc.

Source: (Gawande, Zamre, Renge, Bharsakale, & Tayde, 2012)

Table 4. Examples of modifiers and additives

Modifier Additive Examples
Thermoplastic Elastomers Styrene- butadiene rubber ( SBR) Tyres
Thermoplastic Polymer Polyethylene (PE) Plastic bags
Thermosetting Polymer Epoxy Resin Fibre glass

Source: (Hidayah, n.d)

Penetration measures hardness and is used for bitumen gradation (Bishnoi et al., 2017). Studies show that
an increase in plastic waste (Polypropylene Terephthalate, PET, LDPE, PE, Waste Rubber Tyres, SBS
Elastomer) yields declining penetration values, with an optimum plastic waste content ranging from 3-5%
by bitumen mass (Zielinski et al., 2017; Rokade, 2012; Rahman et al., 2013). Plastic content below or above
the optimal values creates a rough substance with poor workability. Plastic-modified bitumen will not meet
the required requirements due to the rapid hardening of the surface layer for flexible road construction
(Rokade, 2012). In accordance to Singhal, et al., ( 2016) reducing penetration values and rapid hardening
of modified bitumen plastic waste suggests an improvement in load carrying capacity and decreased
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temperature sensitivity. However, research on various grades of bitumen and polypropylene content should
be conducted in the application of road pavement.

Ductility is a bitumen property that allows it to undergo deformation or elongation measure in
centimetres to which the bitumen sample will elongate before breaking when it is pulled by a standard
specimen at specified speed and temperature. Essentially, ductility test gives a measure of adhesiveness of
bitumen and its ability to stretch (Bishnoi et al., 2017). Gawel et al., (2016) noted that some bitumen
modifiers (Polymer based materials of distinct properties) do negatively affect the ductility bitumen by
reducing it. Reduced ductility of polypropylene modified bitumen will have a negative bearing on the
design life of flexible road paving by increasing aging resistance at low temperatures and its applicability
in cold regions (Rokade, 2012). Other studies by Nemade & Thorat, (2013); Rokade, (2012) showed similar
reduction. McNally, (2011), results show that a reduction in this property results in road pavement surface
layer cracks, but can be improved using different bitumen grade.

Softening point is the temperature at which the bitumen attains a particular degree of softening under
specified conditions of the test, and normally ranges between 35 to 70 °C. Plastic waste such as polyethene
and SBS elastomer may increase bitumen softening (Sharma, 2015; McNally, 2011), enhance natural
deformation resistance such as ruts and ground layer cracks. The maximum softening level for SBS plastic
waste was 9-12 percent
(Zielinski.et.al.,2017)modified bitumen showed improved softening point values of 1.5 °C, 2.2 °C, 4.2 °C
and 10.9 ° C .Comparative study by Singhal, et al., (2016) reports that lower softening point polymer-
modified bitumen is appropriate in flexible road pavements because of its ability to withstand high
temperatures, making it ideal for use in high temperature regions such as semi-desert.

RESEARCH DESIGN

In order to achieve the study’s aim and objectives, laboratory tests were conducted. The initial step
involved collection of plastic waste, shredding, mixing with bitumen and conducting tests. Figure 1 below
depicts a systematic sequence of steps used in the experimentation.

3.1 Material Properties

Polypropylene woven bags

Collection and shredding of polypropylene woven bags referred to in Table 3.

Table 5: Shows Polypropylene woven bags properties
Property Units Ranges
Melting point °C 160-170
Glass transition temperature °C -20
Density g/lcm3 0.90-0.910
Moisture absorptivity %/24hrs | 0.01-0.03
Elongation @ break % 10-600

Source: (Christopher , 2011)
Bitumen

50/70 penetration graded bitumen was used in this research to prepare samples.

Table 6: 50/70 bitumen basic properties

Property Units Limits Value
Penetration 0.1mm 50-70 63
Softening point °C 46-56 50
Viscosity @60°C | Pa.s 120min 250
Viscosity@ 35°C | mPa.s 220-500 437
Flashing point °C 230min >340
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| Spot test | % Xylene | 30max | 25 |
Source: (National Petroleum Refines of South(Pty)Ltd, 2018)

Crusher dust

Crusher dust was used in this research, the table below shows the basic properties of the material and

Mmokolodi Quarries.

Table 7: Crusher dust basic properties

Property Units Limits Value
Sand equivalent | % Min 35 77
Bulk specific g/lem?® - 2.579
gravity
Water absorption | % Max 1.5 0.65

Source: (Not stated, 2018)
Sieve analysis for crusher dust was done to ensure that the sample met the requirements under BRDM
Table 4301/1.

Table 8: Shows obtained mass for sieve sizes of 6.7mm to < 0.075mm with % retained, %passing
and specification

S_leve Mags % % Specification
SIze retained Retained Passing requirement
(mm) (@)
6.7 1.3 0.11 | 99.89 100
475 58.4 4.94 | 95.06 82-100
2.36 403.1 34.08 | 65.92 56-95
1.18 669.8 56.63 | 43.37 37-75
0.600 836.1 70.69 | 29.31 25-50
0.425
0.300 | 938.2 79.32 | 20.68 15-37
0.150 | 1010.1 85.40 | 14.60 7-20
0.075 | 1055.8 89.26 | 10.74 2-10
<0.075 | 127 10.74 | 89.26
100.00 .
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Figure 3: Gradation curve of Crusher dust showing a continuously graded material and meets the
specified requirements
9.5 mm Road Stone

Coarse aggregates of 9.5 mm road stone from Mmokolodi Quarries were used; its properties were
obtained and compared with the requirements and specifications for this research.

Table 9: Show averages values of properties obtained after conducting test on 9.5mm Road Stone
Property Units | Results
Bulk specific gravity | g/cc 2.649
Apparent specific g/cc 2.660
gravity
Water absorption % 0.154

The 9.5 mm Road Stone Sieve Analysis was done to ensure that the specimen met the requirements
in BRDM Table 4301/1.

Table 10: Shows obtained mass for sieve sizes of 13.2mm to <0.075mm with % retained,
%passing and specification

Seive Mass % % Specification
Size (mm) Retained (g) Retained Passing Requirement

13.2 2.0 0.17 99.83 100
9.5 219.4 18.75 81.25 85-100
6.7
4.75 1127.2 96.33 3.67 0-5
2.36 1163.6 99.44 0.56
1.18 1164.8 99.54 0.46

0.600 1164.8 99.54 0.46

0.425 0.00 100.00

0.300 1164.8 99.54 0.46

0.150 1165.3 99.58 0.42

0.075 1166.1 99.65 0.35

<0.075 4.1 0.35 99.65
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Figure 4: Gradation curve of 9.5mm Road Stone showing a gap graded material and meets the
specified requirements
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DATA COLLECTION METHOD, TOOLS AND STANDARDS USED

The study data was collected and realised through carrying out laboratory tests based on established
methods of testing bitumen and modifiers. Standardized testing procedures ensure consistency and
comparability of test results, facilitating accurate data analysis and decision making, ensuring that results
are reliable and can be used across different projects and locations using prescribed instruments and
equipment. Marshall Stability and Flow machine
Procedural methods based on standards:

i.  Ductility test (in accordance to ASTM D113-86)

ii.  Softening Point Test (in accordance to ASTM D36-70)

iii.  Penetration Test (in accordance to ASTM D5-86)

iv.  Bulk relative density test (in accordance to TMH1 C3)

v.  Resistance to flow test (in accordance to TMH1 C2)

NB: This was repeated for polypropylene modified bitumen at temperatures of 100°C to 180°C in

increments of 0.25% polypropylene.
Results

Objective 1: To measure the effects of plastic waste on engineering properties of bitumen.
Eighteen bitumen test samples and twelve Marshall Test samples were prepared and used in this
experiment and the results were analysed in compliance with ASTM and TMHL1.

Ductility

Table 11: Shows ductility of bitumen before and after addition of polypropylene at intervals of
0.25% by mass of bitumen

Mass (g) Ductility (mm)
Sample N2 | Plastic Bitumen 1 2 Average (mm)
1 ]0.00 100 | 94.0 | 1235 108.8
2 |1.00 100 | 86.1 | 91.0 88.6
3 200 100 | 78.3 | 58.4 68.4
4 |3.00 100 | 19.7 | 29.1 24.4
5 |4.00 100 | 148 | 30.2 22.5

Sample calculations (From sample n2 2):

1
Mass of plastic(g) = %Plastic X Mass of bitumen(g) = 100 x 100 = 1g

. 86.1 +91.0
Ductility average(mm) = — = 88.55 =~ 88. 6mm

Softening Point
Sample calculations (From sample n2 5):

1
Mass of plastic(g) = %Plastic X Mass of bitumen(g) = 100 X100 =1g
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50.6 +51.3
Temperature average(°C) = — = 50.95 = 51.0°C

Table 12: Shows the temperatures at which bitumen softened before and after addition of
polypropylene, initial intervals of 0.25% and at intervals of 1% by mass of bitumen

Sample No Mass (g) T;r?ﬁgt:;%reBgIC)
Plastic Bitumen 1 2 Average
0.00 100 49.2 49.8 49.5
Trials 0.25 100 49 50.3 49.7
0.50 100 47.6 46.1 46.9
0.75 100 Discarded
5 1.00 100 50.6 51.3 51.0
6 2.00 100 51.7 51.7 51.7
7 3.00 100 54.2 53.2 53.7
8 4.00 100 61.8 59.0 60.4

Penetration

Table 13: Shows the penetration values of bitumen before and after addition of polypropylene at
intervals of 0.25%

Sample Mass (g) Penetration Max. Difference
No Plastic | Bitumen | Reading (mm) | Mean (mm) (mm)

63.7
1 1|0 100.2 67.5 66 3.9
67.6
49.0
2 1025 100.1 48.6 49 1.9
50.5
48.2
3 |05 100.15 48.3 48 0.1
48.3
47.0
4 | 0.75 100.18 47.0 48 15
48.5
454
5 |1 100.2 49.4 47 4
45.6

Sample calculations (From sample n2 2):
) ) ) 0.25
Mass of plastic(g) = %Plastic X Mass of bitumen(g) = 100 X 100 = 0.25g
49.0 + 48.6 + 50.5
Penetration average(mm) = 3 = 49.367 = 49mm

Max. difference(mm) = 50.5—48.6 =1.9mm
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Density, voids ,Marshall Stability and Flow

The briquettes were prepared as per procedure after sieve analysis of the aggregates to be used (crusher
dust and 9.5 mm road stone). Below is a table compiled after the Marshall experiment with test results.

Table 14: Shows average values of bulk density, % air voids, % VMA, %VBF, corrected stability
and flow of bitumen before and after addition of polypropylene at 1% and 3%

' . : Corrected
Sample | Bitumen | Plastic | Bulk YAIr |, o L Flow
No. % % Density | Voids YOVMA | %VFB (Slzill;'“ty Value(mm)
2.27 7.2 15.9 54.4 12.17 3.36
4.8 1 2.29 6.7 14.8 55.1 14.61 3.78
2.26 7.6 15.7 51.5 14.17 3.41

Percentage voids values varied with each sample whereas the stability of asphalt increased by 2.44
kN and 2.00 kN for 1% and 3% respectively. The flow increased by 0.42mm and 0.05mm for 1% and 3%
respectively and the variability of the values are not statistically significant..

