Research on

R
E

M
S

Engineering
Structures
Materials

P-ISSN: 2148-9807 E-ISSN: 2149-4088

Volume
8

Issue
2

June
2022

www.jresm.org

The International Journal of Research on Engineering Structures and Materials (RESM)
is a peer-reviewed open access journal (p-ISSN: 2148-9807; o-ISSN: 2149-4088) published
by MIM Research Group. It is published in February, June, September, and December.
The main objective of RESM is to provide an International academic platform for researchers
to share scientific results related to all aspects of mechanical, civil and material engineering
areas.
RESM aims the publication of original research articles, reviews, short communications
technical reports, and letters to the editor on the latest developments in the related fields.
All expenditures for the publication of the manuscripts are most kindly reimbursed by MIM
Research Group. Thus, authors do not need to pay for publishing their studies in the journal.
The scope of the journal covers (but not limited to) behavior of structures, machines and
mechanical systems, vibration, impact loadings and structural dynamics, mechanics of
materials (elasticity, plasticity, fracture mechanics), material science (structure and
properties of concrete, metals, ceramics, composites, plastics, wood, etc.,), nano-materials
performances of new and existing buildings and other structural systems, design of
buildings and other structural systems, seismic behavior of buildings and other structural
systems, repair and strengthening of structural systems, case studies and failure of
structural systems, safety and reliability in structural and material engineering, use of new
and innovative materials and techniques in energy systems and mechanical aspects of
biological systems (biomechanics and biomimetics).

The topics covered in JRESM include:
•
•
•
•
•
•
•

Structural Engineering
Mechanical Engineering
Material Engineering
Earthquake Engineering
Nano-technology
Energy Systems
Biomechanics and Biomimetics

Abstracting and Indexing
Please visit http://www.jresm.org for more information.

Graphics and Design
Yunus Demirtaş

ydemirtas@jresm.net

RESEARCH on
ENGINEERING STRUCTURES &
MATERIALS

RESEARCH on ENGINEERING STRUCTURES & MATERIALS
Editorial Board
Editor in Chief
Hayri Baytan Özmen

Usak University

Turkey

Usak University

Turkey

University of Evora

Portugal

Editor (Energy, Thermodynamics)
Canan Kandilli
Editor (Physics, Fluid Dynamics)
Antonio F. Miguel

Editor (Earthquake Eng., Structural Eng.)
Michele Barbato

University of California Davis

USA

Editor (Mechanics, Biosystems, Meta-materials)
Alp Karakoç

Aalto University

Finland

Editor (Applied Mechanics, Manufacturing, Design)
Faris Tarlochan

Qatar University

Qatar

Arel University

Turkey

Editor (Civil Engineering)
Mehmet Palancı

Editorial Office
Publishing Assistant
Yunus Demirtaş

Eskişehir Technical University

Yusuf Öztürk

MIM Resarch Group

Turkey
Turkey

Language Editors
Gaye Kuru
Mete Çal

Usak University
Niğde Ömer Halisdemir University

Turkey
Turkey

Editorial Board Members
Farid Abed-Meraim

Arts et Metiers ParisTech

France

P. Anbazhagan

Indian Institute of Science

India

Raffaele Barretta
R.S. Beniwal

University of Naples Federico
II
Council of Scientific and
Industrial Research

Italy
India

Antonio Caggiano

University of Buenos Aires

Argentina

Noel Challamel

University of South Brittany

France

Abdulkadir Çevik

Gaziantep University

Turkey

J. Paulo Davim

University of Aveiro

Portugal

Hom Nath Dhakal

University of Portsmouth

UK

Ali Faghidian

Islamic Azad University

Iran

S. Amir M. Ghannadpour

Shahid Beheshti University

Iran

Ali Goodarzi

Harvard University

USA

Jian Jiang

National Institute of
Standards and Technology

USA

Ramazan Karakuzu

Dokuz Eylül University

Turkey

Arkadiusz Kwiecien
Stefano Lenci

Cracow University of
Technology
Universita Politecnica delle
Marche

Poland
Italy

Silva Lozančić

University of Osijek

Croatia

Fabio Mazza

University of Calabria

Italia

Yuan Meini

North University of China

China

Stergios A. Mitoulis

University of Surrey

UK

Vinayagam Mohanavel

Anna University

India

Ehsan Noroozinejad Farsangi

Kerman Graduate University
of Technology

Iran

Alaa M. Rashad

Shaqra University

Saudi Arabia

Mohammad Mehdi Rashidi

University of Tongji

China

Pier Paolo Rossi

University of Catania

Italy

Neritan Shkodrani
Y.B. Yang

Polythecnic University of
Tirana
National Taiwan University

Albania
Taiwan

Advisory Board Members
Yaser Açıkbaş

Usak University

Turkey

Mohammad Afrazi

Tarbiat Modares University

Iran

Ayse Bilge Aksoy

Celal Bayar University

Turkey

Ali Özhan Akyüz

Burdur Mehmet Akif Ersoy University

Turkey

Mohammad Al Biajawi

Universiti Malaysia Pahang

Malaysia

Gabriel Arce

Louisiana State University

USA

E. Arunraj

Karunya Institute of Technology and
Sciences

India

K. Ashwini

Jawaharlal Nehru Technological
University Hyderabad

India

Olumoyewa Atoyebi

Landmark University

Nigeria

Samuel Awe

Automotive Components Floby AB

Sweden

Ameer Baiee

University of Babylon

Iraq

Ajay Sudhir Bale

CMR University

India

Megha Bhatt

SV National Institute of Technology

India

Tanik Bayram Cayci

Pamukkale University

Turkey

Noé Cheung

Universidade Estadual de Campinas

Brazil

Chella Gifta Christopher

National Engineering College

India

Hüseyin Coşkun

Usak University

Turkey

Daniel Cruze

Hindustan Institute of Technology and
Science

India

Ali İhsan Çelik

Kayseri University

Turkey

Ahmet Demir

Bolu University

Turkey

Cengiz Görkem Dengiz

Ondokuz Mayıs University

Turkey

Marwan Effendy

Universitas Muhammadiyah Surakarta

Indonesia

Halil Murat Enginsoy

Çanakkale Onsekiz Mart University

Turkey

Ali Erçetin

Bingol University

Turkey

S. Ali Faghidian

Islamic Azad University

Iran

Christopher Fapohunda

Federal University Oye-Ekiti

Nigeria

Advisory Board Members
Abdullah Fettahoglu

Usak University

Turkey

Mehmet Cemal Genes

Eastern Mediterranean University

North Cyprus

Vahidreza Gharehbaghi

University of Southern Queensland

Australia

Anjeza Gjini

Polytechnic University of Tirana

Albania

Layachi Guelmine

University Of Bordj Bou Arreridj

Algeria

Kadir Günaydın

GE Aviation

Turkey

Orhan Gülcan

General Electric Aviation

USA

Marijana Hadzima-Nyarko

University of Osijek

Croatia

Dulce Franco Henriques

Instituto Politécnico de Lisboa

Portugal

Qing Hong

Midwestern University

USA

Ercan Isik

Bitlis Eren University

Turkey

Khairul Nizar Ismail

Universiti Malaysia Perlis

Malaysia

Berrin Ikizler

Ege University

Turkey

Saifulnizan Jamian

Universiti Tun Hussein Onn Malaysia

Malaysia

Joel Shelton Joseph

RGM College of Engineering and
Technology

India

Arunkumar K.

-

India

Nikhil R. Kadam

Birla Institute of Technology and Science

India

Abdulhalim Karasin

Dicle University

Turkey

Hemant B. Kaushik

Indian Institute of Technology Guwahati

India

Mehmet Kaya

Yozgat Bozok University

Turkey

Zafer Kaya

Dumlupınar University

Turkey

Sedat Kömürcü

Istanbul Technical University

Turkey

B. Radha Krishnan

College of Engineering and Technology

India

Karthik Krishnasamy

Vel Tech Rangarajan Dr Sagunthala R&D
Institute of Science and Technology

India

Nitin Kumar

University of California Davis

USA

Manjunatha Kuruba

B.M.S College of Engineering

India

Ravichandran M.

K.Ramakrishnan College of Engineering

India

Advisory Board Members
Lomesh Mahajan

Dr. Babasaheb Ambedkar Technological
University

India

Waqas Ahmed Mahar

University of Liege

Belgium

Emrah Meral

Osmaniye Korkut Ata University

Turkey

Sedat Metlek

Mehmet Akif Ersoy University

Turkey

Masoomeh Mirrashid

Semnan University

Iran

Mustafa K. A. Mohammed

Dijlah University College

Iraq

Berker Nacak

Usak University

Turkey

Samson Olalekan Odeyemi

Kwara State University

Nigeria

Mehmet Orhan

Pamukkale University

Turkey

Alp Özdemir

Eskişehir Technical University

Turkey

Yasin Onuralp Özkılıç

Necmettin Erbakan University

Turkey

Partheeban Pachaivannan

Chennai Institute of Technology

India

Moslem Paidar

Islamic Azad University

Iran

Chitaranjan Pany

Vikram Sarabhi Space Center

India

Vikas Patel

National Council for Cement and Building
Materials

India

Lalit Pawar

Veermata Jijabai Technological Institute

India

Amin Moslemi Petrudi

Tehran University

Iran

Josphat Phiri

Aalto University

Finland

B.Prabakaran

Hindustan Institute of Technology and
Science

India

K. Venkatesh Raja

Sona College of Technology

India

Badrinarayan Rath

Wollega University

Ethiopia

Pier Paola Rossi

University of Catania

Italy

Francesca Russo

Instituto per la Tecnologia delle
Membrane CNR-ITM

Italy

Abbasali Sadeghi

Islamic Azad University

Iran

S. Reza Salimbahrami

Semnan University

Iran

M.Helen Santhi

Vellore Institute of Technology

India

Advisory Board Members
Sudesh Singh

Sharda University

India

Rianti Dewi SulametAriobimo

Universitas Trisakti

Indonesia

Hamide Tekeli

Suleyman Demirel University

Turkey

Serdar Tez

Pamukkale University

Turkey

Tugce Tezel

Akdeniz University

Turkey

Subash Thanappan

Ambo University

Ethiopia

Fatma Coskun Topuz

Yuzuncu Yil University

Turkey

Prem Kumar V.

-

India

Suiwen Wu

University of Nevada

USA

Jhair Yacila

Pontifical Catholic University of Peru

Peru

Omid Aminoroayai Yamani

K. N. Toosi University of Technology

USA

In This Issue
Research Article
205
Michael Kanisuru Adeyeri, Olatunji Oladimeji Ojo, Adefemi
Oluseye Adelusi
Fracture behaviors and optimizations of friction stir spot welded and
friction stir clinched hybrid aluminum/acrylonitrile butadiene styrene
joints
Research Article
223
Atike Ince Yardimci, Mehmet Kayhan, Aslı Durmus, Mehmet
Aksoy, Ozgur Tarhan
Synthesis and air permeability of electrospun PAN/PVDF nanofibrous
membranes
Research Article
233
P. N. Ojhaa, Brijesh Singh, Shivam Prakash, Pranay Singh, Manish
K. Mandre, Suresh Kumar
Effect of high ratio fly ash on roller compacted concrete for dam
construction
Research Article
253
Layachi Guelmine
The freeze-thaw durability of concrete containing the rubber
aggregate of tire waste
Research Article
265
P. N. Ojha, Abhishek Singh, Brijesh Singh, Vikas Patel
Mechanical and durability properties of cement mortar and concrete
reinforced with glass micro fibre
Review Article
283
Mahmud Sami Döndürena, Mohammed Gamal Al-Hagri
A review of the effect and optimization of use of nano-TiO2 in
cementitious composites
Review Article
307
Abiodun Kilani, Christopher Fapohunda, Oluwatobi Adeleke,
Charity Metiboba
Evaluating the effects of agricultural wastes on concrete and
composite mechanical properties: a review
Research Article
337
Marsed Leti, Hüseyin Bilgin
Damage potential of near and far-fault ground motions on seismic
response of RC buildings designed according to old practices

Research Article
359
Laxmi M Ramdas, M. Helen Santhi, G. Malathi
A study on high-rise RC structure with fluid viscous damper using
python
Research Article
371
Bode Venkata Kavyateja, Panga Narasimha Reddy, C. Arvind
Kumar
Properties of self-compacting concrete modified with ultrafine slag
Research Article
385
Hayri Baytan Ozmen, Naile Gül Tarakcı
Effect of soil and foundation stiffness on the seismic behavior of midrise RC buildings
Technical Note
403
Abiodun Kilani, Christopher Fapohunda
Economizing the road drainage construction’s cost using standard
design, offsetting and setting out method: a case study of Ogbomoso –
Oko – Osogbo Road, Nigeria
Technical Note
421
Lomesh Mahajan, Sariputt Bhagat
An artificial neural network for the prediction of the strength of
supplementary cementitious concrete

Free access to tables of content, abstracts and full text of papers for web visitors.
Copyrigth © 2022
Research on Engineering Structures & Materials
MIM Reseach Group Publications
P-ISSN: 2148-9807
E-ISSN: 2149-4088
http://www.jresm.org

ABSTRACTING / INDEXING
The international journal of Research on Engineering Structures and Materials (RESM)
is currently Absracted/Indexed by Asos Indeks, CiteFactor, Cosmos, CrossRef, Directory
of Research Journal Indexing, Engineering Journals (ProQuest), EZB Electronic Journal
Library, Global Impact Factor, Google Scholar, International Institute of Organized
Research (I2OR), International Scientific Indexing (ISI), Materials Science &
Engineering Database (ProQuest), Open Academic Journals Index, Publication Forum,
Research BibleScientific Indexing Service, Root Indexing, Scopus, Ulakbim TR Index
(Tubitak), Universal Impact Factor and under evaluation by many other respected
indexes.
Check web site for current indexing info, www.jresm.org

Research Article

Fracture behaviors and optimizations of friction stir spot welded
and friction stir clinched hybrid aluminum/acrylonitrile
butadiene styrene joints
Michael Kanisuru Adeyeri1,a, Olatunji Oladimeji Ojo*1,b, Adefemi Oluseye Adelusi2,c
1Department
2Department

of Industrial and Production Engineering, Federal University of Technology Akure, Nigeria.
of Mechanical Engineering, Federal University of Technology Akure, Nigeria

Article Info

Abstract

Article history:
Received 10 Aug 2021
Revised 20 Nov 2021
Accepted 30 Nov 2021
Keywords:
Friction stir spot
welding;
Friction stir clinching;
Aluminum alloy;
Acrylonitrile butadiene
styrene polymer;
Fracture;
Mechanical properties;
Microstructure

This study compares and optimizes the friction stir clinched and friction stir spot
welded hybrid aluminum/acrylonitrile butadiene styrene polymer (Al/ABS)
joints. The mechanical and fracture behaviors of the respective hybrid joints
were investigated. The results show that the friction stir spot welded Al/ABS
joint exhibited a higher tensile-shear failure load. The presence of higher
deformation (protrusion-aided) and deeper tool profile-induced hole (stress
raiser) in the friction stir clinched Al/ABS joint impaired the loadbearing
resistance of the joint. The optimum tensile-shear failure loads of the friction stir
spot welded, and friction stir clinched Al/ABS joints are 932 and 509 N
respectively. Three fracture modes, namely unbuttoning, circumferential-partial
Al in-polymer shearing, and mid-nugget shearing modes, ensue in both joint
categories. Protrusion-aided deformation is not desirable for the improved
performance of the hybrid Al/ABS joint. Friction stir spot welding is thus
recommended for the fabrication of hybrid metal/polymer.

© 2022 MIM Research Group. All rights reserved.

1. Introduction
The use of hybrid aluminum and polymeric materials has gained tremendous acceptance
in modern manufacturing industries such as aerospace, transportation, and drone
technology due to their desirable properties [1]. Aluminum has low density, high strength,
and high corrosion resistance [2] while polymers are lightweight materials having long
chain macro-molecules (with covalent bond) and with low thermal stability, high specific
strength, high elastic modulus, and good flexibility. However, the joining of Al and
polymers is difficult to achieve due to the disparity in the physiochemical properties of the
materials. The traditional joining techniques such as adhesive bonding, riveting, and
screwing are not desirable for joining Al and polymers due to shortcomings such as weight
addition, and easily impaired adhesive-bonded interface between Al and polymer in a wet
environment [4] [5][6][7]. Porosity, formation of reaction layers, impact-induced damages,
and poor strength are also challenges of joining Al and polymers via the use of fusion-based
techniques such as laser or hybrid laser welding processes [8][9]. There is consequently a
need to explore, modify, and optimize other novel joining alternatives such as friction stirbased processes to reduce weld defects and improve the performance of hybrid
Al/polymer joints.
Friction stir-based welding processes have been identified as suitable techniques for
joining dissimilar Al and polymer materials [10]. This approach leverages on the
*Corresponding

author: ojooladimeji90@yahoo.com
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nonmolten plastic deformation, inter-material flow effects [11][12], mechanical interlocks,
molecular adhesion, Al-C-O reaction or physiochemical bonding [13][14][15], and van der
Waal's bonding for sound hybrid Al/polymer joints [16][17][18][19]. Recently, Ojo [20]
investigated macro-/micro-mechanical interlocking improvement of the Al/ABS polymer
joint via the use of pre-fabricated unthreaded- and threaded-hole friction stir spot welding
processes. The variances of this new friction stir-based spot joining approach are friction
stir spot welding (FSSW) and friction stir cinching (FSC), which require comparative
elucidation and optimization. FSC is a modified or advanced method of mechanical
clinching that reduces joining force (by 40-60 times) and cracks formation while
improving material flow and metallurgical bonding in similar/dissimilar joints [19]. A
paucity of information on FSC of metal/polymer joints exists in literature while a few
reports are available on mechanical clinching of metal/polymer [21][22][23][24]. The
impact of friction-assisted clinching or FSC process on the metal/polymer materials is yet
to receive full clarification in literature. Recently, Lambiase and Paoletti [25] investigated
the friction-assisted clinching of Al and carbon fiber-reinforced polymer. It was revealed
that the utilization of friction clinching increased the joint’s formability (material flow) as
compared to the conventional clinched joint (having poor ductility). However, there is a
need to improve the performance of metal/polymer joints via effective optimization
techniques such as single/multi-objective Taguchi-based approaches [26-28], NSGA-II
algorithm [29], and model-based optimization method [30].
Based on the paucity of information on the friction stir clinched metal/polymer hybrid
joints and the need to identify the suitable joining approach, this research compares and
optimizes the friction stir clinching and friction stir spot welding of aluminum and polymer
materials. For the first time, the clarification, comparison, and optimization of mechanical
interlocking-induced friction stir-based spot joining approaches (friction stir clinching and
friction stir spot welding) of aluminum alloy and acrylonitrile butadiene styrene (ABS)
polymer were provided in an attempt to further explore the performance-desirability and
weldability of hybrid metal/polymer joints. The mechanical, microstructure, and fracture
behaviors of the respective joints are studied while the joining processes were optimized.
2. Materials and Method
The materials used in this research are aluminum alloy and acrylonitrile butadiene styrene
(ABS) polymer sheets with thicknesses of 3.0 and 4.0 mm respectively. The chemical
composition of the Al alloy is shown in Table 1. The base materials (sheets) were cleaned
and cut into the dimensions of 100 mm by 30 mm. The sheets were placed in an overlapped
configuration with the Al sheet placed as the top sheet. Friction stir spot welding (FSSW)
and friction stir clinching (FSC) processes were employed to join the overlapped sheets as
illustrated in Fig. 1. A pre-drilled hole was created in the die before the FSC process. The
hole diameter and depth in the die are 7.0 mm and 4.0 mm respectively as illustrated in
Fig. 1. The FSC and FSSW processes were carried out on an MV-2 Maximill milling machine
with welding tools having the same morphology. The welding tool (for both FSSW and FSC
processes) was fabricated from high-speed steel (HSS). Conical shoulder cylindrical pin
tools having 12 mm shoulder diameter and 6 mm pin diameter were utilized for the joining
processes, however, the pin length was 5.0 mm for the FSC process while it was 4.0 mm for
the FSSW process. Some parameters were selected as ideal for this research based on
previous research works in this field. Table 2 shows the parameter variation used for this
study. The experiment was planned via the use of the Taguchi method while the L9
orthogonal array was employed for the welding processes. Table 3 shows the L9
orthogonal array for this study and the coding employed for each of the welding processes.
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Table 1. Chemical Composition of Al Alloy
Elements
Wt.%

Mg
5.0303

Mn
0.0393

Zn
0.1139

Ni
0.0529

Sn
0.0221

Sb
0.0485

Cr
0.0081

Al
94.6748

Fig. 1 Illustrations of the Friction Stir-Based Welding Processes (a) FSSW, (b) FSC

Table 2. FSSW and FSC Parameter Variation
S/N
1
2
3

Parameter
Tool rotational speed (A)
Plunge depth (B)
Dwell time (C)

Unit
rev/min
Mm
S

Variation
900, 1120, 1400
5.5, 6.0, 6.5
3, 4, 5

The temperatures at which the joining of the materials took place were recorded. The top
Al plates were grooved to create slots for the placement of three K-type thermocouples A,
B and C. Thermocouple C (TC) was at 15 mm distance from the center of the joint,
thermocouple B (TB) was 6 mm away from C, and thermocouple A (TA) was 6 mm away
from B respectively as illustrated in Fig. 2. Fig. 3 shows the actual setup of the K-type
thermocouples before the welding process. The temperature readings at three rotational
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speeds (900 rpm, 1120 rpm, 1400 rpm) were taken with the use of a data logger in
milliseconds.
Table 3. FSSW and FSC Experimental Run
Exp.
No.
1

Tool rotational
speed (rpm)
900

Plunge depth
(mm)
5.5

Dwell
time (s)
3

Code for
FSC
A1

Code for
FSSW
B1

2
3
4
5
6
7
8
9

900
900
1120
1120
1120
1400
1400
1400

6.0
6.5
5.5
6.0
6.5
5.5
6.0
6.5

4
5
4
5
3
5
3
4

A2
A3
A4
A5
A6
A7
A8
A9

B2
B3
B4
B5
B6
B7
B8
B9

Fig. 2 Schematic Illustrations of K-Type Thermocouples

Fig. 3 Actual Setup Showing the Positioned Thermocouples
The microstructure of the as-welded samples was obtained by following the standard
metallographic procedure. The as-welded FSSW and FSC joints were mounted on a
Universal Testing Machine (Instron series 3369) to determine the tensile-shear failure
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load of the irrespective joints under ASTM D3039 standard and at a strain rate of 5
mm/min. The average of three samples was taken as the actual tensile-shear failure load
in this paper. The failed samples (during the tensile loading process) were examined under
an optical microscope and in JOEL-JSM 7600F scanning electron microscope (SEM) to
clarify the fracture of the joints. The Taguchi optimization approach was employed for the
process parameter optimization of the two welding processes (FSSW and FSC) by using the
MINITAB® 17 software to compute and plot the main effect plots for means and signal-tonoise (SN) ratio. The tensile-shear failure load was set as the output response for the
process parameter optimization and the goal was to maximize this output response. The
large-the better quality-characteristic or signal-to-noise ratio (SN ratio) expressed in
Equation 1 was employed to reveal the effect of process/control factors on the tensileshear failure load (response) of the joints. Where 𝑌𝑖 is the ith value of the tensile-shear
failure load/response and n is the number of trials. The optimal (control) levels of the
FSSW and FSC processes were derived from the effect plot as the levels with the
maximum/highest SN ratio. The performance values of the optimal levels (for FSSW and
FSC joints) are predicted via the use of Equations 2 and 3 [31] or Equation 4.
𝑛

1
1
𝑆𝑁 = −10 log10 [ ∑ 2 ]
𝑛
𝑌𝑖

(1)

𝑖=1

𝑘

̃ ) − (𝑆𝑁)𝑚𝑒𝑎𝑛 ]
(𝑆𝑁)𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛 = (𝑆𝑁)𝑚𝑒𝑎𝑛 + ∑ [(𝑆𝑁
𝑖

(2)

𝑖=1

𝑌(𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛) = √

1
(

10

(𝑆𝑁)𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛
)
−10

(3)

𝑘

𝑌𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛 = 𝑌𝑚𝑒𝑎𝑛 + ∑[𝑌𝑖 − 𝑌𝑚𝑒𝑎𝑛 ]

(4)

𝑖=1

Where (𝑆𝑁)𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛 is the predicted signal-to-noise ratio (performance characteristic in
̃ ) is the highest
dB) at optimal conditions/levels, (𝑆𝑁)𝑚𝑒𝑎𝑛 is the mean of all SN ratios, (𝑆𝑁
𝑖
S/N ratios that provide the optimal level, k is the number of effective process parameters
(factors) that significantly influence the optimal conditions, 𝑌(𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛) is the predicted
tensile-shear failure of the Al/ABS joint, and 𝑌𝑚𝑒𝑎𝑛 is the average of the performance
characteristic in each of the welding processes.
3. Results and Discussion
3.1 Surface Appearance and Al/ABS Bonding
The surface appearances of the as-welded hybrid Al/ABS joints are shown in Fig. 4. Fig. 4a
and b reveal the top views of the FSSW and FSC-welded hybrid Al/ABS joints respectively.
The tool-induced inherent profiles facilitated by the tool plunging effect are present on the
top views of the respective joints. The presence of plasticized Al alloy around the toolinduced cavity is also palpable in Fig. 4a and b. This attribute is associated with the
frictional heat input-aided material flow effect. According to Ojo et al. [32], the intense
frictional heat generated at the tool shoulder surface together with the tool plunging effect
is responsible for the formation of surface-flash/plasticized material. The tool pin has been
reported to facilitate material shearing and upward extruding material flow while the tool
shoulder aids a combined compressive and shearing effect on the Al side of the hybrid joint
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[33]. This phenomenon leads to the observed circumferential expelled flash around the
tool-induced weld nugget in Fig. 4a and b. On the other hand, the reverse sides or back
views of the hybrid Al/polymer joints are shown in Fig. 4c and d. Bulk protrusion due to
the pre-drilled hole in the die is conspicuous in the FSC joint (see Fig. 4c) while a flat surface
(no protrusion) with discernable evidence of embedded plasticized Al alloy is revealed in
Fig. 4d. The protrusion in the FSC joint allows for interlocking (protrusion-aided
interlocking) of the aluminum and the polymer as both the polymer and Al flow into the
die during the combined tool plunging and rotating actions. This occurrence implies that
inherent nugget-interlocking is established in the FSSW joint whereas a combination of
somewhat nugget-interlocking and protrusion-aided interlocking is formed in the FSC
joint. More material plasticization is thus adjudged to be experienced in the FSC welded
hybrid Al/ABS owing to the surface bulk protrusion at the back view of the joint.