ANALYSIS

Obijective 2: To compare and contrasts results of plastic waste modified bitumen to bitumen
Allowable properties of bitumen and asphalt

The results were compared with the specified standards shown in the table below.

Table 15: Shows the allowable range of values for bitumen and asphalt from the standards/
specifications used

Properties Units Standard/ Specification | Values
Penetration mm Product specification 50-70
Softening Point °C Product specification 46-56
Air voids % TRHS, Table 5 2-6
Voids in mineral aggregate % TRHS, Table 5 Min 13
Voids filled with bitumen % TRHS, Table 5 65-75
Stability KN TRHS, Table 5 8-18
Flow mm TRHS, Table 5 2-4

Source: (National Petroleum Refines of South(Pty)Ltd, 2018); (Technical Recommendation for Highways;
Draft TRH8, 1987)
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Penetration

E50

%POLYPROPYLENE CONTENT AGAINST
PENETRATION

‘\\E 41.755x% - 59.276x + 66
DA S S—
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% POLYPROPYLENE CONTENT

1.2

Figure 5: Relationship between penetration and 0.25% increment of shredded Polypropylene up to

1%

The correlation between penetration and 0.25% increase of shredded polypropylene in bitumen is shown
in Figure 6. The results show that for every 0.25% increase in polypropylene mixed with bitumen, the
penetration values decreased by an average of 18 mm. However, the values obtained dropped below the
defined penetration limits of 50 -70 mm to 46 mm (see; Table 13). The results show an acceptable plastic
content of 3% and 5% respectively, while these results showed that the application of polypropylene
hardened bitumen before meeting the literature survey scope.

POLYPROPYLENE CONTENT VS DUCTILITY

\ y = 0.6742x2 - 25.631x + 108.8
2
* ¢
0 1 2 3 4

% POLYPROPYLENE CONTENT

Figure 6: Relationship between ductility for every 1% increment of shredded Polypropylene up to

4%

Figure 4 indicates reduction in ductility of the bitumen specimen with the increase of polypropylene
by 20.2 mm, 40.4 mm, 84.4 mm and 86.3 mm for 1%, 2%, 3% and $% of polypropylene respectively,
which is below the ductility value of the bitumen in its uncontaminated state of 108.8 mm. this research
showed an optimal polypropylene content of 0.9 percent.
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Softening point
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Figure 7: Relationship between temperatures at which bitumen softens for every 1% increment of
shredded Polypropylene up to 4%

The results show that the incremental addition of the Polypropylene material to bitumen steadily increases
the softening point from 46 to 56 °C. Higher softening point indicates that the bitumen sample has lower
temperature susceptibility and therefore ideal for hot climate conditions. The results also imply lower
penetration index and decrease in viscosity.

Density and Voids

o POLYPROPYLENE CONTENT VS BULK DENSITY
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Figure 8: Relationship between bulk density and polypropylene content, increment of 1%.
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POLYPROPYLENE CONTENT VS AIR VOIDS
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Figure 9: Relationship between Air voids % and polypropylene content, increment of 1%.

POLYPROPYLENE CONTENT VS VMA
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Figure 10: Relationship between Voids in Mineral Aggregate % and polypropylene content,

increment of 1%.
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Figure 11: Relationship between Voids filled by binder % and polypropylene content, increment of 1%.
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Figure 7 shows that addition of plastic waste initiall reduces air voids arising from increased bulk density
but further addition of plastic waste beyond 1 % increases the air voids. For instance a bulk density of 2.29
gm/cc yielded air voids of 6.7% whereas a bulk density of 2.26 gm/cc yielded air voids of 7.6% (Refer to
table 12). Table 12, indicates that air voids values were high, compared to the recommended values in
Table 13. As for voids in mineral aggregates (VMA), results were within the given range of greater than
13%. Furthermore, one unanticipated finding was the voids filled with bitumen (VFB), indicating that as
bulk density increases VFB % , these values met the specified requirements in Table 13. This research 0.9%
plastic content was obtained from figures 6 to figure 9. The increase in air void percentages is advantageous
for use in hot regions where asphalt is prone to bleeding upon loading and provides room for displaced of
polymer modified bitumen.

Flow and Stability
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Figure 12: Relationship between Flow and polypropylene content, increment of 1%
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Figure 13: Relationship between Stability and polypropylene content, increment of 1%

Figure 10, indicates that addition of 1% and 3% polypropylene yielded flow values of 3.78mm and
3.41 mm respectively thus a fluctuation was noted. The results in table 12 show that the effects of
polypropylene in stability values are 20% and 16% increase for 1% and 3% of polypropylene respectively,
compared to 12.17 kN of bitumen. These values fell within the allowable range (in Table 13) and figure
11 shows that addition of polypropylene yielded stable asphalt. This property reduces the brittleness of
asphalt at low temperatures and enhances its flexibility at high temperatures therefore; polypropylene
modified bitumen can be used in both hot and cold regions.
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CONCLUSIONS

The study revealed that the addition and use of plastic waste (Polypropylene) as a bitumen modifier
have both positive and negative effects to the different properties of bitumen and have a bearing on their
functionality under various environmental conditions. These variable effects of plastic waste on the
properties of bitumen need to be investigated further under different bitumen grades used for road pavement
construction.

The results indicate that penetration index of modified bitumen of this particular bitumen grade
decreased on average by 18 mm with the addition of the modifier with an optimum value being realised.
Ductility is another property that decreased with an average value 57.8 mm with the addition of
polypropylene. These negative effects on the above mentioned bitumen properties meant that bitumen-
modified polypropylene hardened, thus decreasing its workability Softening point was found to increase by
4.7 ° C per 1% of polypropylene increase. Singhal, et al., 2016, reports that higher softening point polymer-
modified bitumen is applicable in flexible road pavements with high temperature resistance, making it ideal
for use in hot areas such as semi-desert.

The Marshall stability is increased with the addition of polypropylene with increased bulk density.
Although the design mix failed in voids, asphalt flow and stability properties fall within in the specified
ranges of 2.4 mm and 8.18 kN respectively. Such research findings have shown that modified bitumen by
polypropylene and its use in asphalt can improve the stability of the surface layer. It is therefore possible
to reduce the brittleness of asphalt at low temperatures and improve its durability at high temperatures in
both hot and cold regions (Ahmadinia et al., 2011).
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ABSTRACT

One of the sustainable development goals (SDG 9) deals with the construction of sustainable
infrastructure such as pavements. Pavements can be either rigid consisting of a single layer or flexible made
up of multiple layers all in a bid to withstand traffic loads. The materials utilized for the layers are made of
natural earth/aggregate materials such as sand, cobblestones, and laterites. The construction of pavements
usually involves using large quantities of natural earth/aggregate materials, often mixed with conventional
stabilizers such as Portland cement, lime, and bitumen. However, conventional stabilizers can be extremely
expensive and fraught with lots of environmental concerns, therefore the use of alternative materials and
stabilization methods in pavement construction is highly needed. Recently, some studies have proposed the
geo-polymerization process as an alternative to enhancing the use of conventional materials and stabilizers.
Geopolymers offer a host of desired mechanical properties such as strength and durability required for
pavement sustainability and resilience. This paper reviews the geotechnical properties of geo-polymerized
industrial by-products and their potential application in sustainable infrastructure, such as pavements.

KEYWORDS: Sustainable infrastructure, earth/aggregate materials, geo-polymerization, pavement,
conventional stabilizers.

INTRODUCTION

The need for cement in the building industry has increased in recent decades due to population
growth, urbanization, and economic expansion. This escalation in cement production has led to several
detrimental environmental impacts, including global warming, the depletion of natural resources, and
damage to ecosystems (Liu et al., 2022). Portland cement (PC) significantly affects human-induced carbon
dioxide (CO,) emissions. This anthropogenic CO; arises primarily from two main sources, namely, the
decomposition of limestone raw material and the burning of fossil fuels to generate thermal energy during
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the manufacturing process. According to (Ernst et al., 2009), 7% of the global carbon emission is generated
by the cement industry. According to (Wi et al., 2018), the calcination process involved in the manufacture
of cement requires a temperature of about 1450 °C and releases about 0.85 tons of CO, per 1 ton of cement
produced. Additionally, (Andrew, 2019) reported that global cement CO» emissions were 1.45+0.20 Gt in
2016, contributing to the accumulated 39.3 Gt of CO; from 1900-2016, and South Africa alone emitted over
6 Mt of CO; from 1950 to 2016. Acknowledging these environmental concerns, it becomes imperative to
seek out alternatives to conventional cement that are more sustainable and less harmful to the environment.
This need highlights a significant gap in current studies, especially considering projections that cement
production will continue to grow substantially over the coming 30 years (Schneider, 2019; Scrivener et al.,
2018).

Given Portland cement's large carbon footprint, geopolymer cement has gained the attention of
pavement engineers as an environmentally friendly substitute for PC. Research has shown that the carbon
dioxide emissions associated with geopolymer production are approximately one-sixth of those produced
during the manufacturing of traditional PC concrete (Aiken et al., 2018). Geopolymers have garnered
significant attention in the field of pavement maintenance and construction due to their potential to reduce
greenhouse gas emissions and enhance pavement material geotechnical properties (Nazari et al., 2019; Tahir
et al., 2022; Yaro et al., 2022). Research has highlighted the benefits of fly ash-based geopolymers,
particularly in the context of pavement applications. These studies have demonstrated that geopolymers
based on fly ash exhibit superior compressive strength and durability when compared to Portland cement
(PC) concrete, making them a suitable choice for rigid pavement applications (Tahir et al., 2022).
Additionally, geopolymer concrete has been observed to show no sign of bleeding water on the surface,
indicating its potential for pavement construction (Nazari et al., 2019). Furthermore, the use of geopolymer
materials in pavement construction has been recommended to promote sustainability (Yaro et al., 2022).

Despite the growing body of research on geopolymers, there remains a critical need for
comprehensive reviews that specifically address their application in sustainable pavement construction.
These reviews should not only consolidate existing knowledge but also pinpoint research gaps and chart
the course for future endeavors aimed at fully harnessing the potential of geopolymers as a sustainable
construction material. The present review paper seeks to bridge this gap by illuminating the latest
advancements and emerging trends in the utilization of geopolymer binders for sustainable pavement
construction. It offers an extensive overview of their properties, advantages, and challenges. Ultimately,
this review serves as an invaluable resource, directing researchers, engineers, and policymakers toward the
effective integration of geopolymer technology in the construction industry, thus paving the way for a
greener and more sustainable future.

GEOPOLYMER CEMENT

Geopolymer is an amorphous aluminosilicate that results from the polycondensation of inorganic
compounds bonded by inorganic covalent bonds (Ahmed et al., 2021; Davidovits, 2017a). They are
produced by combining aluminosilicate materials with either alkaline or acidic substances as shown in
Figure 1. The aluminosilicates act as the precursor substances, while acidic or alkaline substances function
as the reactive agents or hardeners. The produced geopolymers are either alkali-aluminosilicate (AAS)
geopolymers (from alkaline hardener) or phosphate—aluminosilicate (from acidic hardener), which possess
a three-dimensional network (Ikotun et al., 2024). Aluminosilicate materials used in geopolymer
formulation can be classified into primary and secondary categories. These materials, whether naturally
sourced or obtained as byproducts, must be rich in alumina (Al,Os) and silica (SiO,), ideally in a reactive
amorphous form, to meet the specific needs of geopolymer precursors. Primary aluminosilicates include
natural minerals like pumice, mullite, halloysite, diatomite, bauxite, basalt, and clay minerals such as
kaolinite, montmorillonite, and elite. Conversely, secondary aluminosilicates are typically industrial
byproducts like fly ash, ground granulated blast furnace slag, steel slag, palm oil fuel ash, and red mud
(Tchakouté et al., 2016).
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Notably, fly ash and slag are commonly used materials in geopolymer formulation. However, various
other substances also play a crucial role in geopolymer formulations. These include silica fumes, dolomite,
agricultural byproducts such as coconut husk ash, corn cobs ash, and rice husk ash, as well as mining
tailings. Additionally, municipal waste elements like rubber, plastic, and sludge, as well as materials like
glass wool fiber, are included in geopolymer formulations. While they may not qualify as primary
precursors in geopolymer chemistry, they serve essential functions in geopolymer compositions, such as
contributing to hardening, adjusting silicate content, reinforcing, or acting as inert aggregates in the
geopolymer composite. making it a more sustainable construction material compared to PC as shown in
Figure 2. These properties are advantageous for enhancing the material's mechanical and tensile strength,
toughness, durability, and for reducing its overall density, which is particularly crucial in construction
applications where specific properties are required.

- -Rock forming
Hardener/Chemical Aggregates Aluminosilicate minerals e.g.
reagent kaolinite
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Fig. 1. A summary of the process involved in producing geopolymers (Matsimbe et al., 2022)
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GEOPOLYMER CEMENT PROPERTIES AND SUSTAINABILITY BENEFITS

Research on geopolymer cement reveals commendable sustainability features applicable to various
construction tasks. Their exceptional resistance to chemical attack makes them well-suited for application
in environments with concerns about exposure to chemicals, acids, and salts, such as industrial pavements.
Previous studies showed that solid waste-based geopolymer cement exhibited better acid and salt resistance
than PCs (Long et al.,2020; Cevik et al.,2018; Aiken et al.,2018). Another benefit of geopolymer cement
is the long-term stability of toxic heavy metals such as Pb, Zn, Cu, and Cr. Various studies have shown that
geopolymer cement efficiently solidifies toxic heavy metals as evidenced by assessments like the toxicity
characteristic leaching procedure. (TCLP) (Fan et al., 2023; Wang et al., 2023). The mechanism of heavy
metal solidification by geopolymer binder includes both physical encapsulation and chemical action
mechanisms. Table 1 shows a summary of findings on the durability properties of geopolymers from a few
selected recent studies.

Geopolymer cement offers several mechanical and sustainability benefits over Portland cement
which include suitable compressive strength (Ikotun et al., 2023; Manjarrez & Zhang, 2018; Ann et al.,
2021), lower carbon emissions (Pacheco-Torgal et al., 2012; Shi & Fernandez-Jiménez, 2006), reduced
energy consumption (Gardner et al., 2007; Mudd et al.,2013; Bruschi et al., 2021), waste utilization of
industrial by-products such as Fly-ash (FA), Ground Granulated Blast-furnace Slag (GGBS), Sugarcane
bagasse ash (SCBA), Rice husk ash (RHA), Metakaolin, Red mud (Asghar et al., 2023; Elmesalami &
Celik, 2022; H.M. & Unnikrishnan, 2022; Mallikarjuna Rao & Gunneswara Rao, 2018; Srinivas et al.,
2021; Trincal et al, 2022). Geopolymer cement enables the recycling of solid wastes
containing silicon and aluminum as raw materials, resulting in closed-loop solid waste management while
reducing production costs (Castaldelli et al., 2013; Kathirvel et al., 2020; Yadav et al., 2020). The excellent
strength and durability properties of geopolymer cement that make it exceptional over traditional Portland
cement depend mostly on the hardener/ chemical reagent type, curing temperature, precursors, and water
ratio used. Table 2 shows a summary of findings on the strength properties (Unconfined Compressive
Strength (UCS)) of geopolymers from a few selected recent studies.

Table 1. Durability properties (acid and salt corrosion resistance) of geopolymers in comparison with OPC

Samples Visual Exposed Compressive | Mass Mechanism Stability Ref.

appearance | environment | strength changes comparison

and time
Pulverized | Remain 2%  H2SOg4 | 35% decrease | 8% Breakage of | Geopolymer | (Long et
fuel ash | structurally | (pH=1), 18 removed | aluminosilicate | is better al., 2020)
(PFA) and | intact months bonding
palm oil | though
fuel ash | surface
(POFA)- turned a
based little
geopolymer -
20%
68% decrease | removed

PC Severe

deterioration

softer
Nano silica | Moderate 5% H>S04, 1 | 19% decrease | 0.77% N-A-S-H Geopolymer | (Mehta
and class F | surface months increase | decalcifies. is better &
fly ash- | erosion Siddique,
based 2017)
geopolymer
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from gray to
white

and gypsum

30% decrease | 1% Ca(OH), to

Severe decrease | form ettringite
PC surface and gypsum

erosion
Fly ash- Softer in | 2% H)SOs, | 48.1% 12.5% Calcium Geopolymer | (Aiken et
based touch 365 days decrease decrease | sulfate is better al., 2018)

formation
geopolymer
34.8%

30% PC Softer in 66.29% decrease
replacement

touch decrease
fly ash-
based
geopolymer
Nano silica | No changes | 3.5% NaCl, 1 | 5% decrease | 1.25% A denser | Geopolymer | (Mehta
and class F months Increase | structure is better &
fly ash- decreases the Siddique,
based porosity  and 2017)
geopolymer permeability of

concretes.

The surface

color 8% decrease | 0.35% Ca(OH): to
PC changed decrease | form ettringite

Table 2: Unconfined Compressive Strength of geopolymers from a few selected recent studies

Waste Curing Test UCS Ref.
material Hardener/chemical | condition conducted | (MPa)
(wt.%) reagent
Copper NaOH (0, 3, 5,7,and | Oven at 35 ucCsS 5.32 (11 | (Manjarrez & Zhang,
MT (100%) | 11 M) °C for 7 days M 2018)
(NaOH)
Gold MT | Na,SiO3 8, 14,21, and ucCs 30(8% of | (Manjarrez & Zhang,
(100%) 28 days at Na,SiO3) | 2018)
room
temperature
Copper MT | NaOH (5, 10, 15 M) | ambient UCS 4.4(10 M) | (Panias et al., 2006)
temperature
for 4 days
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Gold MT | NaOH (10 M) 7 and 28 ucs 1.63 (Ann et al., 2021)
and water days at (10M)

glass ambient

solution temperature

Bauxite NaOH (0.5- 8 M) 7 and 28 UCSsS 4.5 (Bruschi et al., 2021)
tailings, days at

Sugarcane ambient

bagasse ash temperature

and

Carbide

Lime

GEOPOLYMER CEMENT IN PAVEMENT CONSTRUCTION

Pavements play a crucial role in our daily lives, serving as roads, highways, airport driveways,
industrial pavement, and parking lots (Delatte, 2018; Tanyildizi & Gokalp, 2023). The construction of
pavements remains a significant industrial application for both developing and developed nations.
Pavements are categorized into two types, viz: asphalt (flexible) pavements and concrete (rigid) pavements,
each consisting of distinct layers such as surface, base, subbase, and subgrade. The primary purpose of
pavements is to distribute the load from the surface to the subgrade, enabling them to endure the applied
load from vehicles or users without excessive deformation (Delatte, 2018; Tanyildizi & Gokalp, 2023).

Pavement construction using geopolymer cement has gained attention in the construction industry
for several reasons, including its potential to reduce greenhouse gas emissions and improve pavement
performance, as shown in Figure 3. Research has shown that geopolymer-based materials, particularly those
incorporating fly ash, exhibit higher durability and compressive strength compared to Portland cement (PC)
concrete, making them suitable for rigid pavement applications (Tahir et al., 2022; Yaro et al., 2022).
Geopolymers have been identified as environmentally friendly construction materials suitable for various
applications, including road pavements (Naghizadeh et al., 2022). Additionally, geopolymer-modified
asphalt binders have been found to enhance the properties of recycled pavement materials, indicating their
potential for sustainable pavement construction (Hassan et al., 2019).

Geopolymer concrete, which is produced without using PC, offers an alternative to conventional
concrete and has been suggested for use in pavement construction (Setiawan et al., 2023; Ikotun et al.,
2024). Moreover, the use of geopolymer in asphalt mixtures has been found to reduce viscosity and improve
aggregate coating, contributing to the development of high-quality asphalt pavements (Bujang et al., 2022).
In the context of rigid pavement construction, geopolymer concrete has demonstrated advantages over sPC
concrete, such as reduced bleed water on the surface and improved void distribution patterns, leading to
enhanced strength development (Nazari et al., 2019). Additionally, innovative pavement materials, such as
semi-flexible composite (SFC) pavements comprising geopolymer grout and reclaimed asphalt, have been
investigated, highlighting the potential for geopolymer-based solutions in pavement engineering (Huynh et
al., 2020). Geopolymer mixtures, when appropriately designed, have shown promising mechanical
properties without compromising porosity, suggesting their suitability for urban pavements (Elizondo-
Martinez et al., 2020). Furthermore, the utilization of geopolymer-stabilized recycled waste glass aggregate
in road bases has demonstrated satisfactory performance in terms of strength and leachability, conforming
to specified requirements and standards (Xiao et al., 2020). Geopolymer aggregates, particularly spherical
fly ash-based geopolymers, have been identified as viable road pavement materials, further emphasizing
the benefits of geopolymers in pavement construction (Winardi et al., 2022).
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Figure 3: Benefits of GPC/GPBs as sustainable pavement construction materials (Farooq et al., 2021).

Table 3: Types of Geopolymer Cement, its descriptions, and applications

GPC types Description Applications Ref.
Metakaolin MK (such as MK-750) + NaOH + heat @150 | Concretes, Pavements, low-tech building | (Davidovits,
(MK)-based °C + other synthesis conditions. materials, foundry industry, low-energy | 2017b)
GPC It is a ceramic-like GPC. ceramic tiles, thermal shock refractories,

It is tough and has high strength, chemical, and | fire-resistant materials, decorative stone

fire resistance.
Fly ash (FA)- | FA+ NaOH + Na,SiOs solution + blast furnace | Cement concrete, walkways, industrial | (Zhuang et
based GPC slag under efficient synthesis conditions. pavement, resistance agent, for absorbing | al., 2016)

FAGPC has high compressive, flexural, and | and immobilizing toxic metals, as a mineral

split tensile strengths, and durability. filler, as a sealant for underground storage

of CO».