Fig. 4 Surface Appearances of Hybrid Al/ABS Joints, (a) Front Views of FSSW Joint, (b)
Front Views of FSC Joint, (c) Back Views of FSC Joint, (d) Back Views of FSSW Joint

Fig. 5 Bonding Mechanisms in Hybrid Al/ABS Joints (a) Interlocked/Shear-Induced
Bonding, (b) Adhesion Bonding
The bonding mechanisms in the FSC and FSSW welded Al/ABS joints are similar and two
forms of bonding mechanism are observed in the hybrid Al/ABS joints in Fig. 5. The
interlocked/shear-induced bonding ensues at the stir zone (see Fig. 5a) while adhesion
bonding occurs at the Al/ABS interfacial region (see Fig. 5b) of the hybrid Al/ABS joints.
The rotating tool induces a shearing effect on the Al alloy (during the welding processes)
to form embedded (sheared) Al alloy within the re-solidified ABS polymer (at the stir zone)
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as observed in Fig. 5a. This phenomenon creates mechanical interlocking between the Al
alloy and the ABS polymer. The frictionally induced melting of the polymer creates good
wettability at the interfacial region between the Al alloy and the ABS polymer. This
phenomenon establishes adhesion bonding in the hybrid Al/ABS joint. Paidar et al. [17]
stated that the melting of the polymer aids the wetting of the aluminum plate and therefore
supports the adhesive bonding of the Al/polymer at the interfacial region close to the stir
zone. Interfacial adhesive bonding and mechanical interlocking mechanisms are thus the
salient factors responsible for the strength/performance of the hybrid Al/ABS joints.
3.2 Temperature History
Fig. 6 shows the graphical representation of the in-situ temperature history of the welding
process as the tool rotational speed is varied. The atmospheric temperature of 29.54°C was
constant throughout the welding process as the local work done does not affect the
atmospheric temperature. However, the relative humidity drops from 75.57% to 70.74%
as the tool rotational speed is increased. This is because the air around the joint becomes
warmer as the temperature increases. The temperature at which joining was carried out is
revealed to increase with an increase in the tool rotational speed. Peak temperatures of
271, 332, and 370oC are attained at tool rotational speeds of 900, 1120, and 1400 rpm
respectively during the joining process. An increase in tool rotational speed induces more
stirring action on the weld nugget and this phenomenon consequently leads to a rise in the
frictional and plastic deformational-induced heat input and it eventually leads to a rise in
the peak temperature. The obtained temperatures (at 900, 1120, and 1400 rpm) are less
than the melting point of pure aluminum alloy (660°C) but are higher than that of the
polymer (160°C). This occurrence indicates that the Al alloy does not melt but deforms
plastically during the joining process while the polymer melts and interlocks with the
plasticized aluminum alloy after cooling/solidification. This corroborates the studies of
Paidar et al. [17] as an increase in rotational speed increases the peak temperature,
material flowability, and width of the heated zone and the stir zone around the tool probe.
The temperature declines from peak temperature upon retraction of the rotating tool from
the stir zone.

Fig. 6 Time -Temperature Series Graph of the Joining Process (900 rpm, 1120 rpm,
1400 rpm)
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3.3 The Tensile Failure Load and Optimization
Table 4 shows the tensile results (average failure loads) and the signal-to-noise ratios (SN)
of the hybrid FSC and FSSW joints respectively. The SN ratio is determined according to
the performance characteristic of the higher-the better in Equation 1. The comparison of
the failure loads of the hybrid FSC and FSSW joints under the same parameter
combinations is shown in Fig. 7. It is observed that the failure loads of the FSSW joint are
higher than those of the FSC joints. Although mechanical interlocking is formed in the FSC
joint through the surface protrusion (exterior material flow), a lesser failure load is
achieved with the FSC process. This phenomenon is attributed to more plasticization and
deeper tool profile-induced hole effects in the FSC welded hybrid Al/ABS joint. It is
adjudged that the intense plasticization (of the FSC joint) restrains the ability of the
interlocked (protrusion) region of the hybrid Al/ABS joint to further ductility/formability
while the deeper probe hole in the joint also limits the load-bearing ability of the joint as
compared to the FSSW joint. Meanwhile, the presence of lesser probe-hole and nugget
(interior) weld-material interlocking in the FSSW joint is considered to have favored loadbearing ability. This attribute is responsible for the better failure load or resistance in the
FSSW joint when compared to the FSC joints. The maximum failure load of about 854 N
(B2) and 449 N (A5) were obtained in the hybrid FSSW and FSC joints respectively at
different parameter combinations. This observation shows that the process parameters
have different degrees of influence on the FSSW and FSC processes.
Table 4. Tensile Results of FSSW and FSC Joints
Exp.
No

Average failure load
- FSC (N)

SN Ratio- FSC
(dB)

Average failure load
- FSSW (N)

SN Ratio –
FSSW (dB)

1
2

134.7535

42.5908
52.1188

765.1398

57.6748
58.6340

3
4

403.5896
274.1934
393.8353

48.7611
51.9063

854.4721
769.7438
424.8038

57.7269
52.5638

5

448.9113

53.0432

412.4872

52.3082

6

302.3972
289.5255

49.6116

296.3023
452.5064

49.4347

7
8
9

366.7095
159.2026

49.2337
51.2864
44.0390

642.0259
191.6125

53.1125
56.1511
45.6485

The influences of the process parameters on the failure load of the FSSW and FSC joints are
thus examined via the use of response tables (see Tables 5 and 6). The results rank the
plunge depth as the most dominant welding parameter in the FSC process, follow by the
tool rotational speed and the dwell time respectively. On the other hand, tool rotational
speed is the most significant in the FSSW joint, follow by plunge depth and dwell time
respectively. Table 7 and Table 8 corroborate the influences of the process parameters on
the tensile-shear failure loads of the FSC and FSSW joints respectively via the analysis of
variances (ANOVA) based on a 95% confidence level. The contributions of the tool
rotational speed, plunge depth, and dwell time on the tensile-shear failure loads of the FSC
joints are 26.07, 47.71, and 8.33% respectively (see Table 7). On the other hand, tool
rotational speed and plunge depth had contributions of 72.73 and 16.61% on the tensileshear failure loads of the FSSW joints respectively. Plunge depth significantly affects the
formability of the ABS polymer and plays a significant role in achieving Al/ABS interlocks
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(surface/exterior) in the FSC joints. This finding agrees with the works of Mubiayi et al.
[34] as an increase in plunge depth leads to an increase in failure load.
1000

FSC

900

FSSW

800

Failure load (N)

700
600
500
400
300
200
100
0
1

2

3

4

5

6

7

8

9

Experimental run

Fig. 7 Comparative Failure Loads of FSC and FSSW
Table 5. Response Table for Signal to Noise Ratios (FSC)
Level

Plunge depth (B)

Dwell time (C)

1

Tool rotational
speed (A)
47.82

47.91

47.83

2
3

51.52
48.19

52.15
47.47

49.35
50.35

Delta
Rank

3.70
2nd

4.68
1st

2.52
3rd

Table 6. Response Table for Signal to Noise Ratios (FSSW)
Level

Plunge depth (B)

Dwell time (C)

1

Tool rotational speed
(A)
58.01

54.45

54.42

2
3

51.44
51.64

55.70
50.94

52.28
54.38

Delta
Rank

6.58
1st

4.76
2nd

2.14
3rd
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Table 7. Analysis of Variance (FSC)
Source
Rotational speed
Plunge depth
Dwell time
Error
Total

DF
2
2
2
2
8

Seq SS
24371
44594
7784
16729
93478

Adj SS
24371
44594
7784
16729

Adj MS
12186
22297
3892
8364

F-Value
1.46
2.67
0.47

P-Value
0.407
0.273
0.682

Contribution
26.07%
47.71%
8.33%

S: 91.4563; R-sq: 82.10%

Table 8. Analysis of Variance (FSSW)
Source
Rotational
speed
Plunge depth
Dwell time
Error
Total

DF

Seq SS

Adj SS

Adj MS

FValue

PValue

Contribution

2

313032

313032

156516

8.60

0.104

72.73%

2
2
2
8

71481
9518
36400
430431

71481
9518
36400

35741
4759
18200

1.96
0.26

0.337
0.793

16.61%
2.21%

S: 134.908; R-sq: 91.54%

Based on the Taguchi method, the optimal parameter settings are the highest values of the
SN ratios per process parameter (for the welding processes). Figs. 8 and 9 show the main
effects plot for SN ratios of the FSC and FSSW joints respectively. The highest values of the
SN ratios (from the main effects plot) are the peak points having red coloration in Figs. 8
and 9. The optimal parameter combinations for the FSC and FSSW processes are A2B2C3
(1120 rpm/6.0 mm/5 s) and A1B2C1 (900 rpm/6.0 mm/3 s) respectively. The optimized
tensile-shear failure loads of the FSC and FSSW joints are 509 and 932 N respectively. The
predicted values at the optimized settings could be adjudged to be close to the
experimental values due to a lesser than 10% difference between these values. The
interrelationships between the response (tensile-shear failure load) and the independent
process parameters are also revealed in the effects plot (see Figs. 8 and 9). An increase in
tool rotational speed beyond level 2 (1120 rpm) causes a decline in the tensile-shear
failure load of the FSC joint (see Fig. 8) while an increase in the tool rotational speed
beyond level 1 (900 rpm) causes a decline in the tensile-shear failure load of the FSSW joint
(see Fig. 9). The impacts of plunge depth and dwell time on the performances of both weld
categories (FSC and FSSW joints) are similar. A rise in plunge depth (up to 6.0 mm)
increases the tensile-shear failure load of both joints. Dwell time has a somewhat linear
correlation with the tensile-shear failure of the FSC joint (see Fig. 8).
3.4 Fractography
All the fracture patterns of the FSC and FSSW joints are examined (after tensile processing)
and the unalike fracture patterns are selected for further assessment. The different
interfacial fracture surfaces of the FSC and FSSW joints are provided in Tables 8 and 9
while their equivalent cross-sectional views (fracture paths) are shown in Fig. 10
respectively. The assessment of these images (Fig. 10 and Tables 8 and 9) indicates that
the FSSW and FSC joints exhibit somewhat close fracture modes. The fracture modes of the
FSSW and FSC joints are thus carefully grouped into three based on the fracture paths (see
Fig. 10) and the fracture outlook of the Al-ABS interfacial zones (see Tables 8 and 9). They
are unbuttoning, circumferential-partial Al in-polymer shearing, and mid-nugget shearing
modes respectively.
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Fig. 8 Mean Effects Plot of SN Ratios for the FSC Joints

Fig. 9 Mean Effects Plot of SN Ratios for the FSSW Joints
The unbuttoning fracture mode (UFM) is characterized by the ejection of the plasticized Al
bulge from the inherent tool-induced polymer hole; a remnant of Al alloy is not left on the
ABS polymer after fracture/sheet separation (in the FSSW and FSC joints). Complete
delamination/retraction of the plasticized and interlocked Al alloy from the ABS polymer
ensues in the hybrid Al/ABS joint (see the fracture coded “UFM” in Tables 8 and 9) due to
the presence of no significant undercut and Al attachment at the interfacial ABS polymer
side. The smooth surface appearance between the Al alloy and the ABS polymer indicates
that there is no significant shear in the FSC and FSSW joints. Fig. 10a and b represent the
observed UFM in the FSC and FSSW joints respectively. The red arrows indicate the
fracture paths in the joints. Despite the presence of mechanical-induced macrointerlocking in the FSC and FSSW joints, delaminated fracture or unbuttoning fracture
mode ensues in the Al/ABS joint. However, the sheared region in Fig. 10b is owing to the
cutting/grinding or post fracture-induced shearing of the thin Al vortex region. The hybrid
Al/ABS joints fabricated with the least plunge depth (5.5 mm) and high rotational speed
(1400 rpm) exhibit the UFM in both the FSC and FSSW joints. This phenomenon is
attributed to the dominant effect of heat-induced adhesion bonding and less amount of
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micro-interlocking required for fracture resistance (at the vortex and pin peripheral
regions of the joints). The FSSW and FSC joints with the UFM mode had low tensile-shear
failure loads. This occurrence implies that the pullout of the interlocked Al alloy from the
ABS polymer sheet is easily achieved under tensile loading conditions.
The second fracture mode is the circumferential-partial Al in-polymer shearing mode
(CPISM) shown in Tables 8 and 9 (see the samples coded “CPISM”), and Fig.1 0c and d. The
CPISM has a little portion of the plasticized Al alloy embedded in the ABS polymer sheet
upon sheet separation (see Tables 8 and 9). The red arrows indicate the fracture path in
the FSC and FSSW joints. The complete pullout of the plasticized Al (interlocked) region is
cutback during the tensile loading process in Fig. 10c and d. Also, the FSSW joint (see Fig.
10d) had fractures around the plasticized vortex edges (see the red circles) and fracture
through the Al-ABS interfacial region. The fracture resistance causes crack initiation and
tearing of the plasticized Al region due to phenomena such as suitable micro-mechanical
interlocking at the pin peripheral region of the joint. This type of fracture mode is
associated with an increase in the plunge depth beyond 5.5 mm. The CPISM mode is
attributed to the thinning effect of the Al alloy at the vortex region within the weld nugget
as the plunge depth is increased while the tool rotational speed is decreased to 1120 rpm.
This corroborates the works of Lambiase et al. [35] as an excessive thinning of the Al neck
was reported to facilitate this kind of fracture mode. A higher tensile-shear failure load is
obtained in the joints that failed via the CPISM as compared to that of UFM.
Table 8. Failed FSC Joints
FSC

Fracture

A2

CPISM

Aluminum
Top (AT)
view

Aluminum
Base (AB)
view

Polymer Top
(PT) view

Polymer Base
(PB) view

UFM

A5

MSM

Fig. 10e and f show the third fracture mode of the hybrid Al/ABS polymer joint termed as
mid-nugget shearing mode (MSM). A mass of the plasticized Al alloy is left on the ABS
polymer side and a tearing or shear-induced hole is left behind on the Al side. The volume
of the plasticized and sheared Al alloy left on the ABS polymer side (after fracture) is larger
than that of the CPISM. The cross-section of the hybrid Al/ABS joint (FSC) reveals complex
shearing patterns around the mid-nugget region of the FSC joint (see Fig. 10e) while midnugget circumferential shearing ensues in the FSSW joint (see the red dotted/enclosed
region in Fig. 10f). This category of fracture is achieved in the hybrid Al/ABS joints
fabricated with a decrease in both the tool rotational speed (at 900 rpm) and plunge depth.
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The MSM fracture mode produces the highest fracture resistance or tensile-shear failure
loads in the FSSW and FSC joints. The synergy of decreased tool rotational speed and
plunge depth is adjudged to have promoted sufficient micro-mechanical interlocking
around the pin-induced peripheral region within the stir nugget (pin part of the tool
facilitates shearing effect). The micro-mechanical interlocking of the Al alloy with the ABS
polymer impedes the total pullout of the plasticized Al alloy from the ABS polymer during
the tensile loading process. This attribute could be responsible for the MNSM fracture
mode and a significantly high tensile-shear failure load of the hybrid Al/ABS joints (FSSW
and FSC joints).
Table 9. Failed FSSW Joints
FSS
W

Fractu
re

B1

CPISM

B4

MSM

B7

UFM

Aluminum Top
(AT) view

Aluminum
Base (PB) view

Polymer Top
(PT) view

Polymer Base
(PB) view
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Fig. 10 Fracture Path of the FSC and FSSW Joints (a) Unbuttoning Fracture Mode in
FSC, (b) Unbuttoning Fracture Mode in FSSW, (c) Circumferential-Partial Al inPolymer Shearing Mode in FSC, (d) Circumferential-Partial Al in-Polymer Shearing
Mode in FSSW Joint, (e) Mid-Nugget Shearing Mode in FSC, (f) Mid-Nugget Shearing
Mode in FSS Joint
The fracture surfaces (ABS polymer sides) of the hybrid Al/ABS joints (FSC and FSSW) are
further examined in a scanning electron microscope (SEM) as shown in Fig. 11. Fig. 11a
and b reveal the presence of micro-pores of varying sizes (see the red and yellow arrows)
in the FSC and FSSW samples with unbuttoning fracture mode (UFM) during high heat
input/tool rotational speed (1400 rpm). The occurrence of pore coalescence and high
porosity level in the joints (ABS polymer) is adjudged to have restrained the effect of
micro-mechanical interlocking while favoring delaminated fracture between the Al alloy
and the ABS polymer in the joints. The high area fracture of micro-pores in the FSC joints
justifies the poor tensile-shear failure load in the FSC joints with UFM mode when
compared to the FSSW joints. Similarly, Fig. 11c reveals the circumferential-partial Al inpolymer shearing mode (CPISM) of the FSC joint. Evidence of micro-pores and brittle
fracture outlook with a significantly lesser porosity level is shown in Fig. 11c as compared
to Fig. 11a. The lesser micro-pores in the FSC joint (Fig. 11c) are the major reason for the
improvement in the tensile-shear failure load of the FSC joint over the samples that failed
via UFM. Fig. 11d shows the evidence of polymer tearing morphology in the FSSW joint
that failed through CPSIM. This occurrence implies that the ABS polymer exhibits ductile
fracture mode during the tensile loading process when compared to the brittle fracture
observed in Fig. 11c. Favorable fracture mode (see Fig. 11e and f) is revealed in the joints
fabricated at low tool rotational speed (900 rpm). Fig. 11e and f reveal the mid-nugget
shearing mode (MSM) of the FSC and FSSW joints respectively. The fracture of the ABS
polymer is observed in Fig. 11e. Ductile fracture is observed in the FSSW joint (having MSM
mode in Fig. 11f) due to the presence of dimples on the fracture surface of the joint. Such
ductile fracture has been attributed to the necking effect before the final failure. The
observed occurrence reveals that the plasticized and interlocked Al attachment to the ABS
polymer side undergoes some level of ductility before the final failure of the Al/ABS joint
(FSSW). The practical fracture morphologies of the FSC and FSSW joints justify the reason
for higher tensile-shear failure loads in FSSW joints as compared to the FSC joints.
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Fig. 11. SEM Images of the Fracture Surface (a) Unbuttoning Fracture Mode in FSC, (b)
Unbuttoning Fracture Mode in FSSW, (c) Circumferential-Partial Al in-Polymer
Shearing Mode in FSC, (d) Circumferential-Partial Al in-Polymer Shearing Mode in
FSSW Joint, (e) Mid-Nugget Shearing Mode in FSC, (f) Mid-Nugget Shearing Mode in
FSS Joint
4. Conclusion
The friction stir clinching and friction stir spot welding processes of aluminum alloy and
acrylonitrile butadiene styrene sheets were successfully carried out. The optimization,
mechanical, and fracture behaviors of the fabricated hybrid joints were investigated and
compared. The findings of this study are summarized as follow:
•

•

The synergy of interlocked/shear-induced bonding (micro-mechanical
interlocking) at the stir zone and adhesion bonding at the Al/ABS interfacial
region constitutes the noticeable bonding mechanisms of the hybrid Al/ABS
joints. However, the interlocked/shear-induced bonding had the dominant
loadbearing resistance on the Al/ABS joints due to the presence of sheared ABS
polymer at the stir zone as compared to the observed sheet
separation/delamination at the Al/ABS interface after tensile tests.
The tensile-shear failure load of the friction stir spot welded Al/ABS joints is
higher than the friction stir clinched counterparts due to a higher plunginginduced deformation and deeper tool profile-induced hole (stress raiser) in the
friction stir clinched joint. Thus, the application of friction stir spot welding
process is recommended for the dissimilar welding of Al and ABS polymer
materials.
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•

•
•

Plunge depth has the dominant impact on the tensile-shear failure load of the
friction stir clinched Al/ABS joint (having a contribution of about 48%) while tool
rotational speed has the foremost influence on the failure load of the friction stir
spot welded Al/ABS joint (having a contribution of about 73%).
The optimized tensile-shear failure loads of the friction stir clinched and friction
stir spot welded Al/ABS joints are 509 and 932 N respectively.
The fracture modes of the hybrid Al/ABS joints include unbuttoning,
circumferential-partial Al in-polymer shearing, and mid-nugget shearing modes.
A high porosity level lessens the impact of micro-mechanical interlocking and aids
both pore coalescence and Al-polymer delamination (unbuttoning mode) at 1400
rpm (high tool rotational speed) while the occurrence of micro-mechanical
interlocking has a significant influence on the other fracture modes.
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Electrospun nanofibers present well-design membranes for filtration
applications. In this study, the synthesis of polyacrylonitrile
(PAN)/polyvinylidene fluoride (PVDF) bicomponent nanofibers was reported
for air filtration application. Polymer concentration effect on the morphology of
PAN/PVDF nanofibers was investigated and 10, 20, 30, and 40 wt% PVDF were
examined. PVDF amount influences the morphology, diameter, and thermal
stability of the fibers. Morphological results revealed that beadless PAN/PVDF
nanofiber was obtained and the diameter of the PAN/PVDF nanofibers
decreased with the increasing amount of PVDF. However, at 30 wt% beads
formation on the fibers was begun to observe. Optimum conditions to obtain
uniform and beadless PAN/PVDF nanofibers were determined as 20 wt% PVDF
concentration. The air permeability tests of PAN/PVDF nanofibers containing 20
wt% PVDF indicated that these nanofibrous membranes are appropriate
materials for air filtration applications.
© 2022 MIM Research Group. All rights reserved.