Rock-based Volcanic tuffs + MK-750 + blast furnace slag+ | As cement concretes, road subbases, | (Davidovits,
GPC mine tailings + Na,SiO; + heat (temp: 600- | industrial pavements, structural protecting | 2017b)

850°C) + other synthesis conditions. materials (such as sealants, capping agents,

High strength, durability, and adsorption | and barriers), etc.

capacity.
Red mud (RM)- | RM (usually extracted from bauxite via the | As cement clinker and other construction | (Zhang et
based GPC Bayer process) + NaOH + heat @ 800°C + | products (such as RM-based GPC concrete, | al., 2021)

other synthesis conditions.
Has high compressive strength, hardening,
workability, and microstructure properties.

block, mortar, brick, and ceramics).
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CHALLENGES AND FUTURE PROSPECTS

The utilization of geopolymer concrete in sustainable pavement construction faces several challenges, including
the absence of established standards, and dependence on industrially sourced by-products, (Lingyu et al., 2021).
Additionally, higher initial costs and the need for adjustments in construction practices may hinder widespread adoption
(McLellan et al., 2011). Overcoming challenges such as limited public familiarity, ensuring safety in handling alkali
activators, and gaining acceptance within the construction industry is crucial for successful integration (Almutairi et al.,
2021). Extensive research, standardization efforts, and increased awareness are imperative to facilitate the adoption of
geopolymer concrete in pavement construction (Bellum et al., 2020).

CONCLUSION

The burgeoning interest in geopolymer cement (GPC) as a sustainable alternative to traditional Portland cement
(PC) for pavement construction is well-founded, given the environmental and technical advantages it presents. A shift
to GPC is driven by the pressing need to reduce the harmful environmental impacts of the cement industry, particularly
CO, emissions and resource depletion. Geopolymer cement, developed from various aluminosilicate materials and
industrial by-products like fly ash, slag, and red mud, offers a greener alternative to PC. Their production process emits
significantly less CO; and utilizes waste materials effectively, contributing to more sustainable construction practices.
Moreover, GPCs demonstrate superior mechanical properties, such as enhanced durability and strength, making them
highly suitable for pavement applications. Although GPC offers these benefits, its adoption in pavement construction
faces challenges, including the lack of established industry standards, the reliance on industrial by-products, and
concerns regarding durability and initial costs. These barriers highlight the need for continued research, standardization
efforts, and awareness-raising within the industry and among the public.

To develop sustainable infrastructure, it is vital for stakeholders in the construction industry - including
researchers, engineers, and policymakers - to embrace GPC. This will not only reduce the environmental footprint of
construction activities but will also allow for more efficient and innovative construction practices. The future of
pavement construction, therefore, lies in the balance of embracing new, environmentally friendly materials like GPC
while addressing the challenges that come with such a transition. Thus, more studies are needed to understand the
mechanical properties of optimized geopolymerized composite with multiple precursors- which is ongoing research at
the Durban University of Technology (DUT), South Africa. This evolution is crucial for achieving a more sustainable
and responsible approach to building the world's infrastructure.

ACKNOWLEDGEMENT
The Durban University of Technology (DUT), Durban, South Africa is acknowledged for the financial support offered
in preparation of this manuscript.

REFERENCES

Ahmed, H. U., Mohammed, A. A., Rafiq, S., Mohammed, A. S., Mosavi, A., Sor, N. H., & Qaidi, S. M. A. (2021).
Compressive Strength of Sustainable Geopolymer Concrete Composites: A State-of-the-Art Review. Sustainability,
13(24), 13502. https://doi.org/10.3390/sul132413502

Aiken, T. A., Kwasny, J., Sha, W., & Soutsos, M. N. (2018). Effect of slag content and activator dosage on the resistance of
fly ash geopolymer binders to sulfuric acid attack. Cement and Concrete Research, 111, 23-40.
https://doi.org/10.1016/j.cemconres.2018.06.011

Almutairi, A. L., Tayeh, B. A., Adesina, A., Isleem, H. F., & Zeyad, A. M. (2021). Potential applications of geopolymer
concrete in  construction: A review. Case Studies in  Construction Materials, 15, e00733.
https://doi.org/10.1016/j.cscm.2021.¢00733

Andrew, R. M. (2019). Global CO2 emissions from cement production, 1928 - 2018. Earth System Science Data.
https://doi.org/10.5281/zenodo.831454

Ann, M., Adajar, Q., Beltran, H. V., Rose, T., Duran, E., Ramos, C., Ann Adajar, M., Beltran, H. E., Calicdan, C. A., Duran,
T.R., Ramos, C. D., & Galupino, J. (2021). Assessment of Gold Mine Tailings as Based Geopolymer Binder in Concrete.
https://www.researchgate.net/publication/353380297

Asghar, R., Khan, M. A., Alyousef, R., Javed, M. F., & Ali, M. (2023). Promoting the green Construction: Scientometric
review on the mechanical and structural performance of geopolymer concrete. In Construction and Building Materials
(Vol. 368). Elsevier Ltd. https://doi.org/10.1016/j.conbuildmat.2023.130502



Proceedings of 9" International Conference on Sustainable Transportation & Smart Innovations (ICTA2024)
Gran Melia Hotels & Resorts, Arusha, Tanzania, July 29 —31, 2024 ISBN: 978-99968-0-872-2

Bellum, R. R., Muniraj, K., & Madduru, S. R. C. (2020). Characteristic Evaluation of Geopolymer Concrete for the
Development of Road Network: Sustainable Infrastructure. Innovative Infrastructure Solutions, 5(3), 91.
https://doi.org/10.1007/s41062-020-00344-5

Bruschi, G. J., dos Santos, C. P., Tonini de Aratjo, M., Ferrazzo, S. T., Marques, S. F. V., & Consoli, N. C. (2021). Green
Stabilization of Bauxite Tailings: Mechanical Study on Alkali-Activated Materials. Journal of Materials in Civil
Engineering, 33(11). https://doi.org/10.1061/(asce)mt.1943-5533.0003949

Bujang, H., Aman, M. Y., & Taher, M. N. M. (2022). Volumetric Properties of Asphalt Mixture Containing Fly Ash
Geopolymer. IOP Conference Series: Earth and Environmental Science, 1022(1). https://doi.org/10.1088/1755-
1315/1022/1/012034

Castaldelli, V., Akasaki, J., Melges, J., Tashima, M., Soriano, L., Borrachero, M., Monz¢, J., & Paya, J. (2013). Use of
Slag/Sugar Cane Bagasse Ash (SCBA) Blends in the Production of Alkali-Activated Materials. Materials, 6(8), 3108—
3127. https://doi.org/10.3390/ma6083108

Davidovits, J. (2017a). Geopolymers: Ceramic-like inorganic polymers. In Journal of Ceramic Science and Technology (Vol.
8, Issue 3, pp. 335-350). Goller Verlag. https://doi.org/10.4416/JCST2017-00038

Davidovits, J. (2017b). Geopolymers: Ceramic-like inorganic polymers. J. Ceram. Sci. Technol, 8(3), 335-350.

Delatte, N. (2018). Concrete pavement design, construction, and performance. Crc Press.

Elizondo-Martinez, E.-J., Tataranni, P., Rodriguez-Hernandez, J., & Castro-Fresno, D. (2020). Physical and Mechanical
Characterization of Sustainable and Innovative Porous Concrete for Urban Pavements Containing Metakaolin.
Sustainability, 12(10), 4243. https://doi.org/10.3390/su12104243

Elmesalami, N., & Celik, K. (2022). A critical review of engineered geopolymer composite: A low-carbon ultra-high-
performance concrete. Construction and Building Materials, 346, 128491.
https://doi.org/10.1016/j.conbuildmat.2022.128491

Ernst, W.-D. 1968-, Klock, A., Wagner, M., & epodium Verlag. (2009). Psyche - Technik - Darstellung Beitrdge zur
Schauspieltheorie als Wissensgeschichte.

Fan, J., Yan, J., Zhou, M., Xu, Y., Lu, Y., Duan, P., Zhu, Y., Zhang, Z., Li, W., Wang, A., & Sun, D. (2023). Heavy metals
immobilization of ternary geopolymer based on nickel slag, lithium slag and metakaolin. Journal of Hazardous
Materials, 453, 131380. https://doi.org/10.1016/j.jhazmat.2023.131380

Farooq, F., Jin, X., Javed, M. F., Akbar, A., Shah, M. L., Aslam, F., & Alyousef, R. (2021). Geopolymer concrete as sustainable
material: A state of the art review. Construction and Building Materials, 306, 124762.

Hassan, A., Arif, M., & Sharig, M. (2019). Use of geopolymer concrete for a cleaner and sustainable environment — A review
of mechanical properties and microstructure. Journal of Cleaner  Production, 223, 704-728.
https://doi.org/10.1016/j.jclepro.2019.03.051

H.M., T., & Unnikrishnan, S. (2022). Utilization of industrial and agricultural waste materials for the development of
geopolymer concrete- A review. Materials Today: Proceedings, 65, 1290-1297.
https://doi.org/10.1016/j.matpr.2022.04.192

Huynh, A. T., Magee, B., & Woodward, D. (2020). A Preliminary Characterization of Innovative Semi-Flexible Composite
Pavement Comprising Geopolymer Grout and Reclaimed Asphalt Planings. Materials, 13(16), 3644.
https://doi.ore/10.3390/mal3163644

Ikotun, J. O., Aderinto, G., & Katte, V. (2023, July). Geo-polymerization of mining tailing for use as a pavement construction
material: a review. In Young Concrete Researchers, Engineers & Technologist Symposium (YCRETS). Cement &
Concrete SA.

Ikotun, J. O., Aderinto, G. E., Madirisha, M. M., & Katte, V. Y. (2024). Geopolymer Cement in Pavement Applications: Bridging
Sustainability and Performance. Sustainability, 16(13), 5417.