1. Introduction
The electrospinning technique provides a convenient approach to produce continuous
fibers with a diameter range of nano to micro-scale [1]. Electrospun nanofibers (NFs) are
important nanomaterials with their large high porosity, specific surface area, small pore
size, and well-connected pore structure [2]. Some of the potential application areas of the
electrospun NFs are filtration membranes [3], drug delivery [4], tissue engineering [5, 6],
catalysts [7], actuators [8], food packaging [9], etc.
In literature, electrospun nanofibrous membranes are reported among the attractive filter
materials due to their high molecular orientation, excellent tensile strength [10], and
thermal stability [11]. Filtration performances of nanofibrous membranes are higher
compared to the traditional filtration materials such as glass fibers, spun-bonded fibers,
and melt-blown fibers [12, 13]. In literature, various electrospun polymers have been
examined as air filter membranes [13-15] and face masks [16, 17]. Polyacrylonitrile (PAN)
which is a synthetic polymer having a semi-crystalline structure, is thermally stable and
degrades over 300 °C [18]. PAN electrospun NFs are among the various materials which
are widely utilized for filtration due to their unique thermal stability, superior mechanical
properties, and good solvent resistance [19]. Bortolassi et al. studied antibacterial PAN
nanofibrous membrane to remove air pollutants [15]. Three different particles were
incorporated into PAN NFs: TiO2, ZnO, and Ag, and the highest filtration efficiency was
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observed TiO2 included PAN NFs with the smallest fiber diameter. PAN electrospun
membranes were also examined for airborne fine-particle filtration by Al-Attabi et al [20].
Filtration efficiency and pressure drop of membranes were calculated from measurement
of penetration through the membranes using KCl aerosol particles in the diameter range
of 300 nm to 12 μm and separation efficiencies in the range of 73.8–99.78% was obtained
for PAN NFs with an average diameter of 858 nm. This study indicated that electrospun
membranes were appropriate materials for air filtration with their filtration stability at
high air-flow rates.
PAN is a versatile polymer with high carbon content and it has been studied with many
different polymers in the literature. Poly(methyl methacrylate) (PMMA) is widely
acknowledged as a polymer with good elongation performance and it is one of the
polymers used as a co-polymer of PAN in the electrospinning process [21]. PMMA finds use
in transparent ait filter applications, but amorphous PMMA chains will irreversibly slide
with one another during deformation and cause poor mechanical performance [22].
As a semi-crystalline polymer, PVDF is commonly used in ultrafiltration and microfiltration
applications due to its excellent chemical resistance, thermal stability, high strength, and
flexibility. Besides its advantages, the hydrophobic behavior of PVDF limits its applications.
Therefore, to solve this problem, PVDF should be blended with a hydrophilic copolymer
such as PAN, polyvinyl alcohol (PVA), poly(methyl methacrylate (PMMA) [23,24].
PAN/PVDF bicomponent NFs were utilized for different applications such as CO2 capture
[25], water filtration [26], adsorbent [27] for removing the dye in literature because of
their appropriate structures to develop narrow microporous membranes [28]. Wang et al.
studied hot pressed PAN/PVDF electrospun nanofibers for water ultrafiltration [26], they
utilized DMF/aceton mixture to prepare PAN/PVDF solution.
In this study, we investigated the synthesis of PAN/PVDF bicomponent NFs by
electrospinning method with different PVDF weight concentrations to develop beadless
and low diameter PAN/PVDF nanofibrous membranes. The results showed that with
increasing PVDF amount, the average diameter of NFs decreased, however, beads
formation was observed on NFs at higher PVDF amounts. Therefore, the optimum PVDF
ratio was found as 20 wt% for PAN/PVDF NFs with beadless and regular morphology.
These nanofibrous membranes were tested for air permeability and found as a potential
air filtration material.
2. Material and Method
2.1. Materials
PAN (MW=150.000), PVDF (MW ~180.000, Mn~ 71.000) and N,N-dimethylformamide
(DMF) were purchased from Sigma-Aldrich to produce bicomponent PAN/PVDF
electrospun NFs.
2.2. Preparation of Electrospun PAN/PVDF NFs
For each solution, 0.41 g total polymer (PAN+PVDF) (8wt%) was dissolved in 5 ml DMF as
a solvent. Firstly, PAN was dissolved in DMF by stirring for 1h at 60 oC on a magnetic stirrer,
and then PVDF amounting to 10, 20, 30, and 40 wt% of the total polymer mass was inserted
and subsequently, it was stirred for 3 h at 60 oC to obtain PAN/PVDF solutions.
The resultant PAN/PVDF solutions were filled into a 5 ml syringe connected to a high
voltage supply capable of applying 40 kV for electrospinning process. For all experiments,
the applied voltage was 15 kV and the flow rate of solution was kept at 1.5 µl/h. The Al foil
covered collector was placed at a distance of 25 cm from the tip of the needle.
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2.3. Characterization of Electrospun PAN/PVDF NFs
The morphology and diameter of PAN/PVDF NFs were characterized by Scanning electron
microscopy (SEM, LEO 1430 VP). Prior to SEM examination, PAN/PVDF NFs on Al foil were
cut in the scale of 1x1 cm-scale, and then samples were sputter-coated with gold to avoid
charge accumulations. Coated samples were fixed onto metallic stubs with double-sided
carbon tape and analyzed with a secondary-electron detector at an acceleration voltage of
20 kV. The thickness of nanofibrous films was measured by using cross-sectional SEM
images of membranes.
Fourier-Transform Infrared Spectroscopy (FT-IR) characterizations of PAN/PVDF NFs
were carried out between 450 and 4000 cm-1 wavenumbers with Perkin Elmer UATR
Spectrum Two FT-IR. The resolution of FT-IR was 4 cm-1. The number of scans collected
was 4.
The thermal behavior of NFs was characterized by thermogravimetric analysis (TGA,
Hitachi STA 7300) in the temperature range of 25-600 oC in a N2 atmosphere at a heating
rate of 10 oC /min.
The air permeability of the PAN/PVDF membrane was measured by an air permeability
tester (Unitronics) at 25 oC and for a 50 mm diameter circular area. Air was sent to the
sample with 100 Pa pressure for each test.
3. Results and Discussion
The morphology of electrospun PAN/PVDF bicomponent NF membranes was analyzed
with SEM. SEM images indicated that as-collected PAN and PAN/PVDF electrospun
nanofibres were morphologically uniform with a cylindrical shape (Fig. 1). Increasing
PVDF content resulted in NFs with smaller diameters. The average diameter of electrospun
neat PAN NFs was 348 nm (Table 1). After 10 wt% addition of PVDF, it decreased to 252
nm. The average NF diameter was measured as 246, 243, and 148 nm for 20%, 30%, and
40% PVDF ratios, respectively. Hakkah et al. also observed a decrease in fiber diameter
with increasing PVDF concentration due to the decrease in solution viscosity [29]. PVDF
At low PVDF concentration, the surface morphology of NFs was smooth. NFs were straight
and randomly oriented and beadless formation was achieved up to 30 wt% PVDF content.
Irregularities and beads were observed with increasing PVDF content they were clearly
visible in Fig. 1. Therefore, the optimum PVDF concentration in PAN/PVDF electrospinning
solutions was found to be 20 wt%. Dimethylformamide (DMF) was successfully used as a
solvent for electrospinning processing of poly(acrylonitrile) [30] and in literature,
generally, DMF was utilized to prepare PAN/PVDF electrospinning solutions[31,32].
However, Yalcinkaya et al. dissolved PVDF in dimethylacetamide (DMAc)/Acetone (4/1)
mixture and PAN in DMF as a solvent [33]. Then, mixtures of two solutions were prepared
using the 12% wt. PVDF and 8% wt. PAN at different weight ratios of PVDF/PAN. Contrary
to our results, their results indicated that PVDF addition caused an increase in diameters
of PAN nanofibers. This difference is due to the solvent difference in the PAN/PVDF
solution.
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0 wt%
PVDF

10 wt%
PVDF

20 wt%
PVDF

30 wt%
PVDF

40 wt%

Fig. 1 SEM images of PAN/PVDF nanofibers containing different amounts of
PVDF and average diameter vs. PVDF amount graph
Table 1. PAN/PVDF Bicomponent NFs with different PVDF weight concentrations and
their average diameter values.
PAN (wt.%)
100
90
80
70
60

PVDF (wt.%)
0
10
20
30
40

Ave. Diameter (nm)
348
252
246
243
148

The structural properties of PAN/PVDF NFs containing different amounts of PVDF were
characterized with FT-IR spectroscopy. The characteristic peaks of PAN around 2943 cm −1,
2240 cm−1, 1735 cm−1, and 1664 cm−1 were observed in Fig.2, assigned to the stretching
vibrations of the –CH, –C≡N, –C=O, and –C=N groups, respectively [34]. The peak at 1454
cm-1 and 1068 cm-1 corresponded to the C=C and C-H. The characteristic peak of the nitrile
groups stretching at 2240 cm−1 decreased dramatically with the increase of PVDF amount
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similar to the reported in the literature [35]. For the samples containing a higher amount
of PVDF NFs, the peak at 1405 and 1185 cm−1 is related to the symmetrical stretching of
the –CF2 group, which is a characteristic peak of PVDF and confirmed the PVDF existence
in the PAN polymer mixture. C–F stretching vibration of the amorphous phase was also
observed in FT-IR spectra of PAN/PVDF NFs at 880 cm−1 [36].

Fig. 2 FT-IR spectra of PAN/PVDF nanofibrous membranes containing different
amounts of PVDF
Thermal analysis of PAN/PVDF nanofibrous membranes was carried out with TGA under
N2 atmosphere. A degradation step corresponded to the removal of water was observed at
TGA graphs of PAN and PAN/PVDF NFs (Fig. 3) in the temperature range of 50-130 oC.
Besides, the majority of the degradation of pure PAN NFs were carried out between 310450 oC [37] while the decomposition temperatures of pure PVDF NFs in nitrogen
atmosphere were at 450-480 oC [35]. The decomposition temperature of PAN/PVDF
membranes containing different amounts of PVDF was found between the decomposition
temperatures of PAN and PVDF and the degradation temperature of bicomponent
nanofibres increased when the PVDF content increased in nanofibrous membranes. As a
result, PVDF incorporation enhanced the thermal stability of PAN NFs.

Fig. 3 TGA graphs of PAN/PVDF nanofibrous membranes containing different amounts
of PVDF
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According to SEM, FT-IR, and TGA results, 20 wt% PVDF concentration was found to be the
optimum concentration for regular and beadless NF formation. Therefore, air permeability
tests were performed for PAN/PVDF nanofibrous membranes containing 20 and 30 wt%
PVDF concentrations and the membrane containing 20 wt% PVDF concentration gave an
average air permeability value of 98 l/m2/s while the membrane containing 30 wt% PVDF
concentration showed an average air permeability value of 143 l/m2/s under 100 Pa
pressure. In literature, air permeability values of multi-layer PVDF-hexa-fluoropropylene
(HPF) nanofibrous membranes under 100 Pa pressure were measured between 52.1627.2 [38]. Their results indicated high air permeability, they proposed these nanofibrous
multi-layer membranes for wound dressing and membrane distillation applications. In our
study, obtained air permeability is higher than that obtained for PVDF/HPF NFs. Our
results indicated that PAN/PVDF nanofibrous membranes produced in this study were
suitable to utilize as air filter material with their high air permeability and good
morphology.
4. Conclusions
In this study, beadless, regular and straight PAN and PAN/PVDF NFs were produced by the
electrospinning method. These nanofibrous membranes were proposed for air filtration
applications. The results indicated that the average diameter of the PAN/PVDF NFs
decreased by increasing PVDF concentration in the electrospinning solution. High PVDF
content caused bead formation and disordered NFs formation. Disordered sites and beads
prevent a regular film formation and so weaken the mechanical properties of the obtained
membrane. Therefore, for PAN/PVDF membranes 20 wt% PVDF was found to be the
optimum amount for regular morphology based on SEM results.
The characteristic peaks of PAN were observed in FT-IR spectra, nitrile groups stretching
decreased with the increasing amount of PVDF. For the samples containing a higher
amount of PVDF, the symmetrical stretching of the –CF2 group increased, which confirmed
the PVDF existence in the NFs. When the thermal properties of NFs were analyzed, the
decomposition of the membranes was carried out between the decomposition
temperatures of PAN and PVDF. The degradation temperature increased with the
increasing amount of PVDF in nanofibrous membranes. As a result, an enhancement of
thermal stability was observed after PVDF incorporation.
Air permeability tests were applied to PAN/PVDF nanofibrous membrane containing 20
and 30 wt% PVDF and obtained average air permeability values indicated that electrospun
nanofibrous PAN/PVDF membranes are appropriate to utilize in air filtration with their
excellent morphological properties and air permeability results.
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One of the biggest advantages of Roller Compacted Concrete is faster and
economic construction along with lesser heat generation. It is primarily used in
mass concrete work like in Pavements, Ports and Dams. In this study the
properties of Roller Compacted Concrete such as Vee-Bee density, Vee-Bee time,
initial setting time, final setting time and compressive strength are studied for
twelve mixes prepared using two types of fly ash sources, three cement sources
and three admixture types. Furthermore, on one of the mixes with the least
cement to fly ash ratio mechanical and thermal property related tests were
performed. These tests include split tensile strength, direct tensile strength,
modulus of elasticity, Poisson’s ratio, apparent cohesion, angle of internal
friction, specific heat of concrete by Transient Plane Source (TPS) method and
Coefficient of Thermal expansion of Concrete. From the study it was found that
compressive strength at 365 days is nearly two times that of 28 days. Also, there
is negligible effect of adding admixture on compressive strength of roller
compacted concrete. Current study shows that finer the fly ash, higher the
compressive strength at later stage. The study on mechanical and thermal
properties of Roller Compacted Concrete indicates that results are in line with
Indian Standard Specification and Internationally reported values.
© 2022 MIM Research Group. All rights reserved.

1. Introduction
Roller Compacted Concrete (RCC) refers to a special class of concrete which are compacted
by a roller. To achieve this behavior, RCC in fresh state should be dry enough to resist the
sinking of the roller. Also, it needs to be wet enough to be able to get compacted by the
vibration of the roller. It is a zero-slump mix [1], which is placed using dump trucks and is
compacted by the vibratory rollers [2]. Constituents of RCC mix are blended in a mixing
plant to form a zero-slump heterogeneous mixture which resembles the consistency of a
damp gravel. Apart from being economical RCC offers speed in construction, less or no use
of formworks and leaves less environmental footprint due to reduced demand of cement
[3]. It can be used for heavy-duty mass concrete application at ports, military installations,
roadway and paving applications, dam constructions and many more.
In past years, urban areas have started preferring RCC for various applications [4]. Dams
which are constructed using RCC assures great economy as compared to dams constructed
using standard concrete [5], It gives a faster and cheaper method of mass concreting work
[6]. RCC can be cast and compacted in layers, in this far better heat dissipation from the
mass concrete can be achieved preventing thermal stresses and cracks. Also, in pavement
construction it does not require dowels and light traffic can be allowed soon after
placement. Placing of RCC [7] is a highly mechanized construction procedure where
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concrete is dumped from the trucks and then spread using bulldozers and then compacted
using vibratory rollers. Compaction of RCC is similar to compaction of soil where
compaction can be done in layers. Layer thickness of RCC depends on many factors like
size of aggregates, compatibility of the concrete, roller capability, etc. [8].
RCC shows similar mechanical strength and other properties [9] as that of standard
concrete. It comprises of same range of concrete mix materials as standard concrete with
some variation. The mechanical strength of RCC is affected by the quality of aggregate and
quantity of water [10]. The primary difference lies in the percentage of the constituents.
RCC consists about 70-80 percent of aggregates by volume. Other constituents include
cement in which fly ash or ground granulated blast furnace slag can be added. Admixtures
like retarders can be added to increase the setting time of RCC. Fine aggregates in RCC are
more than compared to standard concrete which can be seen as a difference between RCC
and standard concrete [11]. More fine aggregates offer better packing and consolidation
[12]. In RCC, consistency is measured using Vee-Bee method unlike slump test for standard
concrete and compaction is done using rollers unlike vibrator for standard concrete.
Proportioning of RCC mix is mainly done using either (i) Soil compaction approach, or (ii)
Concrete engineering approach. In soil compaction approach optimum moisture content
for highest dry density is calculated. Whereas, in concrete engineering approach,
traditional approach with high cement paste content is followed. RCC mixing is performed
in pug-mill, which is a very high energy mixing device. While mixing importance is given
to control the moisture content. Increase in moisture content can make RCC too wet to get
roller marks on compacted concrete.
Properties of RCC can be modified by the use of active mineral admixtures such as fly ash.
Fly ash is made up of SiO2 and Al2O3 and has a lot of potential activity [13]. Morphological
impact, pozzolanic effect, and micro aggregate effect are the three primary beneficial and
noteworthy effects of adding fly ash [14]. The pozzolanic action of fly ash occurs when the
mixed oxides of SiO2 and Al2O3 in fly ash are activated by the Ca(OH)2, which is the product
of cement hydration, resulting in the formation of additional hydration gel. In some studies
[15–18] the strength of roller-compacted concrete with high volume fly ash (HFRCC) was
investigated, and it was discovered that: (1) HFRCC strength is weak at early ages, and the
fly ash effect is modest or negative. (2) As HFRCC ages, its strength develops fast; in the
meantime, the fly ash effect improves with time and becomes more useful to increasing
flexural strength. (3) The influence of fly ash on HFRCC at a long curing age grows stronger
as the quantity of fly ash increases.
Zhu, B. [19] presents the principles for temperature control of mass concrete RCC dams
and suggest that since RCC contains more fly ash and less cement, the adiabatic
temperature increase of RCC is smaller. Even yet, the increase in temperature produced by
cement hydration is not too low since the significant amount of mixed fly ash would delay
hydration heat dissipation. Also, since there is less cement in the RCC, it has less creep and
extensibility, which implies it has less fracture resistance. Therefore, although RCC are less
susceptible to temperature stresses and cracks than normal concrete, still temperature
controlling and monitoring is essential for the mass concrete RCC dams.
Various past researchers have explored the properties of RCC made from slag and fly ash
from the industries. Lam et al. [20] studied the Roller compacted concrete made of Elastic
Arc Furnace (EAF) slag, a by-product of steel production. Using the Taguchi technique, the
influence of variables in mixing percentage on the dry density of roller-compacted concrete
pavement constructed of EAF slag aggregate and fly ash was primarily focused. According
to the findings of this study, increasing the percentage of EAF slag as aggregate
replacement increased dry density, however increasing the fly ash ratio as cement
substitute decreased dry density. Lin et al. [21] evaluated the engineering properties of
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roller-compacted concrete containing Circulation Fluidized Bed Combustion Fly Ash
(CFA). Circulation fluidized bed combustion (CFBC) technology is one of the emerging
combustion technologies for electricity generation which produces CFA as a bi-product in
huge quantity. Substitution of fine aggregate with CFA doesn’t improves the compressive
strength due to increased water demand, decreases the flexural strength, reduces the
setting-time, absorption and unit weight, and increases the sulphate resistance of RCC.
Past studies have also evaluated the variation in properties of RCC based on composition
of the mix. S.K. Rao et al. [22] conducted experimental study on Seven distinct Roller
Compacted Concrete (RCC) combinations, with six different types of replacements (10%,
20%, 30%, 40%, 50%, and 60%) of Ground Granulated Blast Furnace Slag (GGBS). Study
suggests that at the age of three days, replacing cement with six percentages of GGBS
content lowered compressive strength, flexural strength, and splitting tensile strength, but
at 7, 28, and 90 days, there was a constant and substantial improvement in strength. C.
Settari et al. [23] investigate the mechanical characteristics and durability of roller
compacted concrete (RCC) using various recycled asphalt pavement (RAP) sizes as a
substitute for coarse and fine natural aggregate (NA). Based on experimental results, it was
found that RCC with RAP shows a lower performance and it was suggested to limit the
substitution of RAP to 50% on both fine and coarse aggregate. Chamroeun Chhorn and
Seung-Woo Lee [24] conducted a study to determine the effect of aggregate gradation,
water content, admixtures and time on consistency of RCC for pavement application. Based
on the study authors found Poly Naphtalene Sulfonate (PNS) Superplasticizer to be very
effective for lowering down vebe time and extending the duration of workable consistency
for RCC. M.I. Abu-Khashaba et al. [5] explored the possibility of constructing Roller
Compacted-Concrete dam using locally available Egyptian material to reduce cost and
found satisfactory and encouraging results. Study also suggests that with increase in flya
sh in the mix, ratio of 90 days to 30 days compressive strength also increases.
Recently, some of the computation based approach is also being used to evaluate the
properties of RCC. To Establish the Compressive Strength of Roller Compacted Concrete
Pavement, Ashrafian et al. [25] proposed an evolutionary-based approach called gene
expression programming (GEP). The suggested equation-based models were found to be
simple, resilient, and easy to use, and thus give novel compressive strength formulas for
roller-compacted concrete pavement (RCCP). N.-t.-m. Lam et al. [26] proposes analytical
methods for predicting the compressive strength of steel slag aggregate and fly ash in
roller-compacted concrete pavement (RCCP). The study established and compared
multiple regression analysis (MRA), artificial neural networks (ANN) and fuzzy logic (FL)
based models. The MRA model was found to be less reliable whereas The ANN and FL
models created reliable results in predicting the strength of RCCP made with EAF steel slag
aggregate and fly ash.
In general, cementitious materials in Roller Compacted Concrete comprise of Portland
cement and pozzolan. These materials should comply with standards specifications for
their quality requirements. The binding property in concrete is mainly because of
cementitious materials and hence, the selection of these materials affects the strength and
heat generation in concrete mix [27]. Roller Compacted Concrete can be designed using
any basic type of cement, though pozzolans are used as substitute of cement to reduce the
cost, heat generation, CO2 emission and also to increase workability with setting time.
Pozzolans can replace maximum fraction of cement in the mix as high as 70% [28].
Aggregate covers most of the volume of Roller Compacted Concrete mix and due to the
large contribution in volume it affects the quality and properties of concrete whether it be
hardened properties or fresh properties of concrete. In Roller Compacted Concrete fine
and coarse aggregate are combined to get the required gradation. Coarse aggregates
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should be rigid enough to be able to resist the rollers compaction. The Nominal Maximum
Size of Aggregate (NSMA) is generally capped at 50 mm to avoid segregation during
transportation and compaction but with good quality control this size can be increased.
Study shows that the cost saved by increasing the NSMA beyond 75mm is not that
significant [29]. Aggregates should be tested for their physical properties before
developing any Roller Compacted Concrete mix to conform the standard’s specification.
In this study, properties of RCC such as Vee-Bee density, Vee-Bee time, initial setting time,
final setting time and compressive strength were studied for twelve mixes prepared using
different types of fly ash sources, cement and admixture. Furthermore, on two mixes
mechanical and thermal property related tests were performed. These tests include split
tensile strength, direct tensile strength, modulus of elasticity, Poisson’s ratio, apparent
cohesion, angle of internal friction, specific heat of concrete by Transient Plane Source
(TPS) method and Coefficient of Thermal expansion of concrete.
2. Materials Used in RCC
This section gives the detail of various materials used in making of RCC in this study. These
materials include the cementitious materials, water, aggregates and admixtures.
2.1. Water
Water conforming to the requirement same as standard concrete [29] was used for making
the RCC mixes.
2.2. Admixtures
In the present study three types of retarders designated as A1, A2, A3 were used. The
admixtures conform to the physical parameters and uniformity requirement as specified
in IS 9103:1999[30].
2.3. Cementitious Materials
As cementitious material a mixture of Cement and Fly ash were used for making of RCC in
the study. Three types of Cement of OPC43 Grade, designated as C1, C2 and C3 were used.
The cement was tested for its physical properties which include Blain’s fineness according
to IS:4031(Pt-3):1999[31], setting time according to IS:4031(Pt-5):1988[32], soundness
according to IS:4031(Pt-3):1988, compressive strength according to IS:4031(Pt6):1988[33] and Chemical properties according to IS:4032(1985).[34]. The results of these
tests are given below in Table 1. It was found that the physical and chemical test results
conform to Indian Standards specification IS 269 :2015 [35].
Table 1. Physical and chemical test results of cement sample
Sl.
No.
1
2

3
4

236

Properties
PHYSICAL TEST
Blain’s fineness, m2/kg
Setting time, minutes
Initial
Final
Compressive strength, N/mm2
3 days
7 days
28 days
Specific Gravity

Results Obtained
C1
C2
C3
317

322

316

IS Code
Specifications
IS 269: 2015
More than 225

125
185

140
195

130
185

More than 30
Less than 600

33.5
44.0
54.0
3.13

29.5
38.0
52.5
3.14

28.5
36.5
50.0
3.16

More than 23
More than 33
Between 43 and 58

Ojha et al. / Research on Engineering Structures & Materials 8(2) (2022) 233-251

Table 1 (Cont.). Physical and chemical test results of cement sample
1
2
3
4
5
6
7
8
9

10

CHEMICAL TEST
Loss on Ignition (% by mass)
4.43
Magnesium Oxide (% by
3.55
mass)
Sulphuric Anhydride (% by
2.66
mass)
Insoluble Residue (% by
2.16
mass)
Chloride (% by mass)
0.012
Alkalies (% by mass)
Sodium Oxide
0.02
Pottasium Oxide
0.40
Eq. as Na2O
0.28
Silica (% by mass)
19.69
Iron Oxide (% by mass)
3.52
Alumina (% by mass)
4.49

Calcium Oxide (% by mass)

60.91

2.13

2.66

Less than 5

1.78

1.96

Less than 6

1.54

2.19

Less than 6

0.86

4.13

Less than 5

0.007

0.009

Less than 0.1

0.12
0.67
0.56
19.87
3.34
5.57

0.04
0.43
0.32
22.83
4.24
5.47

64.48

59.70

(Cao-0.7SO3)/(2.8SiO2+1.2Al2O3+0.65Fe2O3)

Eq. Na2O shall be
less than 0.6
percent
Ratio of percentage
of lime to
percentage of silica,
alumina and iron
oxide when
calculated by
equation-1 shall be
between 0.66 to
1.02.
For C1=0.94
For C2=0.98
For C3=0.79
(1)

Two types of fly ash designated as FA 1 & FA 2 which are available in eastern part of India
were used to produce the mix trials. Fly ash were evaluated for their physical & chemical
parameter as specified in IS: 3812-part 1[36]. The test results are given in Table 2. It was
found that these results conform to Indian Standards specification IS: 3812-part 1 [36].
Table 2. Test results of fly ash sample
Sl No.

Properties

Results
FA 1
FA 2

PHYSICAL
1
2
3
4
5
6

Specific gravity
Fineness by Blaine (m2/kg)
Soundness by Auto Clave Exp. (%)
Retention on 45µ IS Sieve by Wet Sieving (%)
Lime Reactivity (N/mm2)
Compressive strength at 28 days as % of the strength of
mortar cubes

2.14
336
0.03
22.3
4.7

2.24
324
0.04
29.0
4.6

86.2%

85.8%
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Table 2 (Cont.). Test results of fly ash sample
CHEMICAL
Loss on Ignition (% by mass)
Magnesium Oxide (% by mass)
Total Sulphur (SO3) (% by mass)
Chloride (% by mass)
Alkalies (% by mass)
Sodium Oxide
Pottasium Oxide
Eq. as Na2O
Silica (% by mass)
Iron Oxide (% by mass)
Alumina (% by mass)
Calcium Oxide (% by mass)

1
2
3
5
6
7
8
9
10

0.14
0.89
0.19
0.002

0.12
1.15
0.13
0.002

0.03
0.74
0.52
59.95
7.69
26.23
1.97

0.25
1.66
1.34
62.27
7.70
23.18
1.86

2.4. Aggregates
Coarse aggregates with size in range of 4.75 mm to 40 mm were used for Roller Compacted
Concrete mixes. These aggregates were differentiated into three size groups A40(2040mm), A20(10-20mm) and A10(4.75-10mm) and were tested for their specific gravity
according to IS:2386(Pt-3):1963[37], water absorption according to IS:2386(Pt3):1963[37], sieve analysis according to IS:2386(Pt-1):1963[38], combined flakiness and
elongation according to IS:2386(Pt-1):1963[39], crushing according to IS:2386(Pt4):1963[40], impact according to IS:2386(Pt-4):1963[40], abrasion according to
IS:2386(Pt-4):1963[40], deleterious material according to IS:2386(Pt-2):1963[41] and
soundness according to IS:2386(Pt-5):1963[42]. The specific gravity of the aggregates is
about 2.7 and water absorption lies between 0.4 and 0.6. Detailed result of these tests are
tabulated in Table 3. The aggregate properties conform to the specifications of IS 383:2016
[43].
Table 3. Test results of coarse aggregate
Sl.
No.
1
2
3
4
5
6
7
8

Properties
Specific gravity
Water absorption (%)
Abrasion Value %
Crushing value %
Impact value %
Combined Flakiness and
Elongation Index %
Soundness (Na2SO4) %
Total deleterious materials
% (except coal & lignite)

Result
Obtained
(A10)
2.7
0.41
28
22
19

Result
Obtained
(A20)
2.68
0.43
16
19
13

Result
Obtained
(A40)
2.66
0.59
17
15
13

Limits
according to
IS 383:2016
2.1 to 3.2
Less than 5
Less than 30
Less than 30
Less than 30

31

29.9

36.7

Less than 40

0.46

0.16

0.05

Less than 10

0.1

0.1

0.1

Less than 2

Fine aggregates were tested for their specific gravity as specified in IS: 2386 (Pt-3):1963
[44], water absorption as stipulated in IS: 2386(Pt-3):1963, Material finer than 75 microns
according to IS: 2386(Pt-1):1963 [38] and sieve analysis as specified in IS: 2386(Pt1):1963. Results of all the tests conform to the specification in IS: 383:2016 [43] and are
tabulated in Table 4.
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The overall combined grading curve for the aggregate blend is given in Figure 1. It shows
that the combined grading lies between the specified limits given in ASTM C33 [45].
Table 4. Physical test results of fine aggregate sample
Sl No.

Test Carried out

1
2
3

Specific gravity
Water absorption, %
Material finer than 75-micron, %

Result
Obtained
2.66
0.80
11.3

Limits according to
IS383:2016
2.1 to 3.2
Less than 5
Less than 12

Fig. 1 Combined grading curve of aggregate ratio 20:22:28:30
3. Experimental Program
3.1. Admixture Dose and Setting Time
The setting time of concrete with admixture was determined by varying the doses of
retarding chemical admixture with control mix. The setting time was determined by
standard procedure of IS: 1199:2018(Part-7) [46] in which the standard needles were
penetrated at different time intervals in the 4.75 mm sieved concrete. The initial and final
setting time of concrete was calculated in respect of control mix and are tabulated in Table
5. It was seen that the setting time increases significantly when retarder was added as
compared to that of concrete without a retarder (Control Mix).
Ingredients of control mix are as follows;
•
•
•
•

Cement – 84 kg cum of OPC 43 (Cement 3)
Qty. of fly ash used - 126 kg/cum
Aggregate ratio 20:22:28:30 (A40:A20:A10:Fine Aggregate
W/C Ratio – 0.57
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Table 5. Initial and final setting time of control mix and concrete mixes
Chemical
admixture
Control Mix
A1
A1
A2
A2
A3
A3

Dose of chemical
admixture (% by wt. of
Cementitious material)
0.00%
0.35%
0.50%
0.35%
0.50%
0.35%
0.50%

Initial setting time of
concrete (hh:mm)

Final setting time of
concrete (hh:mm)

06:40
19:00
45:30
23:40
24:00
24:10
44:45

10:30
44:40
74:40
36:40
34:10
49:30
72:00

3.2 Roller Compacted Concrete Mix Proportion
In this study, three fractions of coarse aggregates, i.e., 40mm, 20mm and 10 mm and one
fine aggregate sample was taken. Different ratios of coarse and fine aggregates were
blended and the compacted bulk densities were determined by following the procedure
mentioned in IS: 2386 (Part III) [44]. The compacted bulk densities of various
combinations of fine aggregates (Sand) to coarse aggregates (A40/A20/A10) were
obtained. It was found that the compacted bulk density of aggregate ratio 20:22:28:30 was
maximum. With the obtained maximum aggregate proportion (20:22:28:30), different RCC
mixes were prepared using three types of cement, two sources of fly ash and three types
of chemical admixtures. The RCC mix proportions are given in Table 6 (Column 1 to Column
15). Corrections were made in adding water to account for aggregate water absorption.
Table 6. Details of 12 roller compacted concrete trial mixes
Mix
ID

Cement

Fly ash

Admixture
Type

Total
Cementitious
content

Cement

Fly
Ash

(1)
1
2
3
4
5
6
7
8
9
10
11
12

(2)
C2
C1
C2
C3
C3
C1
C1
C1
C2
C2
C2
C2

(3)
FA 2
FA 2
FA 1
FA 1
FA 1
FA 1
FA 1
FA 1
FA 2
FA 2
FA 2
FA 2

(4)
A1
A1
A3
A2
A1
A3
A2
A1
A2
A2
A2
A2

(5)
190
200
210
210
210
210
210
210
210
210
240
240

(6)
66
70
70
70
70
70
70
70
74
84
84
96

(7)
124
130
140
140
140
140
140
140
136
126
156
144

240
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Table 6 (Cont). Details of 12 roller compacted concrete trial mixes
Cement
Admixture
W/C
/
Water
Sand 40mm 20mm
10mm
(% by wt. of
Ratio
Fly ash
cementitious)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
1
0.53
108
652
434
481
617
0.57
0.35%
2
0.54
114
642
428
475
609
0.57
0.35%
3
0.50
114
637
424
470
603
0.54
0.35%
4
0.50
114
636
424
470
603
0.54
0.35%
5
0.50
114
637
424
470
603
0.54
0.35%
6
0.50
120
631
421
467
598
0.57
0.35%
7
0.50
114
636
424
470
603
0.54
0.35%
8
0.50
114
636
424
470
603
0.54
0.35%
9
0.54
119
636
424
470
603
0.57
0.50%
10
0.67
119
637
425
471
604
0.57
0.50%
11
0.54
119
627
418
463
594
0.5
0.50%
12
0.67
119
628
419
464
595
0.5
0.50%
Note: The RCC ingredient content mentioned above are in kg per m3 of concrete.
Mix
ID

4. Testing Programs and Results
4.1. Consistency and Density Using Vee-Bee Method
The consistency of this RCC mixes were measured according to IS: 1199 (Part 2)-2018 [47]
using Modified Vee-Bee Consistometer. To determine the consistency of RCC Mixes,
cylinder was filled with concrete in three layers and transparent acrylic disc was placed
over it. The concrete mix was then vibrated to get the acrylic disc in full contact with
cement paste. This test method provides a measure of the consistency of concrete having
zero-slump or no measurable slump. Under the application of external vibration, the paste
in the concrete rises to the surface. The consistency was measured as the time required for
concrete to be consolidated by vibration in a cylindrical mould. The test results of Vee-Bee
time are presented in Table 7.
4.2 Determination of Setting Time of Mixes
Initial Setting Time is the time elapsed after initial contact of cement and water, until the
mortar (sieved from the concrete) acquires a penetration resistance of 3.5MPa. Final
Setting Time is the time elapsed after the initial contact of cement and water, until the
mortar (sieved from the concrete) acquires a penetration resistance of 27.6 MPa. The
setting times for RCC were obtained using IS 1199 (Part 7):2018[46] and are tabulated in
Table 7.
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Table 7. Test results of Vee-Bee time, Vee-Bee Density and Setting time of Concrete
Mix
ID
1
2
3
4
5
6
7
8
9
10
11
12

Vee-Bee time
(s)
25
14
25
23
30
15
22
24
16
12
13
11

Vee-Bee Density
(kg/m3)
2397
2399
2363
2354
2339
2394
2393
2358
2430
2418
2426
2419

Setting Time (hh:mm)
Initial
Final
25:30
40:00
22:20
43:15
24:00
40:10
24:20
44:50
26:00
46:00
22:00
43:00
22:00
38:40
22:00
41:50
27:00
39:00
24:00
39:00
22:00
39:00
20:00
27:00

4.3. Compressive Strength
4.3.1. Casting and Curing of Cube Specimen
The 150 mm X 150mm X 150mm cubes were cast to determine the compressive strength
of the concrete samples. The concrete in the cube mould was placed in three layers (each
layer approx. 50mm) and was compacted using table vibrator keeping time of vibration
60±2 seconds for each layer. Before placing concrete in subsequent layer, previous layer
was roughened using wire brush.

Fig. 2 Shows cast cube for one of the mix trial
For Normal curing, the cube specimens were removed from the moulds after 72 hours of
air curing at 27±2oC and RH±65%. After demoulding specimens were stored in water
curing at 27±2oC and were taken out just prior to its testing at the required age. Cube
specimens were tested for compressive strength at 7, 28, 56, 90 and 365 days for each trial
mix according to the procedure given in IS: 516. The test results of compressive strength
are presented in Figure 3.
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In the figure, cementitious content and compressive strength are given on vertical axis
while Mix ID on horizontal axis. It was observed in Figure 3(a) that for same cement
content and fly ash content the compressive strength varies with change of cement type.
The compressive strength was highest for Mix ID 8 while lowest for 3 which may be due to
marginally higher compressive strength of cement 1 as compared to cement 2 which are
used in Mix 8 and 3 respectively and can also be attributed to presence of performance
improver which is getting reflected in insoluble residue value of cement (C1). It is also
evident from compressive strength of Mix 8 & 7 and 5 & 4 that there is negligible effect of
changing admixture type on strength. In figure 3(b) the compressive strength increases
with increase of total cementitious content. From Mix 9 & 10 and 11 & 12 it is observed
that increasing cement while keeping the total cementitious content same, increases the
strength. It is also observed from Figure 3 that the 365 days compressive strength is
approximately double of 28 days compressive strength.
Mardani et.al. [17] studied high fly ash ratio with cement to fly ash ratio of 0.67 and found
compressive strength of 17.7, 31.8, 39.5, and 40.6 for 7, 28, 90, and 180 days. These values
are comparable with findings particularly for mix ID 10 and 12, having cement to fly ash
ratio of 0.67. Other mixes also show similar trend in their strength with age.

(a)

(b)
Fig. 3 Compressive strength at 7, 28, 56, 90, 365 days and cementitious content (a) Fly
ash FA1 (b) Fly ash FA2
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4.4 Mechanical and Thermal Properties Investigation
Mechanical properties such as Tensile strength, Modulus of Elasticity, Poisson’s ratio,
apparent cohesion, angle of internal friction, water permeability, specific heat and
coefficient of thermal expansion were obtained for Mix ID 4. Keeping in view that strength
requirement for dam construction is 25 N/mm2 at 365 days, mix ID 4 was selected due to
its lowest cement/fly ash ratio among all the mixes prepared, i.e., 0.50 and water/cement
ratio of 0.54.
4.5. Split Tensile Strength, Modulus of Elasticity and Poisson Ratio
Cylindrical specimens of 150mm diameter and 300mm length were cast to determine
Splitting Tensile Strength, Modulus of Elasticity (MOE) & Poisson Ratio and Direct Tensile
Strength of concrete. The specimens were removed from the moulds after 3 days of casting.
After demoulding, the specimens were kept in water at 27±2°C until the age of testing. The
Split Tensile Strength, Modulus of Elasticity (MOE) & Poisson Ratio and Direct Tensile
Strength were determined at the age of 28 days, 90 days and 180 days. Modulus of
Elasticity (MOE) & Poisson Ratio was also done at 7 days. The test procedure as given in
IS: 5816[48]/IS: 516[49] were followed to determine Split Tensile Strength. Modulus of
Elasticity (MOE) & Poisson Ratio were tested according to ASTM C-469[50]. For testing of
Direct Tensile Strength literature was referred [51]. The test results are presented in Table
8. Mardani et.al. [17] studied high fly ash ratio with cement to fly ash ratio of 0.67 and
found split tensile strength of 3.87 at 180 days. These values are comparable with our
findings for mix ID 4 with cement to fly ash ratio of 0.50.
4.5.1 Direct Tensile Strength Method
Cylindrical specimens of 150mm diameter and 300mm length were cast to determine
Direct Tensile Strength of concrete. Direct Tensile Strength was determined at the age of
28 days, 90 days and 180 days. 2 cylinders, which were used for direct tension tests at each
age, were taken out of the water one day prior to testing. After grinding both sides of each
specimen, the specimens were dried for 12 hours and adhered to the steel plates with
epoxy, as shown schematically in Figure 4. The epoxy was left for 12 hours to dry to
improve bond quality between the concrete specimen and the steel plate in the test setup.
Direct tensile cracking strength of cylinder specimens was measured using Universal
Testing Machine (UTM). The test results are presented in Table 8.
Direct tensile strength at 180 days shows significant improvement than at 28 and 90 days
suggesting the gain in tensile strength at later stage. The increase in modulus of elasticity
of concrete made with Mix ID 4 from 28 days to 365 days is approximately 1.5 times
whereas increase in compressive strength was approximately 2.2 times. The percentage of
split tensile of concrete made with Mix ID 4 is approximately 14 percent of 28 days
compressive strength whereas approximately 8 percent of 365 days compressive strength.
The test results of split tensile strength are in line with ACI 363R-10 (ACI-2010) report
which claims that for lower strength concrete, tensile strength may go upto 10 % of
compressive strength; however, for higher strength it reduces to about 5 % of compressive
strength [52, 53]. The ratio of direct tensile strength to split tensile strength of concrete at
28-, 90- and 180-days age varies between 0.63 to 0.73 with an average ratio of 0.67 which
is in line with relationship reported in the literature [54]. The poisson’s ratio values are
lower than that of the standard value of 0.20 reported in codes and specification for normal
strength concrete. This can be attributed to maximum size of aggregate in the mix (40 mm
size).

244

Ojha et al. / Research on Engineering Structures & Materials 8(2) (2022) 233-251

Fig. 4 Direct tension test conducted by the proposed test setup
Table 8. Test results of split tensile strength, direct tensile strength and modulus of
elasticity (MOE) and poisson ratio
Mix ID

Age
(Days)

4

7
28
90
180

Split Tensile
Strength
(N/mm2)
1.52
1.93
2.51

Direct Tensile
Strength
(N/mm2)
1.115
1.199
1.745

Modulus of
Elasticity
(N/mm2)
9391
19990
25451
30574

Poisson’s
Ratio
0.115
0.108
0.123
0.146

4.6. Apparent Cohesion and Angle of Internal Friction
Cylindrical specimens of 100mm diameter and 200mm length were cast to determine the
Apparent Cohesion & Angle of Internal Friction of concrete. The specimens were removed
from the moulds after 3 days of casting. After demoulding, the specimens were kept in
water at 27±2oC. The Apparent Cohesion & Angle of Internal Friction was determined at
age of 28, 90 and 180 days for Mix ID 4. The test procedure as given in IS: 13047 [55] were
followed to determine Apparent Cohesion & Angle of Internal Friction. The test results of
Apparent Cohesion & Angle of Internal Friction are presented in Table 9. Cohesion also
shows the similar trend as tensile strength and shows a marginally higher value at later
stage. No improvement was observed in angle of internal friction for RCC with age. The
shear strength of concrete depends upon the cohesion and angle of internal friction. The
general range of angle of internal friction as reported earlier [56] is between 30 to 65
degrees for RCC.
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Table 9. Test results of apparent cohesion and angle of internal friction
Mix ID

Age in Days

4

28
90
180

Apparent Cohesion
N/mm2
4.17
5.41
5.71

Angle of Internal Friction
Degree
39.30
40.32
38.83

4.7. Water Permeability
Cylindrical specimens of 150mm diameter and 150mm length were cast to determine the
Water permeability of concrete. The specimens were removed from the moulds after 3
days of casting. After demoulding, the specimens were kept in water at 27±2oC. The water
permeability of concrete was determined at the age of 90 days for Mix ID 4 by following
the test procedure given in IS: 516 (Part 2) [57] and it was found that the water
permeability of the concrete was 70mm.
Past studies [58, 59] has indicated that the addition of high volume fly ash in the matrix
leads to enhancement in its porosity and water absorption. Increasing porosity and water
absorption with the addition of HVFA is one disadvantage of using this system. The
hydration of cement fills the volume initially occupied by water thereby decreasing the
overall porosity of systems. The pozzolanic activity of fly ash consumes portlandite and
precipitates secondary CSH, without altering the porosity, but reducing the
interconnectivity of the pore structure. Therefore, when HVFA addition is done in the
concrete mix; the water cement ratio, cement to fly ash ratio, strength and durability
requirements of the structure shall be considered for achieving desired concrete mix for
the durable and safe structure.
4.8. Specific Heat of Concrete
Specific heat of concrete can be measured by steady state method or transient method. In
this study, Transient Plane Source (TPS) method was used to determine the specific heat
of concrete. This apparatus determines thermal properties based on hot disc method
according to ISO 22007-2:2018 [60]. For determining specific heat of concrete, the
specimen size was considered 300 mm ×300 mm × 100 mm. After demoulding, butyl sheet
wrapping was done to prevent loss or gain of moisture in specimen. All the specimens were
kept at a laboratory temperature of 27 ±2˚C and humidity more than 65%. Testing was
conducted using TPS 500 as shown in Figure 5. The average specific heat of concrete at 7
days is 402.63 J/Kg/K and at 56 days is 368.59 J/kg /K. Specific heat for RCC in the study
shows a much lower value than the specified values for normal concrete in IS 14591-1999
[61], i.e., 850 J/kg / ºC - 1050 J/Kg/ºC.
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Fig. 5 Evaluation of thermal conductivity and specific heat of concrete
4.9. Coefficient of Thermal Expansion of Concrete
Prism specimens of 75mm X 75mm X 300mm length were cast to determine the coefficient
of thermal expansion of concrete. The specimens were removed from the moulds after 3
days of casting. After demoulding, the specimens were kept in water at 27±2°C. The
coefficient of thermal expansion of concrete was determined at 56 days. Mix ID 4
proportions were used for casting of specimens. The test procedure as given in CRD-C3981 was followed to determine Co-efficient of thermal expansion of concrete. The test
results show that average Coefficient of thermal expansion at 56-days was 1.276 x 10-5/°C
which is in line with value (1.2 x 10-5/°C) specified by Indian standard IS456 -2000 for
quartzite aggregate.
5. Conclusions
The study was performed to see the effect of various composition of materials of RCC on
its properties. It was observed that average increase in compressive strength of RCC from
28 days to 365 days was twice, i.e. 365 days compressive strength was nearly two times
28 days. There was nearly no effect of adding different admixtures on 365 days
compressive strength of concrete. The compressive strength of RCC mix increases with
increase in total cementitious content, however cement to fly ash ratio is critical in
achieving specified strength. Consistency in terms of Vee-Bee time is between 11 to 30
seconds for different mixes. Initial setting time is more than 20 hours and final setting time
is as high as 46 hours for the mixes. Increase in setting time can be attributed to addition
of retarder admixture.
The increase in modulus of elasticity of concrete made with Mix ID 4 from 28 days to 365
days is approximately 1.5 times whereas increase in compressive strength was
approximately 2.2 times. The percentage of split tensile of concrete made with Mix ID 4 is
approximately 14 percent of 28 days compressive strength whereas approximately 8
percent of 365 days compressive strength. The ratio of direct tensile strength to split
tensile strength of concrete at 28-, 90- and 180-days age varies from 0.63 to 0.73 with an
average ratio of 0.67. Cohesion also shows the similar trend as tensile strength and shows
a marginally higher value at later stage. No improvement has been observed in angle of
internal friction for RCC with age. The average specific heat of concrete at 7 days is 402.63
J/Kg/K and at 56 days is 368.59 J/Kg/K. Specific heat for RCC in the study shows a much
lower values than the specified values for normal concrete in IS 14591-1999, i.e. 850 J/kg
/ ºC - 1050 J/kg /ºC for wide range of materials and conditions. The test results show that
average Coefficient of thermal expansion at 56-days was 1.276 x 10-5/°C which is in line
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with value (1.2 x 10-5/°C) specified by Indian standard IS 456 -2000 for quartzite
aggregate
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Abstract
The influence of rubber aggregate of tire waste (RATW) under cyclic freezethaw attack of concrete was studied. Various concrete mixes were prepared: a
plain concrete (PC) produced with natural sand and rubber concretes (CRATW)
included the RATW ratios of 5, 10, and 15 % such as a partial replacement with
the natural sand aggregate (NSA). After the samples exposed to the different
freeze-thaw cycles (120, 240, 340), their following properties were evaluated:
visual observations, mass loss, dynamic modulus of elasticity and compressive
strength. Our results indicate that the inclusion of RATW increasing entrappedair and the interfacial transition zone (ITZ) between cement matrix - rubber is
weak and porous. In addition, the rubber concretes have higher resistance to
freeze-thaw attack compared to plain concrete. This innovative trend could be
extending the concrete structures’ life in a cold climate. This clean practice of
reusing RATW with cement based materials will reduce their stock in the
landfills and eliminates their pollution on the environment.
© 2022 MIM Research Group. All rights reserved.