Kathirvel, P., Gunasekaran, M., Sreekumaran, S., & Krishna, A. (2020). Effect of Partial Replacement of Ground Granulated
Blast Furnace Slag with Sugarcane Bagasse Ash as Source Material in the Production of Geopolymer Concrete.
Materials Science, 26(4), 477-481. https://doi.org/10.5755/j01.ms.26.4.23602

Lingyu, T., Dongpo, H., Jianing, Z., & Hongguang, W. (2021). Durability of geopolymers and geopolymer concretes: A
review. Reviews on Advanced Materials Science, 60(1), 1-14. https://doi.org/10.1515/rams-2021-0002

Liu, H., Alharthi, M., Atil, A., Zafar, M. W., & Khan, 1. (2022). A non-linear analysis of the impacts of natural resources and
education on environmental quality: Green energy and its role in the future. Resources Policy, 79, 102940.
https://doi.org/10.1016/j.resourpol.2022.102940

Long, W.-]., Ye, T.-H., Xing, F., & Khayat, K. H. (2020). Decalcification effect on stabilization/solidification performance of
Pb-containing geopolymers. Cement and Concrete Composites, 114, 103803.
https://doi.org/10.1016/j.cemconcomp.2020.103803

Mallikarjuna Rao, G., & Gunneswara Rao, T. D. (2018). A quantitative method of approach in designing the mix proportions
of fly ash and GGBS-based geopolymer concrete. Australian Journal of Civil Engineering, 16(1), 53-63.
https://doi.org/10.1080/14488353.2018.1450716



https://doi.org/10.3390/ma13163644

Proceedings of 9" International Conference on Sustainable Transportation & Smart Innovations (ICTA2024)
Gran Melia Hotels & Resorts, Arusha, Tanzania, July 29 —31, 2024 ISBN: 978-99968-0-872-2

Manjarrez, L., & Zhang, L. (2018). Utilization of Copper Mine Tailings as Road Base Construction Material through
Geopolymerization. Journal of Materials in Civil Engineering, 30(9). https://doi.org/10.1061/(ASCE)MT.1943-
5533.0002397

Matsimbe, J., Dinka, M., Olukanni, D., & Musonda, 1. (2022). Geopolymer: A Systematic Review of Methodologies. In
Materials (Vol. 15, Issue 19). MDPL. https://doi.org/10.3390/mal15196852

McLellan, B. C., Williams, R. P., Lay, J., van Riessen, A., & Corder, G. D. (2011). Costs and carbon emissions for geopolymer
pastes in comparison to ordinary portland cement. Journal of Cleaner Production, 19(9—10), 1080—-1090.
https://doi.org/10.1016/j.jclepro.2011.02.010

Mehta, A., & Siddique, R. (2017). Sulfuric acid resistance of fly ash based geopolymer concrete. Construction and Building
Materials, 146, 136—143. https://doi.org/10.1016/j.conbuildmat.2017.04.077

Naghizadeh, A., Ekolu, S. O., & Solomon, F. (2022). Challenges and Problems of Geopolymer Brick Masonry: A Review.
Key Engineering Materials, 916, 136—144. https://doi.org/10.4028/p-68r15a

Nazari, A., Bagheri, A., Sanjayan, J., Yadav, P. N. J. A., & Tariq, H. (2019). A Comparative Study of Void Distribution Pattern
on the Strength Development between OPC-Based and Geopolymer Concrete. Advances in Materials Science and
Engineering, 2019, 1-7. https://doi.org/10.1155/2019/1412757

Pacheco-Torgal, F., Abdollahnejad, Z., Camoes, A. F., Jamshidi, M., & Ding, Y. (2012). Durability of alkali-activated binders:
A clear advantage over Portland cement or an unproven issue? In Construction and Building Materials (Vol. 30, pp.
400-405). https://doi.org/10.1016/j.conbuildmat.2011.12.017

Panias, D., Giannopoulou, 1. P., & Panias, D. (2006). Advances in Mineral Resources Management and Environmental
Geotechnology. https://www.researchgate.net/publication/234107816

Schneider, M. (2019). The cement industry on the way to a low-carbon future. Cement and Concrete Research, 124, 105792.
https://doi.org/10.1016/j.cemconres.2019.105792

Scrivener, K. L., John, V. M., & Gartner, E. M. (2018). Eco-efficient cements: Potential economically viable solutions for a
low-CO2  cement-based  materials  industry. Cement and  Concrete  Research, 114,  2-26.
https://doi.org/10.1016/j.cemconres.2018.03.015

Setiawan, A. A., Hardjasaputra, H., & Soegiarso, R. (2023). Embodied carbon dioxide of fly ash based geopolymer concrete.
1OP Conference Series: Earth and Environmental Science, 1195(1), 012031. https://doi.org/10.1088/1755-
1315/1195/1/012031

Shi, C., & Fernandez-Jiménez, A. (2006). Stabilization/solidification of hazardous and radioactive wastes with alkali-
activated cements. Journal of Hazardous Materials, 137(3), 1656—1663. https://doi.org/10.1016/j.jhazmat.2006.05.008

Srinivas, D., Suresh, N., & Lakshmi, N. H. (2021). Experimental Investigation on Bagasse ash Based Geopolymer Concrete
Subjected to Elevated Tempreture. /OP Conference Series: Earth and Environmental Science, 796(1), 012028.
https://doi.org/10.1088/1755-1315/796/1/012028

Tahir, M. F. M., Abdullah, M. M. A. B., Rahim, S. Z. A., Mohd Hasan, M. R., Sandu, A. V., Vizureanu, P., Ghazali, C. M. R,
& Kadir, A. A. (2022). Mechanical and Durability Analysis of Fly Ash Based Geopolymer with Various Compositions
for Rigid Pavement Applications. Materials, 15(10), 3458. https://doi.org/10.3390/mal15103458

Tanyildizi, M., & GékalP, 1. (2023). Joint Types and Applications in Rigid Pavements. Innovative Research in Engineering,
471-496.

Tchakouté, H. K., Riischer, C. H., Kong, S., Kamseu, E., & Leonelli, C. (2016). Geopolymer binders from metakaolin using
sodium waterglass from waste glass and rice husk ash as alternative activators: A comparative study. Construction and
Building Materials, 114, 276-289. https://doi.org/10.1016/j.conbuildmat.2016.03.184

Trincal, V., Multon, S., Benavent, V., Lahalle, H., Balsamo, B., Caron, A., Bucher, R., Diaz Caselles, L., & Cyr, M. (2022).
Shrinkage mitigation of metakaolin-based geopolymer activated by sodium silicate solution. Cement and Concrete
Research, 162, 106993. https://doi.org/10.1016/j.cemconres.2022.106993

Wang, S., Liu, B., Zhang, Q., Wen, Q., Lu, X., Xiao, K., Ekberg, C., & Zhang, S. (2023). Application of geopolymers for
treatment of industrial solid waste containing heavy metals: State-of-the-art review. Journal of Cleaner Production, 390,
136053. https://doi.org/10.1016/j.jclepro.2023.136053

Wi, K., Lee, H.-S., Lim, S., Song, H., Hussin, M. W., & Ismail, M. A. (2018). Use of an agricultural by-product, nano sized
Palm Oil Fuel Ash as a supplementary cementitious material. Construction and Building Materials, 183, 139-149.
https://doi.org/10.1016/j.conbuildmat.2018.06.156

Winardi, A., Karyawan, I. D. M. A., & Anshari, B. (2022). Performance of Artificial Compared to Natural Coarse Aggregates
as Road Pavement Materials. Jurnal Penelitian Pendidikan 1PA, 8(4), 2137-2142.
https://doi.org/10.29303/jppipa.v8i4.2129

Xiao, R., Polaczyk, P., Zhang, M., Jiang, X., Zhang, Y., Huang, B., & Hu, W. (2020). Evaluation of Glass Powder-Based
Geopolymer Stabilized Road Bases Containing Recycled Waste Glass Aggregate. Transportation Research Record:
Journal of the Transportation Research Board, 2674(1), 22-32. https://doi.org/10.1177/0361198119898695



Proceedings of 9" International Conference on Sustainable Transportation & Smart Innovations (ICTA2024)
Gran Melia Hotels & Resorts, Arusha, Tanzania, July 29 —31, 2024 ISBN: 978-99968-0-872-2

Yadav, A. L., Sairam, V., Srinivasan, K., & Muruganandam, L. (2020). Synthesis and characterization of geopolymer from
metakaolin and sugarcane bagasse ash. Construction and Building Materials, 258, 119231.
https://doi.org/10.1016/j.conbuildmat.2020.119231

Yaro, N. S. A., Napiah, M., Sutanto, M. H., Usman, A., Jagaba, A. H., Mani, A. U., & Ahmad, A. (2022). Geopolymer
utilization in the pavement industry - An overview. IOP Conference Series: Earth and Environmental Science, 1022(1),
012025. https://doi.org/10.1088/1755-1315/1022/1/012025

Zhang, J., Li, S., Li, Z., Gao, Y., Liu, C., & Qi, Y. (2021). Workability and microstructural properties of red-mud-based
geopolymer with different particle sizes. Advances in Cement Research, 33(5), 210-223.

Zhuang, X. Y., Chen, L., Komarneni, S., Zhou, C. H., Tong, D. S., Yang, H. M., Yu, W. H., & Wang, H. (2016). Fly ash-based
geopolymer: clean production, properties and applications. Journal of Cleaner Production, 125, 253-267.



Proceedings of 9" International Conference on Sustainable Transportation & Smart Innovations (ICTA2024)
Gran Melia Hotels & Resorts, Arusha, Tanzania, July 29 —31, 2024 ISBN: 978-99968-0-872-2

Lipid Extraction from Cyanobacteria to Enhance Viability as A Source of
Biodiesel Fuel in Transportation

Behnam Tabatabai
HaloCyTech LLC
4709 Harford Rd. STE. 5, Baltimore, MD, USA
halocytech@gmail.com

Viji Sitther
Morgan State University, Department of Biology
1700 East Cold Spring Lane, Baltimore, MD, USA
viji.sitther@morgan.edu

ABSTRACT

Among potential biofuel sources, cyanobacteria have demonstrated distinctive environmental applications in
the synthesis of third-generation biofuels, due to their rapid generation time and enhanced net energy conversion from
biomass to fuel. Nonetheless, the realization of large-scale biodiesel production from cyanobacteria requires the
establishment of efficient lipid extraction methodologies. Until such alternatives are developed, the widespread
commercial viability of cyanobacteria-based biofuel remains constrained. At Morgan State University, we have
successfully scaled up production capacity using brackish waters, achieving a yield of 800 liters per week. Our results
using MiracleGro as a nutrient source at concentrations as low as 0.074 g/L has revealed comparable growth of
Fremyella diplosiphon relative to current media, while reducing cost by over 99%. Comparison of conventional lipid
extraction and osmotic pressure extraction methods indicated salt shock disruption to be an efficient, cost-effective and
more scalable alternative. Total lipid content using the osmotic method (32.0£2.08%) was found to be significantly
(P<0.05) higher than the homogenization (21.0+1.73%) and heat disruption methods (15.33+1.20%). In addition,
photosynthetic pigments, which are high-value co-products have been identified to be released simultaneously with
lipids, indicating added revenue streams to commercial biofuel production. Our results also revealed that production of
the phycocyanin pigment is significantly (P< 0.05) enhanced by covering the culture vessel with a red filter (5.44+0.001
vs. 2.29 +£0.001), leading to over a two-fold increase in yield. Our findings pave the way for a more sustainable and
economically viable future for cyanobacteria-based biodiesel production and co-products. Further research will delve
into the mechanistic aspects underlying the effects of different extraction methods to explore opportunities for
optimizing the F. diplosiphon yield of lipids and co-products.