1. Introduction
In a context of increasing industrial waste production, the accumulation of waste tire in
the landfill presents a potential source of major environmental problems. Poor
management methods of this waste such as open burning threatens nature and the
environment. This dangerous practice contaminates the air, water and soil because tire
waste contains toxic elements such as mineral oils and heavy metals [1,2]. This
innovative solution reduces the impact of tire waste on environmental and solves the
exhaustion problem of traditional aggregates, especially in poor regions in natural
aggregates [3,4]. The reusing of tire waste materials with cement-based materials
constitutes an alternative solution compared to the traditional mineral aggregates. Many
researchers have suggested reusing RATW with cement-based materials in order to
reduce their harmful effects on the environment [3,4,5].
Waste tire taken a long time to decomposed. Rubber waste materials have a higher
resistance to various physical and chemical attacks [6,7]. This behavior could be
reinforced the freeze-thaw resistance of concrete in a cold climate. The main damage to
concrete exposed to freeze-thaw attack are the internal damage [7,8]. Many researchers
had evaluated the inclusion of RATW with cement-based materials at different ratios
[8,14,15]. This research revealed that RATW reduced the mechanical performance of
composites incorporating rubber aggregate compared to reference concrete [14,15,16].
Other studies indicated that RATW improved the rubber- cement composite behavior,
such as: water absorption by capillarity, thermal conductivity, strain capacity, ductility
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compared to control mix [17,18,9]. Recent research revealed that RATW increasing air
content into fresh rubber mixes [19,23].
Concerning the rubber composites exposed to chemical attacks, Thomas and Gupta [21]
revealed that rubber cement-based mixes had a high resistance to sulfate attack and
carbonation than that of control. As for the freeze-thaw attack, there are less research
reported that RATW improved the freeze-thaw durability of plain concrete [16,17,9].
However, we noticed that the test conditions of these studies (the maximum freezing
temperature, number of cycle) were insufficient to assess the freeze-thaw resistance of
rubber composite. Concerning the deicing salt attack, recent study conducted by
Guelmine and Hadjab [18] reported that RATW highly increased the deicing salt-scaling
resistance of rubber concrete compared to control.
Our study examined the influence of RATW on plain concrete durability exposed to a
sever freeze-thaw attack. For this purpose, four cement based composites were prepared:
a plain concrete and three mixes included the RATW by partial replacement with natural
Sand for the rates: 5%, 10%, and 15%. The concrete durability was evaluated by their
properties after the different freeze-thaw exposures.
2.Materials and Methods
2.1. Materials
In this study, the Cement used for produced studied mixes was Ordinary Portland Cement
CEM II/A 42.5, with a bulk density of 3020 kg/m3. The natural Sand aggregate NSA used
to produce mixes have a size grading, apparent density and finesse modulus of 0.06 – 3
mm, 1500 kg/m3, 2.25 respectively. The natural crushed gravel has a maximum size of 15
mm. The RATW was produced from waste tire processing factory in Algeria. Their
apparent density is 470 Kg/m3 (Fig.1). The RATW inclusion in concrete mixes (0.08 mm –
3 mm) by partial replacement with natural Sand aggregate. Fig.2 and Table 1 shows the
sieve analysis and some physical properties of used aggregates, respectively.

Gravel G3/8

Gravel G8/16

RATW

NSA
Fig. 1 Used aggregates
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Table 1. Some physical properties of used aggregates
Physical Properties
Specific density (kg/m3)
Apparent density (kg/m3)
Water absorption (%)
Finesse modulus

NSD
2510.0
1615.0
1.15
2.30

RATW
1195.0
470
0.25
3.10

Fig. 2 Grading cures of used aggregates
2.2. Mix proportions
In this study, four mixes produced: The plain concrete PC and three rubber concretes
included the RATW by partial replacement with NSA by mass, for the rates: 5%, 10%, and
15%. The mix proportions are shown in Table 2. Studied samples produced in accordance
with standard NF EN 12390-2. First, the concrete samples were cast in cubical samples
100 x 100 x 100 mm3. After 24h ± 1h. All samples were unmolded and filed in the tap
water tank for 28 days (T = 21 ± 1°C, HR= 100%), then in the laboratory conditions
(T = 19 ± 1°C and HR = 60 ± 3 %). The mix CRATW10% means the concrete sample
included 10% of reused rubber Aggregates of tire waste.
Table 2. Mix proportions
Component
(Kg/m3)
NSA
Gravel 3/8
Gravel 8/16
Cement
Water
RATW

PC
610
180
970
400
220
0

Concrete mix (Kg/m3)
CRATW5%
CRATW10%
580
550
180
180
970
970
400
400
220
220
30
60

CRATW15%
520
180
970
400
220
90

2.3. Freeze-Thaw Test
This study investigated the influence of RATW on the freeze-thaw durability of produced
mixes. All samples have been exposed to successive cycles (24 hours) for the following
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thresholds: 120, 240 and 340 cycles. The Freeze-thaw test was realized by a similar
process of ASTM C666 standard [19], on cubical samples (10 x10 x10) cm 3 aged 35 days.
The freezer has a temperature range of (0 °C to - 30 °C).
The freeze-thaw experiment was preceded by a stage of saturation of the samples, in a
tap water tank (20 ± 2 °C) during 8 days, because the critical saturation degree (uptake)
increases the internal frost damage to concrete according to the reliable research [20,21].
The typical freeze-thaw cycle is composed of two stages (see Fig.3). The internal frost
damage to concrete samples was evaluated by the following physical-mechanical
proprieties: Visual observations, mass loss, residual dynamic modulus of elasticity, and
compressive strength.

Fig. 3 Typical freeze-thaw cycle
2.5. Test Methods
This research conducted in order to investigated the influence of RATW on the freezethaw durability of plain concrete. The hardened properties were estimated on three
samples of 10 x 10 x 10 cm3. The fresh properties estimated were: the workability and air
content. These experiments realized in accordance with Standards ASTM C143 and ASTM
C231 respectively [19]. The ultrasonic velocity determined by the ultrasonic wave
technique (Fig. 4), in Standard with NF P 18-418 standards [22]. The elastic dynamic
modulus EDM calculated by equation (1):
𝐸𝐷𝑀 = [(1 + ν)(1 − 2ν)/(1 − ν)]𝐶 2 𝜌𝐿

(1)

Where, ν, ρ, C are Poisson’s ratio (0.2), bulk density (kg/m 3) and ultrasonic velocity of
concrete respectively.
The durability factor was estimated for each concrete at 120 cycles, 240 cycles and 340
cycles by the following equation (2):
𝐷𝐹 =

𝐸𝑛
x 100 (%)
𝐸0

(2)

Where, DF: durability factor of studied samples; En, residual dynamic modulus of
elasticity at n freeze/thaw cycles; E0, initial dynamic modulus of elasticity at 0
freeze/thaw cycles.
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Fig. 4 Ultrasonic test equipment
The SEM analysis conducted for estimated the air voids generated by RATW in the microstructure of rubber samples which are related to concrete durability exposed to freezethaw. The micro-structural analysis of prepared samples was determined by scanning
electron microscope SEM make at 15 kV. The experiments were realized on 2 cm 2 cut
pieces from hardened samples. The best coating was carried out on the surface samples
before carrying out the analysis. The compressive strength was determined on the
samples (10 x 10 x 10) cm3 according to NF EN 12390-2 Standard [23]. The freeze-thaw
attack was evaluated by the following properties: mass loss, elastic dynamic modulus,
and compressive strength for all prepared samples.
3. Results and Discussions
3.1. Workability
The slump test results of studied concretes are shown in Fig.5. The results indicate that
RATW produced a significant reduction in the workability with the inclusion of rubber
content. These reductions were about: 25%, 40% and 55% for the inclusion of 5%, 10 %
and 15 % rubber sand, respectively. This trend explained by the heterogeneous shape of
RATW compared to NSA. Many researchers have reported a similar trend [23,24].
According to previous studies cited above, the RATW require more water and cement, to
obtain an equivalent slump than that of reference concrete [23,24]. For this reason, the
RATW ratio was limited to 15%, for an easy casting of studied mixes.

Fig. 5 Effect of RATW on the slump values of studied concretes

257

Guelmine / Research on Engineering Structures & Materials 8(2) (2022) 253-264

3.2. Entrapped – Air
Fig. 6 shows the evolution of entrapped-air values of prepared samples with RATW rate.
The inclusion of RATW in concrete up to 15% produces an increase in entrapped-air rate
about 5%. This behavior is due to the rigorous texture of RATW which traps air in their
complex topography. Various studies [25,26] reported during the mixing of rubber mixes
that RATW had a high capacity to entrap air. These results confirmed that RATW could be
used as an air- entraining admixture with concrete composites.

Fig. 6 Effect of RATW on the entrapped air of studied concretes
3.3. MEB Analysis
Fig. 7 appears the SEM images of rubber samples (CRATW5%, CRATW10%, CRATW15%
and rubber- concrete paste ITZ). The results reveal that entrapped air (air-voids)
increasing with increasing RATW content, and they are located close to rubber
aggregates. This behavior is due to the complex shape of rubber aggregates as shown in
Fig.7d. The Fig. 7d reveals a poor contact between Concrete -RATW that is characterized
by the presence of air-voids between concrete matrix and rubber aggregate. Various
studies [26,28] confirmed that the ITZ between concrete matrix - rubber is weak and
porous. Air voids between the rubber and the concrete matrix can act as an air-entraining
admixture to protect the concrete against freeze-thaw attacks.

CRARW5%
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CRARW15%

CRARW15%

Fig. 7 Micrographs of samples obtained by SEM, ITZ represent interfacial transition
zone concrete - RATW
3.3. Freeze - Thaw Durability
This section estimated the influence of RATW on the freeze-thaw durability of studied
samples. The damage samples evaluated by the subsequent properties: mass loss (scaling
surface) Dynamic modulus of elasticity and compressive strength, after their exposure to
different freeze-thaw cycles (120 cycles, 240 cycles, and 340 cycles) (Fig. 9). The average
results of properties were summarized in Table 3.
Table 3. Results of freeze-thaw test
Property
Mass loss
(%)
Dynamic
modulus of
elasticity
DME (MPa)
Compressive
strength
fc (MPa)

Concrete
mix
PC
CRATW5%
CRATW10%
CRATW15%
PC
CRATW 5%
CRATW 10%
CRATW 15%
PC
CRATW 5%
CRATW 10%
CRATW 15%

0
0
0
0
0
35.24
28.54
24.80
21.76
54.79
46.84
35.61
30.52

Number of freeze-thaw cycles
120
240
1.82
2.90
0.15
0.72
0.07
0.60
0.03
0.50
31.61
25.61
26.21
24.39
23.60
21.92
20.40
19.82
47.48
39.35
42.48
36.90
32.87
30.16
29.00
27.35

340
3.50
1.75
1.08
1.50
18.10
22.31
20.35
18.46
28.48
30.87
28.87
26.20

3.3.1. Visual Observations
The damage properties of studied samples exposed to freeze-thaw are illustrated in Fig.
8. For 120 cycles, we noted only slight crumbling for PC samples. For 240 cycles, we
observed moderate and slight scaling surface for the samples PC and CRATW5%,
respectively. For 340 cycles, we observed a severe scaling surface and edges with the
deterioration of paste coaling around aggregates for PC. However, we reported a
moderate loss of cohesion between paste and aggregate for CRATW5%. For CRATW10%,
there was slight loss crumbling with appearance of same coarse aggregate. For
CRATW15%, there was only very slight scaling surface and moderate damage to edges
samples caused by the presence of RATW in the edges. These results revealed that RATW
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improved the scaling surface of concrete exposed to freeze-thaw attack. Table 3 shown
below summarizes the freeze-thaw test results.

340 cycles

240 cyclec

120 cycles

CRATW15%

CRATW10%

CRATW5%

PC

Fig. 8 Visual appearance of concrete samples exposed to 120, 240, and 340 cycles of
freeze-thaw
3.3.2. Mass Loss
Fig.9 shows the mass loss of samples (CRRP5%, CRRP10%, and CRRP15%) subjected to
120, 240, and 340 cycles of freeze-thaw. Our results reveal that RATW reduce significant
the mass loss of rubber samples compared to PC (see Fig.8). These reductions were 50%,
69 %, and 57 % compared to PC samples, for 340 cycles, respectively. This behavior is
justified by the nature of RATW that entraps air-voids and reduces the freeze-thaw
damage to rubber samples compared to PC. This trend confirmed that the RATW could be
improved the scaling surface resistance of rubber concrete, especially for CRATW10%. In
the literature, there are no studies on this topic. This valuable property for RATW could
be extending the concrete structures' life in a cold climate.

Fig. 9 Effect of RATW on the mass loss of studied samples exposed to the different
freeze-thaw cycles
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3.3.3. Durability Factor
Fig.10 illustrates the durability factor DF of studied samples as a function of freeze-thaw
cycles. The DF reductions of samples (CRATW10% and CRATW15%) are moderate (22 %
and 19%) for 340 cycles, respectively. On the other hand, the DF loss of other samples
(PC and CRATW5%) are much higher (48% and 37%), respectively. Our results reveal
that RATW strongly improved the freeze-thaw durability of rubber concrete. This high
freeze-thaw resistance of rubber concretes is due to the entrapped-air content (0.8 to
5.8%) generated by RATW. Richardson [16] reported that entrapped-air improved the
freeze-thaw durability of concrete. In addition, many researchers indicated that aircontent produces by an air-content admixture in concrete between 5% to 6%, highly
improved their freeze-thaw durability [29,30]. Based on this trend, the RATW could be
used with concrete structures such as an entraining-air admixture.

Fig. 10 Effect of RATW on the durability factor of rubber concrete subjected to
different freeze-thaw cycles
3.3.4. Compressive Strength
Fig. 11 shows the residual compressive strengths of studied samples (PC, CRATW3%,
CRATW10%, CRATW15%) as a function of cycle number.

Fig. 11 Residual compressive strength of studied samples depending on the number of
freeze-thaw cycles
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The compressive strength drops increase with increasing number of cycles. They were
moderate (48%, 34%, 21%, 14%) for samples (CRATW10%, CRATW15%) and higher for
other samples, for 340 cycles, respectively. These results indicated that the rubber
samples have less internal damage than the control sample. The air voids alleviate the
hydraulic pressure of ice formation in the porous network of rubber samples and reduce
their damage compared to PC. Richardson et al. [6,16] have shown that rubber
composites exposed to 56 freeze-thaw cycles has a little loss in compression strength
compared to control composite. Surely that this innovative property of RATW could be
improved the concrete durability in a severe winter climate.
4. Conclusion
This research evaluated the influence of rubber aggregate of tire waste RATW on the
plain concrete durability to freeze-thaw attack. The results obtained allow drawing the
following conclusions:
•

The Micrographs of samples obtained by SEM revealed that air-voids increasing
with increasing RATW content. The interfacial transition zone ITZ between
concrete matrix - rubber is weak and porous. The air-voids between rubber concrete matrix may be behaved such as an air-entraining admixture.
• The inclusion of RATW for substitution ratio up to 15% increased the entrapped
air content of rubber concrete compared to control (0.8% – 5.8%). So this study
confirm that RATW could be used with concrete such as an air-entraining
admixture.
• In terms of mass loss, the results revealed that the inclusion of RATW in concrete
samples reduced significant the scaling surface damage to rubber concretes
compared to PC. This valuable property of RATW could be extending the
concrete structures’ life subjected to freeze-thaw attack.
• The durability factor results showed that RATW reduced the internal frost
damage to rubber concrete compared to PC. This innovative property could be
improved the concrete durability in a rigorous winter climate.
• The compressive strength results indicated that concrete included RATW had
high resistance to freeze-thaw attack compared to plain concrete. This behavior
is due to the inclusion of rubber aggregate with concrete that increasing
entrapped-air and reducing the internal frost damage to freeze-thaw attack.
These results confirmed that RATW highly improved the concrete durability to
freeze-thaw attack. This valuable property could be used with concrete
structures installed in regions with harsh winter climates.
This study only dealt with a specific case of substitution of natural aggregates by RATW
for a single type of concrete. In the next study, we will study the effect of shape and size of
RATW aggregates on the behavior of high-performance concrete exposed to a severe
freeze-thaw with and without de-icing salt.
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Abstract
Concrete is the most commonly used construction material across the globe. In
view of achieving sustainable development, the use of blended cements is
becoming more prominent nowadays. Many research studies are being carried
out across the globe on addition of different additives to enhance the properties
of cement and concrete which also includes different types of fibrous materials.
In this study, the effect of addition of glass microfiber on physical and chemical
properties of PPC was studied for 0.2%, 0.4% and 1.0% by weight of cement.
Mechanical properties such as compressive strength, flexural strength, modulus
of elasticity, split tensile strength and drying shrinkage of concrete made with
PPC cement with and without glass microfiber at water to cement ratio of 0.50
were studied. Durability properties such as RCPT and air permeability were also
evaluated. For study at elevated temperatures, concrete samples were exposed
to temperatures of 200OC and 600OC for duration of 1 hour. From the
experimental investigation carried out, compressive strength was observed to
improve by 13.6 % for PPC containing glass microfiber in comparison to control
PPC. Reduction in cracks due to plastic shrinkage of concrete was observed on
addition of glass micro fibre in PPC. Drying shrinkage of concrete was observed
to decrease on addition of glass micro fibre in PPC. Other mechanical and
durability properties of concrete made with PPC with and without glass micro
fibre were observed to be comparable. No significant improvement in
mechanical properties due to addition of glass micro fibres was observed upon
exposure of concrete to elevated temperatures.
© 2022 MIM Research Group. All rights reserved.

1. Introduction
Portland Pozzolana Cement (PPC) is manufactured in two different ways, either by
interblending or by inter grinding. During the interblending, the individual raw materials
such as fly ash, clinker, gypsum are ground separately and further blended in certain fixed
proportions. Whereas in inter-grinding approach, raw materials such as clinker, gypsum
and fly ash (i.e. pozzolanic materials) are added in certain fixed proportions and ground
together in a single grinding unit to produce PPC. Pozzolanic materials (for example,
calcined clay and fly ash) possess little cementitious properties in itself. However, they
contain alumino silicates and thereby, react with calcium hydroxide (produced as byproduct during the hydration of clinker) in the presence of water to produce compounds
similar to calcium silicate gel hydrate (as produced in case of hydration of clinker).
The practice of usage of fibrous materials in construction sector is not a new concept as it
has been adopted by construction fraternity from past several decades in different ways.
Researcher Joseph Lambot patented technology of usage of fibers in cementitious mixtures
in year 1847. Further, technology of development of Fibre Reinforced Composites (FRC)
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was written about and patented during 1960’s by Naaman [1]. History and development
of FRC has also been discussed in detail in book authored by Balaguru and Shah [2]. In
present scenario, reinforcing fibres are being made up of different materials and can be
broadly categorized in four classes: mineral fibre (for example: glass and asbestos), steel
fibre, synthetic organic fibre (made up of polymer, carbon or cellulose) and natural fibres
(from plant and animals). The most popular type of fibre among above mentioned fibres
for usage in structural and non-structural applications is steel fibre [3, 4].
The overall resultant performance of any fibre reinforced system varies with the kind of
the cementitious matrix (it may be cement paste, cement mortar or concrete) used for
binding the fibres used for reinforcement. This happens due to the variation in complexity
of individual system. As we move from cement paste towards concrete, the complexity of
the system gets increased as cement paste is made up of only cement and water, whereas
a cement mortar mix comprises of cement, water and well graded fine aggregate, and a
concrete mix consists of cement, water, fine and coarse aggregate along with chemical
admixtures. Johnson et al [5] suggested that addition of coarse aggregate in the matrix of a
fibre reinforced composite leads to reduction in the efficacy of the fibres in the system as
it causes reduction in the proportion of fibre in overall composite. Hence, inclusion of fibre
is considered to be more effective in cement paste and cement mortar systems.
The inclusion of different types of fibres in cement-based fibre reinforced composites has
several benefits as it leads to improved performance against phenomena such as shrinkage
and creep along with reduction in cost [6]. However, few studies have revealed and
highlighted that addition of micro fibres caused decrease in compressive strength of
mortar containing micro fibre in comparison to control mortar (without any micro fibre).
This may be the result of increased air content of experimental mixes (containing micro
fibre) in comparison to control mixes. However, the mechanism leading to increase in air
content in the mix due to inclusion of fibre is not yet fully explained [6]. Erdogmus et al [7]
observed both decrease as well as increase in compressive strength of fibre reinforced
composite in comparison to control cementitious composite (without any fibre). They
discussed the mechanism behind the occurrence of these two phenomena. According to
them, when the fibre reinforced specimen dilates laterally under compressive load and
tensile stresses get developed, then the fibres in horizontal orientation bridge the cracks
generated due to tensile stresses and therefore lead to improvement in compressive
strength of composite. On the contrary, inclusion of fibres in the composite leads to
generation of air voids and the fibres of vertical orientation may get snapped due to
occurrence of tension in horizontal direction and thereby, reducing the performance of
fibre reinforced composite again compressive load [8-10].
Rath et al [11] reported reduction of early-age shrinkage by 57% in comparison to the
control concrete mix on addition of 0.1% of glass fibre by volume of concrete. This
behaviour was attributed to high tensile strength of glass fibre. Inclusion of glass fibres
provides a medium for stress to be transferred across shrinkage cracks, thereby providing
crack bridging which ultimately prevents the crack growth. Apart from reduction in
shrinkage, improvement in compressive and flexural strength was also reported. Rath et
al further reported through another study [12] that shrinkage value of fibre reinforced
geopolymer concrete is 44% lesser in comparison to conventional geopolymer concrete.
Further, it was recommended that glass fiber shall be used in geopolymer concrete mix
containing brick aggregates for compensating loss of compressive strength occurring due
to replacing stone aggregate with brick aggregate.
Several research studies conducted in past, indicate that use of fibers has detrimental effect
on the mechanical properties of fibre reinforced concrete when exposed to elevated
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temperature as addition of fibres significantly reduced the both compressive and tensile
strength along with modulus of elasticity [13-16].
2. Research Significance
Majority of the research works conducted in the past to study and investigate the effect of
addition of fibre in cement and concrete matrices has been conducted using steel fibre and
poly propylene fibres. Very scarce and limited research literature is available on effect of
glass micro fibres in cement and concrete matrices. The present research study aims to
study the effect of addition of glass micro fibres in fly ash-based Portland Pozzolana
Cement and concrete prepared using both control PPC (without glass micro fibre) and PPC
containing different dosages of glass micro fibre.
3. Experimental Program
In this study, PPC complying with IS: 1489-2015 was used as cementitious material. PPC
used in this study is referred to as PPC-0 to represent PPC without micro fibre. PPC-0 was
mixed with 0.2% (P-MF-0.20), 0.4% (P-MF-0.40) and 1% (P-MF-1.0) glass micro fibre by
weight of cement. Mixing was performed in ball mill using ceramic balls for a duration of
30 minutes. Glass micro fibres with diameter of 14 microns and cut length of 4 mm were
used for this study. All these cements were evaluated for physical and chemical properties
as per IS 1489: 2015 and were compared with control PPC (PPC-0). Concrete mixes having
cement content of 340 kg/m3 were prepared at water cement ratio of 0.50 and using PPC0, P-MF-0.20 and P-MF-0.40 using Naphthalene based super plasticizer (chemical
admixture). Concrete mixes were evaluated for fresh properties such as slump, air content,
bleeding and plastic shrinkage. Engineering properties of hardened concrete such as
compressive strength, flexural strength, split tensile Strength, modulus of elasticity and
drying shrinkage were also evaluated. Microstructure study using SEM was also conducted
to investigate any ITZ refinement. Durability properties such as Rapid Chloride ion
penetrability test and air permeability tests were also carried out. Mechanical properties
of concrete sample cast using PPC-0, P-MF-0.20 and P-MF-0.40 after exposing concrete at
200 ºC and 600 ºC were analyzed to evaluate the performance of concrete exposed to high
temperature.
4. Methodology
Methodologies adopted for evaluation of different parameters for cement, aggregates and
concrete mixes are as mentioned below:
4.1. Concrete Ingredients
All the Portland Pozzolana Cement (PPC) cement samples were evaluated for
different chemical (such as loss on ignition, Magnesia, Sulphuric anhydride, insoluble
material) and physical parameters of PPC specified in IS 1489 (Part-I): 2015 [17]. Chemical
and physical parameters were evaluated as per IS 4032: 1985 [18] and IS 4031: 1996 [19]
respectively. Test results have been tabulated in Table 1 and Table 2. The coarse and fine
aggregate samples used for preparation of concrete mixes were tested as per IS 2386: 1963
[20] for various physical parameters mentioned in IS 383-2016 [21]. Crushed aggregate
with a maximum nominal size of 20 mm was used as coarse aggregate and natural river
bed sand confirming to Zone II as per IS: 383 was used as fine aggregate. The petrographic
studies conducted on coarse aggregate indicated that the aggregate sample is medium
grained with a crystalline texture and partially weathered sample of calc-granulite. The
major mineral constituents were quartz, biotite, plagioclase-feldspar and orthoclasefeldspar. The silt content in fine aggregate as per wet sieving method is 0.85 percent.
Naphthalene based super plasticizer (chemical admixture) complying with requirements
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of Indian Standard is used for preparation of all the concrete mixes and its dosage was
varied for individual mixes to keep initial slump of concrete in the range of 100 to 150 mm.
Water complying with requirements of IS: 456-2000 for construction purpose was used.
4.2. Glass Micro Fibre and Microstructure Analysis of Concrete
Length and diameter of glass microfibre and microstructure analysis of hardened concrete
was investigated using scanning electron microscope (SEM) JEOL-6510 with secondary
electron image detector. The maximum attainable magnification with the above
instrument is 1 Lacs. The morphological studies of samples were carried out at different
magnifications such as 250x, 500x, 1000x, 1500x, 2000x, 4000x, 5000x and 8000x. The
power of electron gun is 20KV of electron gun and sopt size of the analyzed images is 30.
4.3. Engineering Properties of Fresh Concrete
Fresh properties of concrete such as slump test, air content and Plastic Shrinkage test were
evaluated for all the concrete mixes. Slump test and air content of concrete mix were
evaluated as per IS 1199: 1959 [22]. Plastic shrinkage was evaluated as per ASTM C1579
[23] and crack width was measured using crackoscope.
4.4. Engineering Properties of Hardened Concrete
Compressive strength test was conducted on concrete cubes (of size 150 mm × 150 mm ×
150 mm) as per IS; 516 (Part 1) Sec-1: 2021 [24] at the age of 7 and 28 days. Flexural
strength test was conducted (as shown in Figure 1) on concrete beam (of size 500 mm ×
100 mm × 100 mm) as per IS: 516 (Part 1) Sec-1: 2021 at the age of 7 and 28 days. Split
tensile strength test was conducted on concrete cylinder (of size 150 mm diameter and
300 mm height) as per IS 5816: 1999 [25] at the age of 7 and 28 days. Test for Modulus of
Elasticity was conducted on concrete cylinder (of size 150 mm diameter and 300 mm
height) as per ASTM C 469 at the age of 28 days. Sample being evaluated for Modulus of
Elasticity been shown in Figure 2. Drying shrinkage test was conducted on concrete beam
(of size 75 mm × 75 mm × 300 mm) as per IS 1199: 2004.

Fig . 1 Sample undergoing flexural
strength test
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Fig. 2 Sample being tested for modulus of
elasticity
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4.5. Durability Properties of Concrete
Concrete mixes were evaluated for durability properties such as Rapid Chloride
Penetration Test (RCPT) and air permeability test. Methodologies adopted for these tests
are as mentioned below:
4.6.1. Rapid Chloride Ion Permeability Test (RCPT)
RCPT is used to evaluate the concrete making materials against the chloride ion
penetration as per ASTM C 1202 [26]. This test was conducted on saturated 50 mm thick
concrete slice of 100 mm diameter extracted from the concrete specimen (of diameter
=100 mm and length = 200 mm) during each cycle of testing. A potential difference of 60V
DC was maintained across the ends of the specimen, one end (which is exposed to 5 bars
of hydraulic pressure) immersed in 3.0% NaCl solution and the other end in 0.3M NaOH
solution. Samples undergoing RCPT as per ASTM C1202 have been shown in Figure 3.

Fig. 3 Specimen being tested as per ASTM C1202 (RCPT test)
4.6.2. Air Permeability Test
This test was conducted on concrete slab (300 mm × 300 mm × 100 mm) at 28 days. The
two-chamber vacuum cell (Figure 4) is sealed on concrete surface using pair of concentric
soft rings, creating two separate chambers. After that, between 35 and 60 seconds, valve 2
is closed and inner chamber is isolated from pump. The air in pores of the material flows
into inner chamber through cover concrete, raising its pressure Pi. The rate of pressure
rise ∆Pi with time (measurement begins at t0 = 60 seconds) is directly related to coefficient
of air permeability (KT) of the cover concrete.
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Fig. 4 Sketch of air-permeability test
4.6. Performance of Concrete Exposed to High Temperature
Concrete specimens made with PPC without micro fibres and with micro fibres were cast
for evaluation of performance of concrete exposed to high temperature. Concrete cylinders
(with dimensions of diameter 100 mm and length 200 mm) were exposed to 200 0C and
600 0C for the duration of 1 hour as shown in Figure 5 and were tested for compressive
strength as shown in Figure 6 and 7. Specimen subjected to elevated temperature were
also evaluated for flexural and split tensile strength. For flexural test concrete beam with
(100 mm × 100 mm × 500mm) were cast. Whereas, for split tensile strength, concrete
cylinder (diameter of 100 mm and height of 200 mm) were cast. Specimens were heated
in an electrical furnace while maintaining a rate of heating as 50C/min till the desired
temperature is achieved and further the specimen was exposed to that desired
temperature for 1 hour.

Fig. 5 Concrete specimen in
furnace for fire exposure
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Fig. 6 Concrete specimen
made with PPC-0
undergoing compressive
strength testing

Fig. 7 Concrete specimen
made with P-MF-0.20
undergoing compressive
strength testing
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5. Results and Discussion
5.1 Characterization of PPC Samples Containing Micro Fibre
All the four PPC samples, control as well as PPC containing micro fibre (i.e. P-MF-0.20, PMF-0.40 and P-MF-1.0) were analyzed for various chemical properties. The results of
chemical analysis (Table 1) of PPC samples showed their conformance to the chemical
requirements of PPC as specified in Indian standard IS 1489 (Pt-1):2015 with comfortable
margin and comparable to control cement.
Table 1. Chemical analysis (% by mass) of PPC samples
Sample

LOI*

MgO

SO3

IR#

Cl

PPC-0

1.08

1.88

2.33

31.59

0.019

P-MF-0.20

1.70

1.82

2.35

31.57

0.017

P-MF-0.40

1.61

1.85

2.38

31.80

0.018

P-MF-1.0
Upper Limit as per
IS 1489 (Pt-1):2015

1.69

1.87

2.33

32.26

0.020

5.0

6.0

3.50

-

0.10

*LOI- Loss on Ignition, #IR- Insoluble residue
The Portland Pozzolana cement samples were evaluated for their physical properties. The
results have been tabulated in Table 2. Normal consistency (i.e. water requirement) of PPC
containing glass microfibre was observed to be comparable with PPC without micro fibre.
The values of initial and final setting times of PPC with micro fibre were found to be in the
range of 115-155 and 185-215 minutes as compared to control PPC sample indicating
similar setting times of resultant cements on addition of micro fibre. The SO 3 contents in
control and cement samples containing micro fibre were also in comparable range.
The values of 3, 7 and 28 days’ compressive strength of PPC samples prepared with 0.2 %
and 0.40% micro fibre were observed to be higher in comparison to control PPC. However,
as we increase the micro fibre content to 1 %, compressive strength was found to be lower
than control PPC at all the 3 ages. Compressive strength of PPC containing 0.2% micro fibre
was found to be highest among all the 4 PPCs. All the PPCs were comfortably meeting the
strength requirements suggested by IS 1489 (Pt-1):2015. Since, diameter of glass micro
fibres are in microns, the fine strands of glass micro fibre have a tendency to agglomerate
and stick together while mixing with PPC in laboratory ball mill, when the dosage of micro
fibres goes beyond 0.2% by weight of cement. Those agglomerated strands might create
inhomogeneity in cement mortar which leads to weaker pockets and might result in lower
compressive strength of cement mortar sample.
PPC samples were tested for dimensional stability (soundness) as per the method given in
Indian standard IS: 4031(3)-1988). The Le-chatelier’s and autoclave expansions in PPC
samples prepared in both sets were found to be in the range of 1.0 to 2.0 mm and 0.040.06% respectively and fulfilled the criterion specified for soundness.
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Table 2. Physical properties of PPC samples
PPC0

P-MF0.20

P-MF0.40

P-MF1.0

Limits as per
IS 1489
(Pt-1):2015

Normal consistency (%)

33.0

33.2

32.4

34.4

-

Specific gravity

2.81

2.88

2.87

2.94

-

317

317

317

319

≥ 300

1.0
0.04
150
220
23.5
35.0
47.5

1.0
0.04
155
215
32.0
43.0
54.0

2.0
0.05
135
205
30.0
40.0
51.5

1.0
0.06
115
185
22.5
32.0
44.0

≤ 10
≤ 0.8
≥ 30
≤ 600
≥ 16
≥ 22
≥ 33

Parameter

Fineness (m2/kg)
Soundness
Setting Time
Compressive
Strength

Le. Chat. (mm)
Autoclave (%)
Initial (min.)
Final (min.)
3 days (MPa)
7 days (MPa)
28 days (MPa)

5.2. Characterization of Glass Micro Fibre
Length and diameter of glass fibre was investigated using scanning electron microscope
(SEM) as shown below in Figure 8 and 9.

Fig. 8 Diameter of glass microfibre using SEM
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Fig. 9 Length of glass microfibre using SEM
Average diameter of micro fibre using SEM was observed to be around 14.17 micron and
average length was observed to be around 4 mm. Apart from length and diameter all the
other properties of glass micro fibre has been provided in Table 3.
Table 3. Physical properties of glass micro fibre
Specifications
Elongation
Specific gravity
Melting point
Initial modulus
UV Stability
Alkaline resistance stability
Moisture regain
Electrical Conductivity
LOI
Density

Values
2.4%
2.68
>1000oC
72000 MPa
Very good
Excellent
< 0.2%
Very Low
0.57%
2685 Kg/m3

Tensile strength

1714 MPa

5.3. Characterization of Aggregates
The physical properties of coarse aggregate and fine aggregates used for study have been
tabulated in Table 4. Test results indicate that both coarse and fine aggregate used for
preparation of concrete mixes in this study meet the various requirements of IS 383: 2016.
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Table 4. Physical Properties and sieve analysis (gradation) of coarse and fine aggregates
Coarse aggregates
20 mm
10 mm

Parameter

Fine Aggregate

Specific gravity
Water absorption (%)

2.83
0.3

2.83
0.3

2.73
1.10

Abrasion Value

19

-

-

Crushing Value

19

-

-

Impact Value

13

-

-

Flakiness %

29

-

-

Elongation %

25

-

-

98
1
0
0
0
0
0
0
0

100
68
2
0
0
0
0
0
0

100
100
87
63
49
39
27
0

20mm
10 mm
4.75 mm
2.36 mm
1.18 mm
600 µ
300 µ
150 µ
Pan

Sieve
Analysis
Cumulative
Percentage
Passing (%)

5.4. Mix Details of Concrete Mixes Prepared Using PPC With and Without
Microfibre
Three concrete mixes were prepared using control PPC and PPC containing 0.20% and
0.40% micro fibre at w/c of 0.50 and cementitious content of 340 kg/m 3 for studying
engineering properties of fresh and hardened concrete. Dosage of Naphthalene based
super plasticizer (chemical admixture) was varied for individual mixes to keep initial
slump of concrete in the range of 100 to 150 mm. Details of concrete mixes are tabulated
in Table 5.
Table 5. Details of concrete mixes
Mix

Cement
(kg/m3)

Fine
Water
Aggregates
(kg/m3)
(kg/m3)

Coarse
Aggregates
(10 mm)
(kg/m3)

Coarse
Aggregates
(20mm)
(kg/m3)

Admixture
(%)

PPC-0

340

170

645

520

779

1.3

P-MF-0.20

340

170

648

522

783

1.2

P-MF-0.40

340

170

648

522

782

1.2

5.5. Engineering Properties of Fresh Concrete
The test results of slump test, air content and plastic shrinkage test are given in Table 6.
The slump and air content of concrete mixes prepared using PPCs containing micro fibre
were similar and comparable to the mixes prepared using control PPC. In case of crack
width measurement in plastic shrinkage test, average of 20 cracks measurements taken
across the section (as shown in Figure 10 and Figure 11) were reported. Reduction in
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cracks due to plastic shrinkage of concrete was observed on addition of 0.20% and 0.40 %
micro fibre in PPC by weight of cement (Figure 3). The inclusion of glass microfibers in PPC
reduced and controlled the cracking occurring due to plastic shrinkage and further delayed
the appearance of first crack, because inclusion of the glass microfibers increased the
tensile strain capacity of experimental concrete and restricted the growth of cracks
occurring due to plastic shrinkage.
Table 6. Fresh concrete properties
Mix ID

Initial Slump of
concrete (mm)

Air Content
(%)

Bleeding

Plastic Shrinkage
(Avg. Crack Width)

PPC-0

120

2.90

Zero

1.0275 mm

P-MF-0.20

110

1.90

Zero

0.615 mm

P-MF-0.40

130

3.00

Zero

0.315 mm

Fig. 10 Plastic shrinkage crack in concrete
made with PPC-0

Fig. 11 Plastic shrinkage crack in
concrete made with P-MF-0.20

5.6. Engineering Properties of Hardened Concrete
For engineering properties of hardened concrete compressive strength, flexural strength,
split tensile strength, Modulus of Elasticity and drying Shrinkage were evaluated. The test
results are tabulated in Table 7.
Table 7. Engineering properties of Hardened Concrete
Compressive
Strength, MPa
Mix ID

Flexural

Split Tensile

Strength, MPa

Strength, MPa

Modulus
of
Elasticity
MPa

Drying
Shrinkage
(%)

7 Day

28 Day

7 Day

28 Day

7 Day

28 Day

28 Days

28 Days

PPC-0

25.65

34.79

4.03

5.60

1.89

3.14

33374

0.0202

P-MF-0.20

21.81

32.45

3.17

6.32

1.57

2.75

30908

0.0162

P-MF-0.40

23.47

32.33

3.50

6.54

1.80

2.74

30180

0.0177
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Concrete mixes prepared using control PPC and PPC containing 0.20% and 0.40% micro
fibre showed comparable compressive strength at 28 days. Whereas, an improvement was
observed in flexural strength of concrete at 28 days on introduction of micro fibre because
inclusion of the glass microfibers increased the tensile strain capacity of experimental
concrete and restricted the growth of cracks. Marginal reduction in split tensile strength
and modulus of elasticity values of concrete was observed on introduction of micro fibre
in concrete which indicates that inclusion of glass microfibers enhances toughness and
strain hardening but not the tensile property significantly. Drying shrinkage of concrete
got slightly reduced due addition of micro fibre in PPC because addition of fibers in cement
concrete matrix bridges shrinkage and restrains them from opening. Glass microfibers
delayed the evaporation of the free and absorbed water, favoring the hydration of cement
5.7 Microstructure Study of Concrete Using SEM
The microstructure of hardened concrete samples was analysed using a scanning electron
microscope (SEM). Microstructure of concrete prepared using PPC without and with glass
microfibre have been shown below in Figure 12 and Figure 13.

Fig. 12 Microstructure of concrete
prepared using PPC without glass
microfibre

Fig. 13 Microstructure of concrete
prepared using PPC containing glass
microfibre

Since, glass microfibre added in PPC will not interact chemically with any constituent of
PPC and are chemically inert in nature, hydration products and microstructure of concrete
prepared with PPC having micro fibre and concrete prepared using PPC-0 was observed to
be almost similar.
5.8. Durability Properties of Hardened Concrete
5.8.1 Rapid Chloride Penetration Test (RCPT)
The total charge passed (in coulombs) was determined and is related to the chloride ion
penetrability class according to the criteria given in ASTM C1202. The total charge passed
(in coulombs) through samples of various grades at the age of 28 days has been given in
Table 8.
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Table 8. RCPT results of concrete mixes at 28 days
Permeability Class as per
ASTM C1202

PPC-0

Charge Passed
(Coulombs)
1287.33

P-MF-0.20

1496.33

Low

P-MF-0.40

2427.33

Moderate

Mix ID

Low

The RCPT results at 28 days (as per Table 8) indicates that charge passed through concrete
specimen prepared using control PPC and PPC containing 0.20% micro fibre by weight of
cement are comparable and thus concrete in both of cases fall under same permeability
class i.e. low. Inclusion of micro fibre beyond 0.20% deteriorates the performance of
concrete against chloride penetration.
5.8.2. Air Permeability Test
Classification of quality of concrete based on the value of KT is provided in Table 9. The air
permeability results for various grades of concrete have been tabulated in Table 10.
Table 9. Classification of quality of concrete according to KT
Classification of quality of concrete

KT measured at 28 days (10-16 m2)

Very Good
Good
Normal
Bad
Very Bad

KT< 0.01
0.01 < KT< 0.10
0.1 < KT< 1.0
1.0 < KT< 10
KT> 10

Table 10. Coefficient of air permeability results
Mix ID

KT measured at 28 days (10-16 m2)

Quality of Concrete

PPC-0
P-MF-0.20
P-MF-0.40

0.195
0.017
0.035

Normal
Good
Good

As mentioned in Table 9, concrete can be classified into different categories on the basis of
coefficient of air permeability values. The results of Coefficient of Air permeability at 28
days (as per Table 10) clearly suggests that there is a clear and significant reduction in
coefficient of air permeability (KT) values as we introduce micro fibres (0.2% and 0.4% by
weight of cement) in PPC and hence quality of concrete improves from normal to good.
This is because microfibers decrease the porosity and the capillary absorption, and
increase the resistance to the penetration. The decrease in air permeability of concrete is
due to the filling effect of the microfibers. This effect is due to replacement of the space left
by the evaporation of the water by fibers, causing a further increase in density. The values
of KT for concrete prepared using 0.2 % and 0.4% micro fibre are very much comparable.
However, the least value of KT was observed in case of concrete prepared using PPC
containing 0.20% micro fibre by weight of cement.
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5.9. Performance of concrete Exposed to High Temperature
Concrete specimens prepared using PPC with and without glass micro fibres were exposed
to elevated temperatures as discussed in methodology and were further tested for
compressive strength Compressive strength results at room temperature and after
subjecting to elevated temperature have been tabulated in Table 11.
Table 11. Compressive strength results in fire study
Sample

Room Temperature

2000C

6000C

PPC 0

27.14 MPa

21.32 MPa

15.98 MPa

P-MF 0.20

27.92 MPa

24.34 MPa

15.62 MPa

P-MF 0.40

26.93 MPa

22.94 MPa

10.43 MPa

From the experimental results, improvement in reduction in compressive strength is
observed for 2000C while no improvement is observed for the 6000C exposure. Significant
reduction (41% and 54.51%) in strength was observed when concrete is exposed to 6000C.
However, there is slight reduction in compressive strength upon addition of fibers at room
temperature itself. Therefore, glass micro fibers were found to be useful only up to 200 0C
but the reduction in strength upon addition of fibers should be considered while the design
mix of the concrete.
Similarly, no significant improvement was observed in case of residual split and flexural
strength after exposure to elevated temperatures. There is decrease in the split and
flexural strength upon exposure to higher temperatures and no improvement was
observed upon addition of glass microfiber in PPC cement in residual strengths. The test
results of split tensile strength and flexural strength are given in Table 12 and Table 13
respectively.
Table 12. Split tensile strength results in fire study
Sample