KEYWORDS: Biofuel, Co-product, Fremyella diplosiphon, Nutrient Source, Osmotic shock, Phycocyanin

1.  INTRODUCTION

Annually, the atmosphere is burdened with an estimated 35 billion tons of carbon dioxide, predominantly
released through the combustion of fossil fuels (Rothenberg, 2023). Diesel-powered vehicles, particularly prevalent in
long-haul transportation, play a significant role in contributing to this emission load (Ramshankar et al., 2023). Thus,
identifying and adopting alternative, sustainable sources of biodiesel is imperative to curtail the environmental impact
of the transportation sector. In recent years, cyanobacteria have garnered substantial attention as a potential source of
third-generation biofuels. The unique attributes of these microbes, including high photosynthetic efficiency and non-
competition with food crops on agricultural lands, render them an attractive choice for sustainable biodiesel generation
(Mishra et al., 2023). Harnessing the potential of cyanobacteria for biofuel production offers a promising solution to
alleviate the demand on arable land currently used for food crops, while also reducing carbon emissions from the
transportation sector. However, efficient biodiesel production from cyanobacteria necessitates addressing several critical
challenges. Firstly, selecting suitable cyanobacterial strains with high lipid content and productivity is crucial for
achieving economically viable biodiesel yields. Secondly, optimizing cultivation methods to promote biomass yield and
lipid accumulation is essential to ensure an efficient and scalable production process. Moreover, it is vital to develop
lipid extraction techniques that are not only effective in obtaining high yields but also minimize energy and resource
consumption, ensuring cost efficiency. This aspect is crucial for the overall sustainability of the biofuel production
process, particularly from a commercial standpoint.

One approach to ensure enhanced efficiency of the lipid extraction process is to eliminate the need for drying
the harvested biomass (Taher et al., 2014). This step is often expensive and consumes a significant amount of energy,
thus eliminating the need for drying to inherently enhance the overall efficiency of the process (Lakshmikandan et al.,
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2020). Disruption techniques such as osmotic or heat shock do not require drying of biomass, suggesting their potential
as a more scalable method of lipid isolation. In a previous study, osmotic shock applied to wet Chlamydomonas
reinhardtii biomass resulted in a two-fold enhancement in lipid recovery compared to other conventional methods,
indicating potential increases in overall product yield, in addition to reducing capital input (Yoo et al., 2012). Hence,
methods for cell disruption and lipid extraction are significant due to their potential to enhance the economic viability
of biofuel production from microalgae and cyanobacteria.

Fremyella diplosiphon is a model cyanobacterium that can utilize a wide range of light wavelengths for
photosynthesis (Bordowitz et al., 2010), and has been previously engineered for enhanced lipid productivity (Gharaie
Fathabad et al., 2019). Recent studies in our laboratory have also investigated the potential of hydrothermal liquefaction
as a method to produce various bio-products from F. diplosiphon biocrude, and theoretical properties of resultant crude
biodiesel based on the FAME profile of transesterified material have been determined. However, there have been no
previous reports on either alternative nutrient sources or lipid extraction from large-scale cultivation of the
cyanobacterium. In addition, co-production of high value bio-products like phycocyanin in F. diplosiphon has not been
assessed. With various applications ranging from nutritional supplements and animal feeds to dyes for research, food,
and cosmetics, phycobiliprotein pigments have proven versatile in their utility (Rather et al., 2023). Thus, the aim of the
present study was to make the F. diplosiphon cultivation process more economical, especially with regards to nutrient
source input, as well as lipid extraction and yield. In addition, we investigated the use of simple red gel filters as an
approach to enhance production of phycocyanin, which is a high value co-product of the extraction process that could
further augment the economic potential of the organism.

2. METHODS
2.1. Culture Conditions

F. diplosiphon cultures were grown on solid BG-11 (Phytotechnology, USA) cyanobacterial medium
supplemented with 20 mM HEPES buffer (BG-11+HEPES) for seven days. Cells were then transferred to liquid BG-
11+HEPES in 250 mL flasks under continuous shaking and lighting at 170 rpm and 28°C for seven days, which served
as seed culture for experimental samples. Laboratory scale cultures were grown in 250 mL flasks in the shaker, while
large scale cultures were composed of 20 L carboys containing a 1:1 mixture of deionized water: filtered brackish water
collected from a tributary of the Patuxent River (Calvert County, MD) at room temperature and continuous lighting. In
addition, aeration was supplied to carboys using commercially available fish tank air pumps.

2.2 Nutrient Source Substitution

The use of commercial-grade fertilizer as a cost-effective and economical nutrient source was explored by
cultivating F. diplosiphon in laboratory scale conditions as described above, while substituting Miracle-Gro® for BG-
11+HEPES. The optimal concentration of Miracle Gro® was determined by growing cultures between 0.1X and 5X,
with 1X being equivalent to the % teaspoon per gallon working concentration as prescribed on the packaging. This was
then converted into Sl units to determine 1X=0.59g/L concentration. Three biological replicates were used for two
treatments: 1) optimized MiracleGro and 2) BG-11+HEPES which served as the control. Average optical density (OD)
at 750 nm was measured and recorded every two days over a 15 day-period. Statistical significance among the treatments
was assessed as described in Section 2.5.

2.3 Photosynthetic Pigment Isolation and Quantification

The impact of light color on the accumulation of phycocyanin pigments was investigated to assess if the
modification was economically advantageous in the production process. These photosynthetic pigments were extracted
from F. diplosiphon liquid cultures grown in flasks, and two treatments were then compared to determine the effect on
phycocyanin accumulation. The experimental group was covered with a red gel filter to allow for exposure to primarily
red light wavelengths, while the control group was unmodified and exposed to broad spectrum white light. After a period
of 10 days, phycocyanin pigments were isolated from three biological replicates of each treatment following the
procedures outlined by de Marsac and Houmard (1988).

In summary, 1 mL of each sample, diluted to an OD at 750 nm of 0.6, were centrifuged at 13,000 x g for 5

minutes at room temperature, and the supernatant was removed. The pelleted cells were then resuspended in 1 mL ice-
cold STES buffer (50 mM Tris-HCI, pH 8.0; 50 mM NacCl; 10 mM EDTA, pH 8.0; 250 mM sucrose) supplemented
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with 5 mg/mL lysozyme. Subsequently, the samples were incubated on a rocking shaker at room temperature in the dark
for 30 minutes, followed by a final centrifugation at conditions mentioned above. The OD of each sample at 620 and
650 nm was then measured, and these values utilized in the equation below to determine phycocyanin concentration
(PC) (Equation 1). The concentrations for each treatment were averaged and subjected to significance testing as outlined
in section 2.5.

PC (mg. mI™) = (ODex — (0.7 X ODss0))/7.38 (1)

2.4 Lipid Extraction: Solvent-based and Osmotic Pressure Methods

After optimizing the cultivation process, we shifted focus towards identifying a scalable and effective approach
to extracting lipid from F. diplosiphon. First, aeration to the cultures was halted after seven days, and biomass allowed
to settle overnight. We explored three different lipid extraction methods, each designed to break the cell wall and release
internal components: conventional homogenization in chloroform/methanol extraction, heat shock treatment, and
osmotic shock treatment. Tests were performed using 1 g of dried biomass in 5 ml of solvent. For conventional
extraction, we homogenized biomass in chloroform: methanol (2:1) for 5 minutes at room temperature. After
centrifugation at 2000 rpm for 5 minutes, 1 ml of deionized H.O was added to the biomass to induce phase separation.
The bottom chloroform phase containing the lipids was separated into a preweighed beaker and dried under a stream of
air in a fume hood. In the heat shock extraction method, the biomass was heated in methanol at 90°C for 30 minutes.
Chloroform was then added at a 2:1 ratio with methanol for phase separation, and the bottom layer collected and dried
similar to the homogenization treatment. For the osmotic pressure method of extraction, 1 g dried biomass was added
to a 5 ml-15% NaCl solution in deionized H,O (w/v) at room temperature for 48 hours. Subsequently, 2 ml of deionized
water and 3 ml of chloroform were added to induce phase separation. The bottom phase was then collected and dried as
described above. Dried lipid was weighed and subjected to gravimetric analysis to determine percentage total lipid
content of cellular dry weight (CDW) of each replicate. Three biological replicates from each treatment were averaged
and compared to determine any significant differences in lipid yield. Furthermore, the aqueous layer of the phase-
separated solution was isolated and frozen at -20°C. The samples were thawed at room temperature to release
photosynthetic pigments and exposed to direct broad-spectrum white light for two days, to visually assess color changes
and the stability of pigments co-produced with lipids.

2.5 Statistical analysis

The mean values for average growth (ODzsp), lipid content, and pigmentation were calculated, and statistical significance
was determined using one-way analysis of variance (ANOVA) coupled with Tukey’s honest significant differences post-
hoc test at a 95% confidence level (P<0.05). A single-factor, fixed-effect ANOVA model, expressed as Yij = p + aGi +
&ij, was utilized. Here, Y represents the growth, lipid content, or pigmentation in strain i and biological replicate j. The
term p signifies the mean growth, lipid content, or pigmentation adjusted for the effects of strain (aG), and &;; accounts
for the experimental error associated with strain i and biological replicate j.

3. RESULTS AND DISCUSSION

3.1 Scale up optimization

The production capacity of F. diplosiphon at Morgan State University has been enhanced from a few liters at
the laboratory scale to 120 liters per week, as illustrated in Figure 1. The results of our study indicated that MiracleGro
concentrations at 12.5%, 25%, and 50% of the standard working concentration showed growth comparable to that of the
control group, while concentrations of 10% and 100% led to a significant reduction in the growth of F. diplosiphon.
Consequently, the optimal concentration of MiracleGro was identified as 12.5% of the standard working rates (0.074
g/L) (Figure 2), as it represented the lowest concentration sustaining growth relative to cultures grown in BG-
11+HEPES. This suggests that MiracleGro could serve as a more readily available and cost-effective nutrient source for
cyanobacterial cultivation compared to BG-11 as the nutritional source.

While this study is the first to report the use of MiracleGro as a nutrient source for F. diplosiphon, prior research
has demonstrated its efficacy in other cyanobacteria and algae such as Scenedesmus sp., Pavlova salina, Dunaliella
tertiolecta as well as mixed cyanobacterial/microalgal communities from the natural environment (Barakoni et al., 2015;
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Ibekwe et al., 2017; Lee et al., 2014). These studies reported using the widely available fertilizer to boost nitrogen
content for cultivating these organisms, which suggests that it would be a logical substitute for BG-11 nutrient media.
Moreover, successful large-scale cultivation of F. diplosiphon exclusively with MiracleGro was achieved, eliminating
the need for BG-11+ HEPES. The cost analysis of each nutrient source, extrapolated to ascending culture volumes up
to 100,000 L, indicate a substantial reduction in nutrient input costs using MiracleGro, decreasing from almost $17,000
to approximately $36. This represents cost savings of over 99%, as detailed in Table 1. Additionally, the utilization of
recycled brackish waters for cultivation up to five times further diminishes water requirements. Overall, the results of
the study suggest that the transition to MiracleGro as a nutrient source is not only more economically viable but also
more scalable compared to BG-11.