Room Temperature

2000C

6000C

PPC 0

3.76 MPa

3.60 MPa

Cracked

P-MF 0.20

3.11 MPa

2.99 MPa

1.65 MPa

P-MF 0.40

3.39 MPa

3.17 MPa

1.40 MPa

Table 13. Flexural strength results in fire study
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Sample

Room Temperature

2000C

6000C

PPC 0

5.60 MPa

4.12 MPa

2.86 MPa

P-MF 0.20

6.32 MPa

4.53 MPa

0.88 MPa

P-MF 0.40

6.54 MPa

3.96 MPa

Cracked
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6. Conclusion
Based on the study conducted and literature reviewed, it can be concluded that:
In case of mortar, dosage of 0.20% of glass microfibre in PPC was observed to be optimum
as it leads to highest compressive strength at all the ages among all the PPCs. However,
corresponding improvement in concrete was not observed.
Reduction in cracks due to plastic shrinkage of concrete was observed on addition of 0.20%
and 0.40% micro fibre in PPC by weight of cement. The inclusion of glass microfibers in
PPC reduced and controlled the cracking occurring due to plastic shrinkage and further
delayed the appearance of first crack, because inclusion of the glass microfibers increased
the tensile strain capacity of experimental concrete and restricted the growth of cracks
occurring due to plastic shrinkage. All the other physical and chemical parameters of PPC
containing 0.20% micro fibre by weight of cement were found to be comparable with
control PPC. Coefficient of air permeability (KT) values was observed to be significantly
lower for concrete containing glass micro fibres in comparison to concrete without glass
micro fibres. The decrease in air permeability of concrete is due to the filling effect of the
microfibers. This effect is due to replacement of the space left by the evaporation of the
water by fibers, causing a further increase in density. All the other fresh, hardened and
durability properties of concrete mixes prepared using PPC containing 0.20% micro fibre
by weight of cement were found to be comparable with control mixes. Improvement was
observed in flexural strength of concrete at 28 days on introduction of micro fibre. In
addition to plastic shrinkage, drying shrinkage of concrete made with PPC containing glass
micro fibre was observed to be lower in comparison to concrete made with PPC without
glass micro fibre. Drying shrinkage of concrete got slightly reduced due addition of micro
fibre in PPC because addition of fibers in cement concrete matrix bridges shrinkage and
restrains them from opening. Glass microfibers delayed the evaporation of the free and
absorbed water, favoring the hydration of cement
From the experimental results of fire exposure of concrete, less reduction in compressive
strength was observed for concrete containing glass micro fibre for exposure at 2000C in
comparison to concrete without glass micro fibre. While no such improvement was
observed for exposure at 6000C exposure. No significant improvement was observed in
case of residual split and flexural strength after exposure to elevated temperatures.
Study shows that addition of glass micro fibres at 0.2 % by weight of cement in Portland
Pozzolana Cement leads to improved performance in terms of compressive strength of
cement at all ages. However, no significant improvement in the mechanical properties of
concrete made with PPC having glass micro fibre (0.2 % Weight of cement) at normal and
elevated temperature was observed. However, concrete containing glass microfibre
showed improved resistance against crack formation occurring due to plastic shrinkage.
Concrete containing glass microfibre showed better performance in terms of drying
shrinkage and air permeability in comparison to concrete without glass microfibre.
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There are some problems and weaknesses related to cement-based materials,
such as their very low tensile strength, low chemical resistance and the huge
contribution of cement production to industrial CO 2 emissions. One possible
method to reduce the impacts of such problems is the partial replacement of
cement in cementitious materials with nano materials. This work provides a
detailed review of incorporation of one of the most widely used nano materials,
namely nano-titanium dioxide, and its effect on the properties of cementitious
composites. Different properties have been considered in the current study, such
as fresh properties, mechanical properties (compressive strength, split tensile
strength and flexural strength), durability (permeability, ultrasonic pulse
velocity (UPV), electrical resistivity, carbonation resistance, freeze and thaw
resistance and sulfate attack resistance) and microstructural properties. This
paper also investigates the optimum content of nano-TiO2 in cement-based
materials. Moreover, the cost effectiveness of use on nano-titania in cementitious
composites has been discussed. Nano titania reduces the workability and setting
time of cement-based materials. It can be very effective in improving the
mechanical properties, durability and microstructural properties of
cementitious composites.
© 2022 MIM Research Group. All rights reserved.

1. Introduction
Cement-based materials (i.e., cement paste, mortar and concrete) are the most widely and
commonly used construction materials for different types of infrastructure. These
cementitious composites are quasi-brittle and vulnerable to cracking, and possess low
tensile strength and low chemical resistance, and have no functional properties as
structural materials [1–3]. Moreover, cement industry is one of the main contributors to
industrial CO2 emissions. It is responsible for 5% to 8% of global anthropogenic CO 2
emissions [4–11]. One method to overcome these problems is by the incorporation of
nanomaterials into cement-based materials. This solution can lead to the production of
high performance cementitious composites with novel properties [1,3,12–17].
One of the most commonly utilized nano-additives in cement-based materials is nano
titania (nano-TiO2 or NT) [18–20]. Titanium dioxide is a noncombustible and odorless
powder that has been produced abundantly and used frequently in various productions
[21–24] because of its high chemical stability, non-toxicity, low cost, anticorrosion,
electrical and superior photocatalytic property [22,23,25–27]. It exists in three different
phases; brookite, rutile and anatase [23,24,27–29]. Although most of the TiO2 used up to
date was not in nanosize state, trends to use titania nanoparticles has increased
significantly and is expected to even exceed the use of conventional titanium dioxide in the
few following years [26]. Compared to conventional TiO2, NT experiences a 500% increase
in surface area [30]. It also can be available in extremely pure form (≥ 99.9%) [11,31–35].
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This paper reviews the influence of use of titania nanoparticles on different properties of
cement-based materials. The properties researched in this work are fresh properties,
mechanical properties (compressive strength, split tensile strength and flexural strength),
durability and microstructural properties. In addition, a guideline for the optimum content
of nano-TiO2 in cementitious materials is provided. The cost effectiveness of use of this
nano material is also discussed.
2. Influence of Incorporation of Nano-Titania into Cementitious Composites
The effect of incorporating nano-titania into cement-based materials has been reported by
many researchers. Due to its photocatalysis capacity, nano-TiO2 can impart cementitious
materials with new functionalities, such as self-cleaning, anti-microbial and smog-abating
characteristics [11,14,25,36–44]. In addition, application of nano-TiO2 photocatalysis on
cement-based materials in urbanized areas can lead to air pollution reduction and air
quality improvement in these areas [39,45–47]. It has been found that concentration of
organic, such as volatile organic compounds, and inorganic pollutants, such as NOx and
SO2, can be reduced with the use of nano-TiO2 [19,29,36,38–40,44,45,47–50]. Such
functionalities have the potential to improve the sustainability of construction materials
[45]. Furthermore, despite being chemically inert in terms of its potential to directly react
during cement hydration [19,24,40,44,45], nano-titanium dioxide can generally improve
the mechanical performance and durability, as well as decrease the rigidity of cementitious
materials [20,28,31,35,37,44,51–56]. Moreover, the flexural fatigue performance and
abrasion resistance of concretes was reported to be remarkably improved with the use of
TiO2 nanoparticles [31]. Gain in strength in this case might be related to the
microstructural modification and the hydration acceleration effects of nano-TiO2 by
providing additional surface area for product nucleation (i.e. the boundary nucleation
effect) [20,31,35,40,44]. Addition of TiO2 nanoparticles leads to greater homogeneity,
better compaction, reduction in the pore volume and the pore size of cementitious
materials, which results in remarkable reduction in permeability [20,31,35,44,56–59].
Titania nanoparticles has been also found to behave as an activator to accelerate
pozzolanic reaction, to increase the rate of cement hydration, to increase the intensity of
the heat peak, and to reduce the initial and final setting time
[14,24,28,37,44,45,52,58,60,61]. The reduction in the setting time was found to be
proportional to the content of the added nano-TiO2 [20,40,52,58]. Reduction in setting time
could lead to reduction in total time of construction which is economically beneficial [45].
Incorporation of TiO2 nanoparticles can result in reduction in the water loss of
cementitious materials and increase in the hydrophilicity of the pastes leading to
mitigation in drying shrinkage [20].
On the other hand, like other nano-size materials, nano-titanium dioxide has some
drawbacks that might limit the large-scale commercial applications. There are many
concerns about the effect of titania nanoparticles on human wellbeing. Some reports have
showed that nano-titania exhibits concerned cytotoxicity in different cultured cell models.
TiO2 nanoparticles have been also found to possess significant genotoxic activity in
mammalian cells [21]. TiO2 nanoparticles exposure has negative effects on the respiratory
system or the metabolic circle system of organisms and on cellular function of human
dermal fibroblasts [22]. Huang et al. [21] reported that long-term exposure to these
particles affect cell cycle progression and duplicated genome segregation, resulting in cell
transformation and chromosomal instability. Furthermore, nano-TiO2 particles were
observed to have the tendency to agglomerate [44,45,62], and hence an additional
deagglomeration step is necessary when separate nano-TiO2 particles are required [25].
Moreover, due to its high specific surface area (SSA), nano-titania reduces the workability
of the mixture. Such reduction gets greater with increase of nano-TiO2 content in the
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mixture [5,20,51,55,63,64]. Although much research has been done related to the
incorporation of titania nanoparticles into cementitious materials, there is still big lack of
information, which necessitates further investigation. There are only few published
reports related to the effect of nano-titania on different properties of hardened cementbased materials [5,20]. While some research works, such as [5,20,31,34,65,66], reported
that of TiO2 nanoparticles increases the compressive strength of cementitious materials,
some others, such as [67], stated that it leads to reduction in the compressive strength. In
addition, it is not fully understandable yet what is the best way to use the titania
photocatalyst in cement-based materials [39].
3. Effect of Nano-TiO2 on Different Properties of Cementitious Composites
In this section, the influence of use of NT in cementitious composites on their fresh
properties, mechanical properties and durability is illustrated. Furthermore, the
microstructural properties of nano-titania incorporated mortar and concrete are
investigated by studying some SEM images examples. Since the final performance of
cementitious composites is directly related to their strength and permeability [31,68], the
focus in this section will be on the influence of nano-TiO2 on the mechanical properties and
permeability of cement mortar and concrete.
3.1. Effect on Fresh Properties
The fresh properties of cement-based materials are affected by the distribution of the
particle size of its constituents. For this reason, nano materials can significantly change the
fresh properties of the cementitious composites due to their nano size [55]. Reports that
have discussed the effect of NT on fresh properties of cementitious composites show that
NT can remarkably decrease the workability. Casagrande et al. [51] investigated the effect
of NT on the workability of mortar using spread on table test. The results revealed that NT
could remarkably decrease the workability of mortar. The results showed that in general
as the content of NT increased the spread on table decreased. This was attributed to the
high specific surface area of nanoparticles that adsorbs part of the water and
superplasticizer. Gopalakrishnan et al. [52] reported a reverse relationship between the
content of NT and flow of mortars. Joshaghani et al. [35] tested the effect of 3.0 and 5.0
wt% (by weight of the binder) nano-TiO2 on the fresh properties of self-compacting
concrete using slump flow, L-box, V-funnel and column segregation tests. The results
indicated that while 3.0 wt% NT slightly increased the workability properties of concrete,
5.0 wt% resulted in a reduction in the workability. This was indicated to the higher water
demand due to higher content of NT, which consequently reduced the workability. Siang
Ng et al. [55] evaluated the workability of mortar incorporating 1.0, 3.0 and 5.0 wt% NT
and 30 wt% fly ash using hydraulic flow. The results revealed that up to the optimum
content (3.0 wt%), no significant effect of NT on the workability was observed. However,
exceeding the optimum content led to a reduction in the workability of around 11%.
Shaaban et al. [69] stated that NT inclusion in mortars dramatically decreased their
workability and made the mixture sticky and dry as NT content increased. Dantas et al.
[62] reported that the flow depended on the type of nano-titania incorporated and on the
dispersion technique used to disperse the nanoparticles in the mixture. They reported that
using NT in a dispersed form was more effective in controlling the fresh properties of
mortar than the undispersed form. Patel and Mishra [28] reported a slight reduction in the
workability, which was evaluated by slump test, due to the use of NT. Rao et al. [70]
evaluated the workability of self-compacting mortars incorporating 30 wt% fly ash and
0.5-1.0 wt % NT using mini slump flow and mini V-funnel tests. The results showed a
decrease in the workability due to the use of NT with a less workability for higher content
of NT. Zhang et al. [20] reported a reduction in the fluidity of mortar due to the use of titania
nanoparticles. The higher the content of NT the higher the reduction in fluidity. They found
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that 5.0 wt% NT reduced the slump flow by around 21%. Salemi et al. [71] reported that
2.0 wt% NT reduced the slump of concrete by 50%. Noorvand et al. [5] studied the effect
of a combination of untreated black rice husk ash and NT on the flowability of mortars.
They reported a decreased in the flowability due to the use on NT when incorporated with
rice husk. However, when the content of rice husk was increased to 30 wt%, NT was
observed to enhance the flowability compared to mortar without NT. This was attributed
to the effect of NT in filling up the surface pores of rice husk resulting in a less porous
materials, which required a less mixing water.
NT has been also reported to reduce the setting time of cement-based materials. This
reduction has been reported to increase as the content of NT increased, due to higher
hydration rate [52,58]. Gopalakrishnan et al. [52] reported that NT remarkably reduced
the initial and final setting time proportionally to its content. It was found that 10 wt% NT
reduced the initial and final setting time by 10 and 15 min, respectively. Daniyal et al. [60]
revealed that nano-TiO2 decreased the setting time of cementitious composites due to its
role as an accelerator. Wang et al. [58] studied the setting time of cement pastes
incorporating 1.0-5.0 wt% NT cured at different temperatures (0-20°C). Setting time was
found to decrease with the increase in the curing temperature and with the increase in
content of NT. Similarly, Zhang et al. [20] found that while 1.0 wt% NT reduced the initial
and final setting time by 37.9% and 15.7%, respectively, 5.0 wt% reduced them by 76.5%
and 46.2%, respectively.
3.2. Effect on Mechanical Properties
Although nano-TiO2 is considered to be one of most widely researched nano-additives,
its effect on mechanical properties of cementitious materials has not been sufficiently
reported. Some of the reported data related to the effect of NT on the compressive strength,
split tensile strength and flexural strength of mortar and concrete are shown in Table 1.
The table also presents some of the factors that have impact on the behavior of nano-TiO2
based modified cementitious composites, such as NT particles size, SSA etc. The optimum
content found in each reference and the improvement percentage in the 28-day strength
due to the incorporation of such content are also shown in the table. The discussed data
has been arranged as follows: First the effect on concretes has been discussed and then the
effect on mortars. For concretes, first plain concrete then self-compacting concrete (SCC)
and after that concrete incorporating other additives such as ground granulated blast
furnace slag (GGBFS), fly ash (FA) and rice husk ash (RHA) have been studied. The same
organization method has been also followed for mortars.
From the table it can be said that generally NT has the potential to improve different
mechanical properties of concrete and mortar with even a small content. However, there
is a lack of data and there are some inconsistencies between some results which emphasize
the importance of conducting more research related to this topic. The effect of NT on the
mechanical properties increases with the increase in its content in the mixture up to some
point (optimum content) and then starts to decrease. As can be seen from Table 1,
generally, the same optimum content for all the mechanical properties has been reported
in different references.
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Table 1. Optimum contents of nano-titania in cementitious composites and improvement
percentages of the mechanical properties
Enhancement in 28-day strength
(%)

NT properties

Ref.

Mortar/
concrete

Size
(nm)

SSA
(m2/
g)

Phase

15

240

anatas
e

Invest.
contents
(wt%)
(by
weight
of the
binder)
0.5, 1,
1.5

Optimum
content
(wt%)

Comp.
strength

Split
Tensile
strength

Flexural
strength

1.5

19.1

-

-

[5]

mortar (1)

[20]

mortar

25

-

-

1, 3, 5

5

21

-

-

[28]

concrete

-

anatas
e

0.5, 1,
1.5

1

8.2

-

8

[31]

concrete
(selfcompactin
g) (2)

1530
15

155

-

1, 2, 3, 4

3

36.4

33

27.8

[32]

concrete

15

150

-

-

-

-

-

[34]

concrete
(selfcompactin
g)

0.5, 1,
1.5, 2

20

165

-

1, 2, 3, 4,
5

4

22

36.1

-

[52]

mortar

15±
2
15
25 ±
5

153±
10
60

anatas
e
anatas
e

10

30.65

-

-

3

36

-

11

2

17

-

-

15

200

2

4

-

51

5

11.67

-

-

1

85

-

-

[55]

mortar

(3)

[57]

concrete (4)

[58]

mortar

[60]

mortar

30

-

-

concrete

50200

60

anatas
e

15

200

-

1, 3, 5

5

23

-

-

15

200

-

1, 3, 5

5

16

-

-

rutile

3

-16

-

-

1

17.9

-

-

1, 3, 5

1

18.03

-

10.28

5, 10

10

10

-

-

[64]

[65]

[66]

mortar
(selfcompactin
g) (5)
mortar
(selfcompactin
g) (6)

-

2, 4, 6, 8,
10
1, 3, 5

[67]

concrete

20

40

[72]

concrete

15

155

-

anatas
e
anatas
e

1, 2, 3
1, 2, 3, 4,
5
1, 3, 5
0.5,
0.75, 1,
1.25, 1.5

1, 2, 3, 4,
5
0.5, 1,
1.5, 2

[73]

concrete

15

240

[74]

mortar

21

58.8

[75]

mortar (7)

21

3565

-

1, 2, 3,

2

16

-

-

[76]

concrete
(selfcompactin
g)

20

165

-

1, 2, 3, 4,
5

4

-

-

44

287

Döndüren and Al-Hagri / Research on Engineering Structures & Materials 8(2) (2022) 283-305
<10
0

-

-

mortar

-

50

-

mortar
concrete
(selfcompactin
g)

21

-

-

1, 2, 3, 4,
5
1, 2, 3, 4,
5
1, 2, 3,

<25

50

-

1030

50150

-

[77]

concrete

[78]
[79]
[80]
[81]

mortar

1

18

-

-

3

-

68.15

61.1

3

11

-

-

0.5, 2, 4

2

3

-

(NT 0.5%)
5

0.5, 1,
1.5, 3

1.5

33

40

-

Notes:

(1)
(2)
(3)
(4)
(5)
(6)
(7)

Black rice husk ash was used by 35 wt% of cement in all mixtures.
Ground granulated blast furnace slag (GGBFS) was used by 45 wt% of the cement in all mixtures.
Incorporating 30% FA ash by weight of cement in all mixtures.
Recycled aggregate concrete.
Incorporating 0-15% rice husk ash (RHA) by weight of the total binder in all mixtures.
FA was used by 25 wt% of cement in all mixtures.
SF was used by 5.0 wt% of cement in all mixtures.

3.2.1 Effect of NT on Compressive Strength
The influence of nano-titania on the compressive strength of concrete and mortar has been
studied by some researchers. The results have shown that NT can have a very good effect
on the compressive of such materials. Nazari et al. [72] conducted an experimental study
on nano-titania effect on the compressive strength of plain concrete. Their results
demonstrated that NT had a good effect on the compressive strength of concrete. Maximum
enhancement of around 18% in strength was observed with 1.0 wt% nano-TiO2. Nazari et
al. reported that the effect of NT on compressive strength got reduced with higher content,
however, NT up to 2.0 wt% still had better performance than that of the plain concrete.
These findings are consistent with what Zhang and Li [73] reported. However, Zhang and
Li studied contents of NT up to 5.0 wt% and reported that such content didn’t show any
remarkable influence on the strength compared to the plain concrete. On the other hand,
the findings of Behfarnia et al. [67] contradict the above findings. They stated that
incorporation of NT into plain concrete led to reduction in the strength of plain concrete
compared to mixes without NT. Their results showed that the least reduction in 28-day
compressive strength was -16% and was observed in samples incorporating 3.0 wt%
nano-TiO2, while the maximum reduction was around -27% and was observed for 2.0 wt%
nano-TiO2. They ascribed this to the negative effect of titania nanoparticles on dicalcium
silicate (C2S) hydration which contributes to properties of hydrated concrete at later ages.
Some other scholars have investigated NT effect on the compressive strength of SCC. Jalal
et al. [34] found that the use of NT increased the compressive strength of SCC at all studied
ages and for all investigated contents of NT. The maximum enhancement in the
compressive strength was observed for 4.0 wt% NT content. This content led to an increase
of 22.5%, 22% and 26.9% in the 7, 28 and 90-day compressive strength, respectively.
NT effect on the compressive strength of mortar has been also investigated by some
researchers. Chen et al. [74] reported that higher content of NT (10 wt%) led to negligibly
higher performance compared to lower content (5.0 wt%). On the other hand,
[5,20,65,66,75] reported small content of NT (≤5.0 wt%) to be the optimum content. This
content was observed to improve the strength by more than 15%. Mohseni et al. [66], who
conducted an experimental study on the effect NT on the compressive strength of selfcompacting mortar incorporating a constant amount of fly ash (FA), demonstrated that NT
increased the strength at all ages and for all studied replacement percentages. The best
results were observed with 5.0 wt% replacement percentage, which caused an
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improvement of about 28%, 16% and 23% in the compressive strength in the 7th, 28th
and 90th curing days, respectively.
As stated before, enhancement in strength in this case could be attributed to the fact that
titania nanoparticles enhance the microstructure properties by improving the
homogeneity, enhancing the compaction, reducing the pore volume and size of cementbased materials. It might also be related to the hydration acceleration effect of NT through
increasing the surface area for product nucleation [20,31,32,35,40,44,52,56,60,63,72,81].
It has to be noted that while some papers, such as [31,32,72] stated that TiO2 nanoparticles
lead to more formation of hydrated products, some others, such as
[19,40,45,63,67,74,79,82] stated that NT is chemically inert and hence does not increase
the amount of hydration products. On the other hand, the observed reduction in the
compressive strength by increasing the content of nano-TiO2 more than the optimum
content may be related to the agglomeration and bad dispersion of nanoparticles that lead
to weak zones [31,34,44,55,72,78,81].
Trying to find the optimum content of NT in cementitious materials to improve their
mechanical properties is hard, due to the lack of information related to its effect. However,
to have an idea about the range of the optimum content of NT in concrete and mortar to
improve their mechanical properties, we can compare the collected data from different
publications, regardless of the different characteristics found in each one of them. Since
the most investigated mechanical property is the compressive strength and to make the
comparison much easier, the authors presented the data related to the compressive
strength graphically in Fig. 1. Comparing the results presented in Table 1 and Fig. 1, we can
roughly say that the optimum content of NT to enhance the mechanical properties of
mortar and concrete is 1.0-5.0 wt%.