Fgurvl: The pictures above show the (A) Fremyella diplosiphon scaled up to 120L carboy weekly harvests and (B)
harvested dried biomass used for conventional extraction method for isolation of lipids, the precursors to biodiesel.
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Figure 2: Growth of Fremyella diplosiphon SF-33 in standard BG-11+HEPES nutrient media (control) and 0.074 g/L
MiracleGro, a potentially more economical substitute nutrient source. The average optical density at 750 nm (+ standard
error) of three biological replicates for each treatment after a 15-day period is shown. Different letters above bars indicate
significant difference among treatment means at a given day (p<0.05).
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BG11 Miracle Gro Cost Savings
Unit 1L 25kg N/A
Amount per liter 2ml 0.074 g N/A
Culture volume (L) per unit 500 33784 N/A
Price per unit $84.79 $12.22 N/A
Price per liter $0.17 $0.0004 $0.17
Price per 700L $118.71 $0.2532 $118.45
Price Per 1500L $254.37 $0.5426 $253.83
Price Per 100,000L $16.958.00 $36.1712 $16.921.83

Table 1: Potential cost savings associated with transitioning from the BG-11 cyanobacterial nutrient medium to
MiracleGro® Note: Figure does not include additional potential savings from shipping fees and ability to recycle used
brackish waters.

3.2 Phycocyanin as a co-product of lipid extraction process

In addition to biofuels, we have identified supplementary high-value co-products, such as phycocyanin and
phycoerythrin, which not only create new revenue streams but also exhibit significant appeal in the nutraceutical and
animal feed markets, given their potent antioxidant properties (Jaeschke et al., 2021). Another noteworthy pigment is
chlorophyll-a, which is recognized as a supplement with immune-boosting, energy-enhancing effects, and promising
health benefits. Thus, co-production of these molecules during lipid extraction has the potential to generate revenue in
the short/medium term, thus enabling additional revenue to fund scale up operations of this strain as a source for
biodiesel. Ongoing studies have revealed that crude pigments isolated from lipid extraction maintain a blue color even
after two days in direct light (Figure 3).

The unique ability of the F. diplosiphon to adjust pigmentation in different wavelengths of light was harnessed
to enhance pigment accumulation. Our results revealed a significant increase in phycocyanin levels when F.
diplosiphon cultures were exposed to light through a red filter (5.44+0.001 ug/ug) (Figure 4). This suggests over a
two-fold increase of phycocyanin, which can cost up to $4,500 per gram (Figureeira et al., 2018), under red light
relative to control conditions under white light (2.29 +0.001 ug/ug), leading to an increase in potential revenues from

the cultivation process.

Figure 3: Comparison of Fremyella diplosiphon SF33 pigments obtained from scale-up cultures grown in MiracleGro
(A) Pigments obtained from osmotic shock lipid extraction and (B) photosynthetic pigments isolated after 2 days of
exposure to direct light.
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Figure 4: Comparison of phycocyanin levels in Fremyella diplosiphon exposed red light and white light (control). The
mean of the phycobiliprotein phycocyanin (+ standard error) of three biological replicates for each treatment after a 7-
day period is shown. Different letters above bars indicate significant difference among treatment means at a given day
(P<0.05).

3.3 Comparison of osmotic shock to other disruption approaches for optimization F. diplosiphon cellular lipid
extraction

The determination of total cellular lipid content is crucial for assessing the suitability of a candidate organism for high-
quality biodiesel production. In particular, gravimetric analysis provides precise and reproducible measurements of total
lipid content in microalgae and cyanobacteria (Patel et al., 2019). In our study on gravimetric analysis, significant
differences in F. diplosiphon total lipid content were observed among the three cell disruption treatments (p=0.0013),
with osmotic shock resulting in a significantly higher yield (32.0+£2.08% CDW) than both the conventional (21.0+1.73%
CDW) and heat shock methods (15.33+1.20% CDW). This suggests that osmotic shock not only offers the advantage
of eliminating the drying step of the production process, but also enhances the yield of extractable lipids. This is in
accordance with prior studies in other microalgal and cyanobacterial species such as Chaetoceros muelleri and
Synechococcus elongatus in which osmotic stress was used to efficiently extract lipids and other valuable bio-products
(Gonzalez-Gonzalez et al., 2021; Wu et al., 2021). Another study reported that osmotic shock with 10% NaCl solution
was an effective disruption method comparable to less scalable methods like sonication, bead beating, and microwave
disruption (Prabakaran and Ravindran, 2011). The scalability of the osmotic shock method is facilitated by the abundant
availability of marine and brackish waters, suggesting that filtered river and seawater can be directly utilized for growing
cyanobacteria for lipid extraction. This aspect further enhances the potential efficiency of the process. Meanwhile, the
lack of statistical difference in lipid yields observed in conventional and heat shock treatment groups suggests that wet
biomass extract with heat shock disruption does not have the added benefit of enhanced lipid content identified in the
osmotic shock treatment. While this is the first report to compare various extraction approaches in F. diplosiphon,
conventional lipid yield was comparable to the lipid content in this organism as reported by Gharaie Fathabad et al.
(2019).
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Figure 5: Comparison of average total lipid content in Fremyella diplosiphon using conventional, heat shock and
osmotic shock methods. Error bars represent standard error of each cell disruption approach, and different letters indicate
significant differences between treatments.

4. CONCLUSION

Biofuels derived from cyanobacteria, exemplified by F. diplosiphon, possess substantial value, showcasing their
potential as viable sources of transportation fuels. This potential is grounded in their environmental advantages and the
generation of economically valuable co-products during the fuel production process. Current initiatives, originating from
both public and private sectors, signal the imminent emergence of biofuels as credible alternatives to fossil fuels. Our
research has provided valuable insights into the scalable cultivation of cyanobacteria, along with the extraction and
purification of bio-products with practical real-world applications.

The study results highlight the effectiveness of lipid extraction through osmotic shock and cultivation using
alternative nutrient sources for maximizing both cost savings and bio-product yield. Furthermore, our investigations
have laid the groundwork for further exploration of photosynthetic pigments and other co-products, encompassing
purification processes and assessments of using filters for specific wavelengths to enhance generation of these
economically valuable molecules. Innovative research, including the development of scaled-up cultivation systems and
a biofuel production system integrating extraction and conversion for high yield, holds significant potential for the
successful commercialization of this technology.

These initial scale-up experiments have set the stage for large scale studies, where the best conventional and
disruption methods will be compared for total lipid content. Subsequent studies will delve into the chemical and physical
properties of the resulting biofuel, as well as assess its blends with conventional fuels and additives, aiming to achieve
a substantial reduction in greenhouse gas emissions while maintaining optimal engine performance. Enhancing the
efficiency of these advanced biofuels will drive commercial production and facilitate the widespread adoption of these
prototypes.
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ABSTRACT

The Japan International Cooperation Agency (JICA) has established the Road Asset Management Platform
(RAMP). RAMP implements I. technical cooperation projects to strengthen the maintenance and management capacity
of road infrastructure in developing countries, Il. develops technology related to road asset management, support
overseas expansion such as support for local implementation, and 111. Long-term training program aimed at developing
core human resources for national road administration. Through these activities, RAMP is summarizing information
from Japan and abroad, and building a public-private-academia collaboration system in Japan. In many of the developing
countries in African region where JICA provides cooperations, proper maintenance and management are not sufficiently
implemented due to a lack of engineers, funds, and equipment. Furthermore, bridges are frequently damaged and fall
because of heavy rains during the rainy season, floods caused by cyclones, and overloaded vehicle traffic. Therefore,
efficient bridge inspection, diagnosis, and repair techniques are required for bridge maintenance and management. In
Japan, bridge inspection technology using tablets with artificial intelligence (Al) is being developed, and private
companies are also developing bridge inspection systems for overseas deployment. Under these situations, the project
for improvement of bridge maintenance and management capacity in Mozambique is utilizing the RAMP with Japanese
companies to support the development of the bridge inspection system that will contribute to solving issues in bridge
maintenance and management in Mozambique. Specifically, seminars were held to promote the phased introduction of
technology and the understanding of new bridge inspection method using Al, local bridge damage data in Mozambique
was collected for Al development, and bridge inspection demonstrations were conducted using the developing system.
This paper describes the development and implementation case study in Mozambique of a bridge inspection system
using Al that is currently being developed by a Japanese company.

KEYWORDS: Road Asset Management Platform, public-private-academia collaboration, bridge maintenance
and management, bridge inspection, artificial intelligence
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1.0 INTRODUCTION

The Japan International Cooperation Agency (herein after JICA) established the Road Asset Management
Platform (herein after RAMP) in October 2017 to address road infrastructure maintenance and management issues in
developing countries. RAMP implements I. technical cooperation projects to strengthen the maintenance and
management capacity of road infrastructure in developing countries, Il. developing technology related to road asset
management, support overseas expansion such as local implementation, and 1l1. Long-term training program aimed at
developing core human resources for national road administration. In March 2019, a memorandum of understanding for
collaboration was also signed with the Japan Society of Civil Engineers (herein after JSCE). Through these activities,
RAMP is summarizing knowledge and experience from Japan and abroad and building a public-private-academia
collaboration system in Japan as shown in Web-1.

JICA implements private sector development as shown in Web-2, while RAMP supports overseas deployment of
technology collaborated with private companies by utilizing technical cooperation projects to support technology
development and local introduction. For example, RAMP has accumulated experience in supporting the overseas
deployment of Japanese technology, particularly in Asian countries such as Laos, the Philippines, Bhutan, and
Bangladesh and so on. In the technical cooperation project being implemented in Laos as shown by Kondo et al (2022),
it stated that the introduction of technology of Japanese companies is effective in solving local issues and that
collaboration with public and academia is also effective in enhancing sustainability. It is also mentioned that RAMP's
activities have contributed to these effects, and further networking is needed.

However, in terms of support for overseas deployment of Japanese technology in the African region, the African
region has the lowest total number of bases of Japanese companies as shown by Takahashi et al (2022), and it is assumed
that the Africa region faces more challenges than the Asian region in terms of securing partners in Japan and spreading
the technology for sustainable efforts.

In many of the developing countries in African region where JICA provides cooperations, proper maintenance
and management are not sufficiently implemented due to a lack of engineers, funds, and equipment. Furthermore,
bridges are frequently damaged and fall because of heavy rains during the rainy season, floods caused by cyclones, and
overloaded vehicle traffic. Therefore, efficient bridge inspection, diagnosis, and repair techniques are required for bridge
maintenance and management. Similar issues have been reported in Mozambique, where the authors are working, and
the Mozambican implementing agency, Administracdo Nacional de Estradas (herein after ANE), has requested the
introduction of the latest technology to efficiently solve bridge maintenance and management issues.

Meanwhile in Japan, among the above-mentioned required technologies, development is being promoted with a
focus on bridge inspection technology. For example, development of bridge inspection technology using tablets with
artificial intelligence (Al) as shown by Watanabe et al (2022), and private company is conducting a bridge inventory
survey in developing country as shown by Iwamasa et al (2022), It is also said that bridge inspection systems are being
developed for overseas deployment with a view to its use in not only Japan but also in developing countries.

Under these situations, the project for improvement of bridge maintenance and management capacity in
Mozambique (hereinafter Mozambique Bridge Project) is utilizing the partnership system established by RAMP with
Japanese companies to support the development of the bridge inspection system that will contribute to address issues in
bridge maintenance and management in Mozambique.

The systems described in this activity are currently developing by private companies collaborated with Mozambique
Bridge Project.

This paper explains the development of system and examination of local applicability of these systems and
introduces the process. Specifically, seminars were held to promote the phased introduction of technology and the
understanding of new bridge inspection method using Al, local bridge damage data in Mozambique was collected for
Al development, and bridge inspection demonstrations were conducted using the developed system.

In this paper, Chapter 2 describes outline of RAMP, Chapter 3 describes the status of the road sector in
Mozambique, Chapter 4 describes outlines of the Mozambique Bridge Project, Chapter 5 describes a practical example
of the bridge inspection system using Al, and Chapter 6 describes the conclusions.

2.0 ROAD ASSET MANAGEMENT PLATFORM

JICA established RAMP in October 2017.  Figure 1 shows the implementation structure of RAMP. RAMP aims
to accumulate domestic and international knowledge to solve road infrastructure maintenance and management issues
in developing countries, and to realize road administration to establish road asset management in developing countries
through the following initiatives as shown in Web-1.
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Figure 1: Implementation structure of RAMP referred to Web-1
Implementation of technical cooperation project

Feedback

As of January 2022, the project had been implemented in 23 countries, mainly in Asia and Africa, to strengthen
the capacity of developing countries to maintain and manage road infrastructure through the development of manuals,
institutionalization support, and pilot projects. In the technical cooperation projects, Japanese maintenance and
management technologies are actively utilized. In addition, based on a memorandum of understanding with JSCE,
cooperation is also being conducted with Japanese universities in academic research and human resource development.
Human resource development

To develop core human resources for road asset management in developing countries, RAMP has been accepting
staff and engineers from ministries and agencies of various countries as master or doctoral students in Japanese
universities. As of March 2024, the program has accepted 73 students from 18 countries to 15 universities. After
returning to their home countries, the trainees who completed this program are also playing core human in the technical
cooperation project mentioned above and are conducting activities that will lead to the local implementation of the
research results they learned during their training in Japan. Although Mozambique has no record of sending students to
this training activity as of 2023, as in other countries, participation in this training program is considered effective from
the perspective of returning research achievements in Japan, and JICA aim to send students from Mozambique starting
in April 2025.

Development and overseas deployment

RAMP provides support for the overseas deployment of new technologies in Japan with the aim of solving
problems that could not be solved through conventional technical cooperation. The technical cooperation project is being
utilized for overseas deployment and is being introduced on a trial basis. For example, a bridge inspection robot camera
was introduced in Bangladesh, a slope collapse warning system in Bhutan, and a drone-based bridge inspection in the
Philippines as shown in web-1. In Laos, collaboration with private companies that utilize Japanese technologies locally
is being implemented, and through trial introductions, the issues raised by local private companies are also being
identified as shown by Kondo et al (2022).

3.0 OVERVIEW OF ROAD SECTOR IN MOZAMBIQUE

Mozambique is a logistics hub in the southern African region and plays an important role in land transportation
to landlocked countries. The total road length is about 30,464 km, of which about 27% is paved. About 1,300 bridges
exists in Mozambique, of which about 70% are concrete bridges, about 15% are Bailey and steel bridges, and about
15% are box culvert bridges. In Mozambique, about 90% of the transportation of people and goods is done by land, and
therefore, the Maputo Corridor, which was developed during the Portuguese colonial rule from the 1930s to the 1970s,
the Beira Corridor, which runs from the Beira port to Zimbabwe, Zambia, and Malawi, and the Nacala Corridor, which
runs from the Nacala to the capital of Malawi and Zambia, has been developed as a corridor leading to landlocked
countries.

National roads throughout Mozambique are administered by the ANE under the Ministry of Public Works,
Housing and Water Resources (MOHWR). The ANE is responsible for the maintenance and management of roads and
bridges by contracting out the work to private companies.
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Figure 2: Main corridors of Mozambique

JICA has implemented a road maintenance and management capacity improvement project as a technical
cooperation project to ANE from 2011 to 2014 and has also implemented five trunk road improvement projects along
the Nacala Corridor so far, focusing on the Nacala Corridor development as shown in Web-3. Figure 2 shows the main
corridors in Mozambique.

On the other hand, Mozambique is considered one of the most prone to natural disasters among African countries.
Cyclone Idai hit Beira in March 2019, heavy rains caused flood damage mainly in Maputo Province in February 2023,
and Cyclone Freddy hit Mozambique in March of the same year. Furthermore, in addition to these natural disasters,
there have been frequent incidents of bridges falling due to the passage of overloaded vehicles. These damages have
caused frequent bridge falls in Mozambique. The causes of the above bridge failures can be attributed not only to natural
disasters, but also to a lack of knowledge and skills in inspection and diagnosis, inadequate manuals, insufficient
maintenance budgets, and inadequate supervision by private operators due to a lack of ANE staff.

4.0 THE PROJCT FOR IMPROVEMENT OF BRIDGE MAINTENANCE AND MANAGEMENT
CAPACITY IN MOZAMBIQUE

Purpose and Activities

In response to the challenges in Mozambique described in the previous chapter, the Mozambique Bridge Project
set the project goal as "the bridge maintenance and management capacity of ANE regional office engineers at ANE
headquarters and in the pilot project area will be improved™" and established the following 4 outcomes to achieve the
project goal.

Output-1 The knowledge and skills of engineers at ANE headquarters and regional offices for bridge inspection

and diagnosis will be acquired.

Output-2 The knowledge and skills of engineers at ANE headquarters and regional offices for bridge repair and

maintenance will be acquired.

Output-3 The knowledge and skills of engineers at ANE headquarters and regional office for Bridge Management

System (BMS) operation and management will be acquired.

Output-4 The knowledge and skills of engineers at ANE headquarters and regional office for bridge maintenance

and management plans will be acquired.

To achieve these outcomes, information on the issues, analysis, manual development, and training are being
conducted according to each outcome. The project period is from April 2021 to October 2024.

Japanese side project officials

To implement the activities described in 4.1, the Mozambique Bridge Project consists of a project team of 16
short-term experts and 1 long-term expert who is dispatched to the project site for one year or more to implement public-
private-academia collaboration activities. Figure 3 shows the project implementation structure. The long-term experts
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are dispatched from associate experts as shown in Web-4, who are young people that JICA hopes to be engaged in
international cooperation projects in the future and were dispatched about one and a half years after the project started.
The first author of this paper serves as a long-term expert. Short-term expert is those whose dispatch period is less than
one year, and long-term expert is those whose dispatch period is more than one year.

Project for Improvement of Bridge Maintenance and Management Capacity in Mozambique

{ *Overseas Expansion/Research Activities

Japanese Mozambique (ANE)
Long-term Short-term Head Quater Local office
Expert Expert Bridge Maputo
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Figure 3: Project implementation structure
Mozambique side project officials

The main counterpart of Mozambican side is ANE, which includes the headquarters department and regional
office. Although not included in the counterpart, the Mozambique Bridge Project is strengthening its ties with
universities and the private sector in Mozambique through the activities of long-term expert. These partnerships with
academic institutions such as universities and research institutes in Mozambique and the private sector were agreed upon
prior to the start of the project.

Public-Private-Academia collaboration activities conducted by long-term expert

Under the RAMP activities, long-term expert was dispatched to Mozambique for the purpose of implementing
following public-private-academia collaboration.

a) Cooperation with training programs including long-term training programs,

b) Support for overseas deployment of technologies of Japanese companies,

c) Promote for the cooperation with domestic and local universities in Mozambique,

d) Promotion of cooperation with other JICA projects and JICA schemes being implemented in neighbouring

countries.

Details on each activity are described below.

Activity a) Participants in RAMP long-term training program and short-term training programs in the road sector,
support will be provided at the selection stage of long-term trainee candidates and for follow-up activities after their
return to Mozambique. Although Mozambique has not yet dispatched any trainees under RAMP long-term training
program, it is scheduled to select candidates for trainees who will enter the program starting in March 2024.

Activity b) In cooperation with RAMP, collect local information, conduct field surveys, and introduce Japanese
technology to provide opportunities for local introduction of Japanese technology.

Activity ¢) Based on the memorandum of cooperation between JICA and JSCE, JSCE and JICA will jointly hold
seminars. It is also collaborated with the JSCE's research grant program for international deployment of infrastructure
management technology. Seminars on bridge maintenance and management will be held for local universities, which
are responsible for training future engineers.

Activity d) Information on other road bridge maintenance projects in other countries, including other schemes,
will be collected, and analysed for possible linkage with the Mozambique Bridge Project.

The activities described in Activity b) above were explained in this paper, and together with the co-authors, the
activities described in the next chapter were carried out.

5.0 BRIDGE INSPECTION SYSTEM USING AI-EQUIPPED TABLET NAMED “HASHIMORI Al
HELPER”

Background of the development and the equipment

The bridge inspection support tablet system has been developed to help local governments in Japan, addressing
issues such as a shortage of inspection technicians, budget shortages, and time constraints for inspections by making
bridge inspections more efficient. This technology has been reported to be effective in overcoming these issues for local
governments in Japan as shown by Ibayashi et al (2013a and 2022b). The issue in developing countries also face similar
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challenges, and from the experience in Japan, this tablet system is expected to be very effective in reducing on-site
inspection and diagnosis time and in preparing inspection reports.

The co-authors have been developing an Al-based diagnosis function for a bridge inspection support tablet
system, which is called “Hashimori Al helper” and it can automatically evaluate the damage level. This system enables
bridge inspectors to make a final damage assessment based on the Al diagnosis and prevents variations in the diagnosis
results due to the skill level of the inspector. Furthermore, a function has been added that allows the Al to estimate
damage factors based on bridge specifications, environmental conditions, and damage photographs, and then suggest
repair methods.

This system used iPads and iPhones with more than 10S 15 developed by Apple Inc.

Flow of inspection and diagnosis

Figure 4 shows the flow of inspection and diagnosis.

1) Input of inspector and bridge specification data as shown in Figure 4a:

Start the application and enter bridge resource data such as inspector name, bridge name, location information,
bridge type, bridge length and span, and take photos of the entire bridge.

2) Photograph damage for each inspection item. as shown in Figure 4b:

In this activity, 18 inspection items were set based on Japanese inspection standards.

3) Confirmation of inspection results as shown in Figure 4c:

Al is utilized to judge the level of damage as a supporting function for the inspector for the photos taken for each
inspection item.

4) Storage of inspection records and preparation of reports as shown in Figure 4d:

Inspection records are saved, and a report is prepared. The report is automatically created based on the inspection
records.

5) Diagnosis of cause of damage and proposal of repair techniques as shown in Figure 4e, Figure 4f, and Figure

4q:

Based on the created inspection report, the system suggests the bridge repair method for each type of damage. In
the bridge inspection and diagnosis function, the Al suggests the results based on image data from the damage photo
collection survey described in the next chapter.
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Figure 4e: Diagnosis judgement, inspector choose the damage area

Figure 4f: Diagnosis for the cause of damage is suggested by Al

Figure 4g: Types of repair methods is suggested by Al

Figure 4: Flow of Inspection and diagnosis function