Fig. 1 Different optimum contents of NT to improve the compressive strength of
cementitious composites and their enhancement percentages
3.2.2 Effect of NT on Split Tensile Strength
Only few reports have been published until now on the effect of NT on the split tensile
strength of concrete and mortar. Jalal et al. [34] studied the split tensile strength of SCC
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incorporating titania nanoparticles. They found that incorporating NT into SCC greatly
improved its split tensile strength at all ages and for all content of NT. The best
performance was observed for 4.0 wt% NT, which improved the split tensile strength by
34.5%, 36.1% and 46.2% after 7, 28 and 90 curing days, respectively. These results were
supported by the findings of Nazari and Riahi [31], who evaluated the effect of NT on the
properties of SCC incorporating 45% of GGBFS by weight of cement. Nazari and Riahi
demonstrated that replacement of cement with 3.0 wt% NT led to approximately 80%,
33% and 38% increment in the 7, 28 and 90-day strength, respectively. They also showed
that although higher content of NT (up to 4.0 wt%) showed less effect, it was still
remarkably higher than that of the reference specimen. The split tensile strength of mortar
incorporating NT was researched by Ma et al. [78], who showed that NT incorporating
samples had importantly higher split tensile strength than the reference sample. They also
reported that 3.0 wt% NT, which presented the optimum content in their research, could
enhance the split tensile strength of mortar by 68.15%. These findings prove that titania
nanoparticles have the potential to overcome some of the problems related to
cementitious materials, such as possessing small tensile strength. However, since there is
great lack of reported data related to this topic, more research is of a great importance to
confirm such results.
3.2.3 Effect of NT on Flexural Strength
Similar to the split tensile strength, only few reports on the effect of nano-titania on the
flexural strength of concrete and mortar have been published. Zhang and Li [73] and Patel
and Mishra [28] studied the influence of incorporating NT on the flexural strength of
concrete. They concluded that the best performance occurred when a small content (1.0
wt%) of NT was used. Their results showed that this content increased the flexural
strength by 10.3% and 8%, respectively. It was observed that higher content of NT caused
reduction in its effect on the flexural strength. Zhang and Li [73] stated that 5.0 wt% NT
content caused a reverse effect on the flexural strength and that a reduction of around -3%
was observed. On the other hand, Patel and Mishra [28] stated that 0.5 wt% NT led to less
flexural strength compared to the plain concrete. Jalal et al. [76] studied strength
development of SCC incorporating NT. The results showed that incorporation of NT up to
4.0 wt% by weight of cement improved the flexural strength significantly. However, for
higher content of NT the flexural strength started to decrease. This behavior might be
ascribed to the same reasons stated in the case of compressive strength. Jalal et al. reported
an improvement of around 32%, 44% and 33% in the 7, 28 and 90-day strength,
respectively, compared to the reference samples due to the addition of 4.0 wt% NT. It was
observed that mixtures with 5.0 wt% NT, although had less flexural strength compared to
those with 4.0 wt% NT, still had higher strength compared to mixtures with 1.0, 2.0 and
3.0 wt% NT. The effect of NT on flexural strength of mortar was investigated by Ma et al.
[78]. They demonstrated that NT could greatly improve the flexural strength of mortar.
They showed that 3.0 wt% NT had better performance than that of the other content
percentages. This content was reported to cause 61.1% increment in the flexural strength
compared to the control sample. Although more research is needed, it can be said from the
results above that use of titania nanoparticles is a suitable solution to increase the flexural
strength of mortar and concrete.
3.3. Effect on Durability
Reports on the effect of NT on the durability of cementitious materials have revealed that
NT importantly improves the durability of cement-based materials. Use of nanoparticle has
been found to lead to a denser and mor homogenous microstructure due to their role as
nano fillers and as nucleation sites due to their high surface area. This leads to smaller pore
sizes and as a result to a lower permeability and a higher durability [35,65,83,84].
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However, higher content of NT has been reported to lead to a reverse effect on the
durability [85,86]. In this section, the effect of NT on durability is evaluated using some of
the commonly investigated durability parameters; namely, permeability, ultrasonic pulse
velocity, electrical resistivity, carbonation resistance, freeze and thaw resistance and
sulfate attack resistance.
3.3.1 Effect on Permeability
Permeability is considered to be one of the primary factors that influence the durability
and performance of concrete and other cementitious materials. It greatly affects the
service life of concrete structures and accordingly their life-cycle costs [18,73,87,88]. The
most critical factor in corrosion of the reinforcement steel in concrete members is the
ingress of deleterious ions into the concrete. Therefore, by reducing the permeability of
concrete, especially the outer layer, penetration of such ions can be prevented [18]. One
way to significantly reduce the permeability of cement-based materials is thorough the
incorporation of nano-additives, such as nano-TiO2. Nanoparticles can improve the
microstructure, reduce the porosity, increase the density and consequently reduce the
permeability of cementitious materials [6,17,35,38,52,58,59,67,87–91]. As a result, they
will significantly improve their durability, and thus improve the health of structures [1,92–
95].
Incorporation of nano-titania into cement-based materials can importantly reduce their
permeability [31,32,34,59,67,73,76]. This can be related to the high action and filler effect
of NT particles, which result in refining the pore structures [34,66,67,76]. Titanium dioxide
nanoparticles have been also observed to enhance the interfacial transition zone (ITZ) in
concrete [31–34,76]. It has been found from previous works that permeability of
cementitious composites decreases with the increase in the content of NT in the mixture
up to the optimum content and then starts to increase. It should be noted that the optimum
content of NT was observed to be mostly the same for both improvement of mechanical
properties and reduction of permeability in different references.
Table 2. Optimum contents of nano-TiO2 in cementitious composites for permeability
reduction and the related reduction percentages
Decrease percentage (%)
Capillary
Chloride
water
permeability
absorption
-

[31]

1, 2, 3, 4

NT
optimum
content
(wt%)
3

[32]

0.5, 1, 1.5, 2

0.5

[57]

1, 2, 3

2

-

33

-

-

[65]

1, 3, 5

5

18

59

-

-

[66]

1, 3, 5

5

10

59

-

-

[67]

1, 2, 3, 4, 5

4

-

-

-

81

[73]
[75]
[76]
[81]

1, 3, 5
1, 2, 3
1, 2, 3, 4, 5
0.5, 1, 1.5, 3

1
2
4
1.5

30.4
17

31
47.9
-

20.7
-

4
-

Ref.

Investigated
contents
(wt%)

Gas
permeability
coefficient
-

Water
absorption
59.1

-

-

-

45.7

The collected data related to the effect of NT on different parameters of permeability
(water absorption, chloride permeability, capillary water absorption and gas permeability
coefficient) of concrete and mortar is presented on Table 2. The table also shows the
optimum usage percentages of NT in the mixtures to reduce such characteristics and the
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resulted reduction percentage. It should be mentioned that the properties of NT in each
related reference are as given in Table 1. It can be observed from the table that the same
optimum content of NT has been reported for the different parameters of permeability. It
can also be noticed that the most investigated parameters of permeability are water
absorption and chloride permeability. However, there is still a big lack of information
related to NT effect on the permeability of cementitious composites. Thus, more research
is required to overcome such a problem.
Some researchers have evaluated the permeability of NT incorporating concrete and
mortar by testing the percentage of water absorption of such materials. Water absorption
is one of the main parameters for studying the durability of cementitious composites [96].
It gives an indication about the porosity volume in the final product [88]. Nazari and Riahi
[32] carried out an experimental study on the NT effect on the water absorption of plain
concrete. They found that small amount of NT led to higher resistance to water absorption.
The maximum reduction in the water permeability, which was 98.7%, 59.1% and 81.7% in
the 7th, 28th and 90th curing days, respectively, was observed when cement was replaced
with NT by 0.5 wt%. Their results showed that although higher content of NT led to
increase in the water absorption compared to 0.5 wt% NT, incorporation of NT up to 2.0
wt% still had less water absorption compared to the reference concrete. Jalal et al. [76]
researched the effect of NT on the water absorption of SCC. Their investigation
demonstrated that 90-day water absorption got decreased up to 30.4% by addition of NT
up to 4.0 wt% and then started to increase. According to them, the reason for that might
be the agglomeration and inappropriate dispersion of the nanoparticles in the mixture and
the weakening of the pore structure due to high replacement of the binder with a filler
material.
The effect of NT on the water absorption of mortar has been also studied by some scholars.
Mohseni et al. [66] evaluated the changes in the water absorption of self-compacting
mortar containing a constant amount of FA caused by incorporation of titania
nanoparticles. They revealed that water absorption got reduced in all NT containing
samples compared to the control samples. A reduction in the water absorption of mortar
of around 10% was found in samples with 5.0 wt% NT compared to samples without NT.
Similar findings were also reported by Mohseni et al. [65], who investigated the effect of
NT on the water absorption of self-compacting mortar incorporating different percentages
of rice husk ash (RHA) (5.0, 10 and 15 wt%). They showed that water absorption got
reduced in proportion to the amount of NT in the mixture. The best results were observed
in samples containing 15 wt% RHA and 5.0 wt% NT, which had water absorption 18% less
than that of samples without NT.
Chloride permeability is considered to be one of the main inherent properties that affect
the reinforced concrete durability [87]. In their researcher, Zhang and Li [73] carried out
an experimental investigation to find the effect of TiO 2 nanoparticles on the chloride ion
penetration of concrete. They showed that use of NT reduced the chloride permeability of
concrete at all investigated content of NT. They found that while 1.0 wt% NT had the best
performance in enhancing the resistance to chloride ion penetration, the other NT contents
(up to 5.0 wt%) still showed better performance than that of the plain concrete.
Incorporation of 1.0 wt% NT reduced the chloride permeability by around 31%. Mohseni
et al. [66] researched the effect of NT on the chloride permeability of self-compacting
mortar incorporating a constant amount of FA. The results revealed that the effect of nanoTiO2 on reducing the chloride permeability increased proportional to the amount of NT in
the mixture. The maximum obtained reduction in the permeability was 59% compared to
the control samples and was found in samples with 5.0 wt% NT. These results were
supported by the findings of Mohseni et al. [65].
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To better understand NT effect on water absorption and chloride permeability of concrete
and mortar the related results are presented graphically in Fig. 2. The figure presents the
optimum replacement percentages of cement with NT to reduce water absorption and
chloride permeability as found in different reports and the resulted reduction percentage.

(a)

(b)

Fig. 2 Different optimum contents of NT to reduce (a) the water absorption and (b) the
chloride permeability of cementitious composites and their related reduction
percentages
The effect of titania nanoparticles on the permeability of concrete and mortar has been
also investigated using other tests, such as capillary water absorption and gas
permeability. Jalal et al. [76] researched the effect of NT on the capillary water absorption
SCC. Their results showed that the height of absorbed water in the specimens decreased
by increasing NT content up to 4.0 wt% and then started to increase. Such content of nanotitania resulted in a capillary absorption 21% less than that of the control sample.
Farzadnia et al. [75] conducted a similar study on mortars incorporating 5.0 wt% SF in all
the mixes. However, they reported an insignificant reduction in the capillary water
absorption due to the incorporation of NT. The maximum reduction in the capillary water
absorption was found to be 4% and was observed in samples containing 2.0 wt% NT.
Behfarnia et al. [67] researched the effect of NT on the gas permeability of plain concrete.
It should be mentioned that while the authors reported that NT had a reverse effect on the
mechanical properties of concrete, they also stated that NT could reduce the gas
permeability coefficient of concrete significantly. Their results showed that in general
samples containing nano-TiO2 had lower gas permeability coefficient compared to samples
without NT. They demonstrated that the optimum content of NT (4.0 wt%) reduced the
gas permeability by around 81% compared to the reference concrete.
Comparing the results presented in Table 2 and Fig. 2, it can be roughly said that the
optimum content of NT for reduction of permeability of mortar and concrete is 1.0-5.0
wt%. To find the overall optimum content of NT, we should make a comparison between
its result for the enhancement of the mechanical properties and its result for the reduction
of permeability. Since the same optimum content was obtained in both the cases, it can be
said that the optimum content of nano-TiO2 for higher performance of concrete and mortar
should be 1.0-5.0 wt%. However, more research should be conducted to confirm this
result.
3.3.2 Effect on Ultrasonic Pulse Velocity (UPV)
UPV is an indicator of the uniformity, quality and durability of cement-based materials. As
the microstructure becomes denser with less porosity, it reduces the pulse travel time and
consequently increases the pulse velocity [65,85,97]. A higher value of UPV indicates a
higher quality of cement-based material with a lower porosity [65,85]. Reports have
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shown that NT improves the UPV of cement-based materials. This improvement has been
found to increase as the content of NT increases up to the optimum content and then starts
to decrease. Dezhampanah et al. [98] investigated the effect of NT on the UPV of heavyweight concrete containing 0.6% polypropylene fiber and 2.0, 4.0, 6.0 and 8.0 wt% NT.
Their results showed that use of NT up to 6.0 wt% increased the UPV. Further inclusion of
NT was found to reduce the UPV. Xu et al. [84] stated that NT increased the UPV of concrete
subjected to 0-50 sulfate dry-wet cycles. Nikbin et al. [97] investigated the ultrasonic pulse
velocity of 2.0, 4.0, 6.0 and 8.0 wt% NT incorporated heavy-weight concrete. They found
that the UPV increased as the content of NT increased. The optimum content was found to
be 6.0 wt%, which led to an increase of 15% in the UPV compared to the reference concrete.
Martins et al. [86] reported that NT increased the UPV of high performance concrete when
it was used by 1.0 wt%. Higher content of NT resulted in a lower UPV. The results also
revealed that incorporation of NT with 30 wt% fly ash showed much better performance
than the use of only NT or fly ash. Similar results were also reported by Mohseni et al. [85].
Mohseni et al. [65] investigated the effect of combination of 0-5.0 wt% NT and 5.0-15 wt%
rice husk ash on the UPV of mortars. Their test results revealed that the UPV increased
with the increased in the NT and rice husk ash content. Noorvand et al. [5] conducted an
experimental study to evaluate the UPV of mortar containing NT and untreated black rice
husk ash. The results showed that NT was able to recover some of the loose of the UPV
caused by the use of rice husk ash. However, in general, the combination of 1.5 wt% NT
and 10-30 wt% rice husk ash showed a worse performance than that of the reference
mortar. This was because rice husk ash remarkably decreased the UPV of mortars.
3.3.3 Effect on Electrical Resistivity
Electrical resistivity is often used as an index of initiation and propagation of corrosion of
reinforcement and consequently as an index of durability. It is related to the porosity and
permeability of cement-based materials. As the permeability decreases, the electrical
resistivity increases and the durability increases [35,65,86]. Gopalakrishnan et al. [52]
reported a proportional increase in the electrical resistivity of mortar due to the existence
of NT. They found that 10 wt% NT increased the electrical resistivity of mortar by 21%.
The effect of NT on electrical resistivity of SCC was researched by Joshaghani et al. [35].
Their work results showed that addition of NT remarkably increased the electrical
resistivity of concrete, especially at the ages of 28 and 91 days. On the other hand, Martins
et al. [86] revealed that NT resulted in a reduction in the electrical resistivity of high
performance concrete at the ages of 7 and 28 days. This reduction was found to be
proportional to the content of NT. However, with the use of 30 wt% fly ash, the electrical
resistivity was remarkably increased. In their research, Mohseni et al. [65] investigated the
combined effect of NT and rice husk on the electrical resistivity of cement mortars. They
reported an increase in the electrical resistivity as the content of NT and rice husk
increased.
3.3.4 Effect on Carbonation Resistance
Carbonation is considered to be the major cause of cement-based materials corrosion. The
atmospheric CO2 penetrates the cement-based materials and deteriorates their structure
[99,100]. NT has been reported to reduce the carbonation resistance of cement-based
materials. Moro et al., 2021 [101] reported an increase in the CO2 uptake due to the use of
NT in mortars. This was related to the role of NT in reducing the size of Ca(OH) 2 and
increasing its surface area, which might promote the reactivity between Ca(OH) 2 and CO2,
resulting in a more consumption of CO2. Moro et al. [102] found that NT increased the
carbonation of normal and recycled cement mortars. Ramachandran et al. [99]
investigated the carbonation depth of 40 wt% fly ash concrete incorporating 2.0 wt% NT
and a combination of 1.0 wt% NT and 1.0 wt% nano-CaCO3. The concrete was exposed to
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three different environments; normal atmosphere, accelerated carbonation and sea water
environment. Results revealed that the use of NT decreased resistance to carbonation.
However, when used with CaCO3, it showed a remarkable improvement in the resistance
to carbonation. This improvement was higher than the improvement resulted by the single
use of either one of the two nano materials. Rao et al. [70] investigated the effect of NT on
the carbonation depth of self-compacting mortars containing 30 wt% fly ash. The results
revealed that the effect of NT on the resistance to carbonation of mortar depends on the
binder:sand ratio. For binder:sand ratio equal to 1:1, NT didn’t show any carbonation
depth, similar to the reference mortar. However, when binder:sand ratio was 1:2, NT
showed a reverse effect on the resistant to carbonation when its content was higher than
0.5 wt%. It’s worth mentioning that although carbonation is a reason for corrosion of
reinforcement, the effect of NT on increasing the ability of cementitious composites to
adsorb CO2 can be considered positive for cement-based materials without reinforcement.
NT helps in reducing the quantity of CO2 found in the environment.
On the other hand, Shaaban et al. [69] reported that NT increased the carbonation
resistance of mortars. They investigated the effect of nano-TiO2 on the carbonation depth
of mortar exposed to CO2 gas for different time periods (28, 56 and 90 days). Results
showed that NT remarkably decreased the carbonation depth, especially at later ages. This
was attributed to the NT filler effect, which resulted in a denser microstructure and
consequently led to a reduction in the adsorption of CO2.
There is a lack of information about how titania nanoparticles affect the carbonation
resistance of cement-based materials [103]. Moreover, contradictory results have been
found in the available publications related to this topic. More research is needed to
determine the behavior of NT modified cement-based materials exposed to CO2.
3.3.5 Effect on Freeze and Thaw Resistance
Frost resistance is considered as one of the main durability parameters, especially in cold
climates [104]. Effect of NT on the freeze and thaw resistance of cementitious composites
has not been sufficiently investigated. There is a limited number of reports available in the
literature that have discussed this topic. More research is required to verify the frost
performance of cementitious composites incorporating titania nanoparticles. Chunping et
al. [83] conducted an experimental study to evaluate the freeze and thaw resistance of NT
incorporated high performance concrete with and without applying flexural load. The
samples were subjected to 800 cycles of freeze and thaw. The results revealed that NT
didn’t show any important difference on the mass loss and relative dynamic elastic
modulus. A slight reduction in the mass loss due to the use of NT in the samples subjected
to flexural load was observed. Salemi et al. [71] investigated the effect of nano-titania on
the frost resistance of concrete. Normal and 2.0 wt% NT containing concretes were
subjected to 300 freeze and thaw cycles. Their results revealed that NT remarkably
increased the frost resistance of concrete. After 300 cycles of freeze and thaw, the
reduction in strength, loss of mass, decrease in length and increase in water absorption
were found to be around 100%, 84%, 28 % and 117%, respectively, for normal concrete,
while they were found to be 11.5%, 5%, 2%, and 20%, respectively, for NT containing
concrete. The improvement in frost resistance of concrete was ascribed to the denser
microstructure which led to less water absorption and consequently lower effect of freeze
and thaw.
3.3.6 Effect on Sulfate Attack Resistance
Nano-titania has been proven to increase the sulfate attack resistance of cement-based
materials through the production of a more compacted and denser microstructure, which
leads to reduction of ionic transport [60]. Xu et al. [84] investigated the sulfate resistance
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of normal and nano-titania modified concrete subjected to 0-50 sulfate dry-wet cycles.
They found that NT increased the resistance of concrete to sulfate attack and reduced the
mass loss and compressive strength loss. After 50 sulfate dry-wet cycle, the mass loss
percentage was 3.7% and 1.4% and the compressive strength loss percentage was 39.5%
and 35.6% for concrete with and without NT, respectively. Shaaban et al. [69] studied the
impact of incorporation of 3.0, 6.0 and 9.0 wt% titania nanoparticles into mortars on their
sulfate attack resistance. They showed that as the content of NT increased, mass loss
importantly decreased, which indicated a remarkable increase in the resistance to sulfate
attack. They reported that 9.0 wt% NT containing samples shrank in sulfate solution.
Daniyal et al. [60] conducted an experimental study on the compressive strength and
corrosion resistance of mortar containing different percentages of NT (1.0, 3.0, 5.0 wt%).
The mortars were subjected to different environmental exposures (tap water, saline water
and 1% H2SO4 containing acidic solution). Their results showed that the 360-days
compressive strength increased in all the situations due to the use of NT. Moreover, the
corrosion resistance was increased due to the existence of titania nanoparticle. These
effects were found to be proportional to the content of NT. Martins et al. [86] and Mohseni
et al. [85] investigated the effect of NT on the sulfuric acid attack resistance of high
performance concrete through mass loss test. The results showed 1.0 wt% NT increased
the resistance to sulfuric acid attack. However, higher content of NT reduced this effect.
They stated that 3.0 wt% NT had a mass loss mor than the reference concrete.
3.4. Effect on Microstructural Properties
Some reports have discussed the effect of NT on the microstructure properties of cement
mortar and concrete. These reports have demonstrated that nano-TiO2 can improve the
microstructure of concrete and mortar, and consequently improve the performance of
such materials by reducing their permeability and increasing their strength [5,18,31–
34,44,60,65,72,76]. NT improves the microstructure due to its role as a nano-filler to refine
the pore structure and reduce the total specific pore volumes [31,33,34,55,57,59,72]. By
addition of NT the distributed pores change to finer pores and become less harmful
[18,33,34,59]. Incorporation of NT results in a better homogeneity, more compaction,
lower porosity and reduction in the number of microcracks and their opening size
[37,44,52,58,59,80,81]. Nano-TiO2 can also notably improve the morphology of the ITZ by
making it more homogenous and by enhancing the adherence between the cement paste
and the aggregates [5,34,44,65].

(a)
(b)
(c)
Fig. 3 SEM observations of SCC: (a) without nanoparticles, (b) with 1.0 wt% NT, (c) with
4.0 wt% NT [76]
Comparing SEM observations of samples before and after the incorporation of
nanoparticles can provide a clear idea about how nanoparticles change the microstructure
of cementitious materials. For this reason, here, the effect of NT on the microstructural
properties of mortar and concrete are illustrated with the help of some examples of SEM
images. Fig. 3 shows an example of the SEM observations of self-compacting concretes
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after 7 days of curing. The figure presents the SEM images of concrete incorporating 0, 1.0
and 4.0 wt% NT. As can be seen from the figures, incorporation of NT leads to a more
condensed and less permeable microstructure. It can also be observed that the sample
containing 4.0 wt% NT has better microstructure than that of the sample with 1.0 wt% NT
and the control sample. It should be mentioned that 4.0 wt% NT was concluded to be the
optimum content of NT in the related reference [76]. These results coincide with the
results found before in effect of nano-TiO2 on the mechanical and permeability properties.
4. Cost Effectiveness of Use of NT in Cementitious Composites
The high price of nano materials has limited their use as construction materials, regardless
of their huge benefits [19,86,105–114]. Cost of nanoparticles is roughly 1000× higher than
the cost of the cement, which is the most expensive constituent of cement-based materials.
Moreover, handling of nanoparticles might need special equipment and techniques,
resulting in another increase in their cost [19]. Use of NT with even a small content results
in a severe increase in the initial cost of cementitious composites [86]. However, if its effect
over a long period of time is considered, the increase in cost of NT containing cement-based
materials might be justified. Since NT increases the overall performance of cement-based
materials along with the durability and sustainability, it will decrease the maintenance and
repair cost of constructions. Moreover, NT provides cement-based materials with new
properties such as self-cleaning properties, which leads to reduction in routine cleaning
and maintenance costs [115,116]. Some reports have stated that NT can prolonged the
service life of cement-based materials and consequently the constructions, resulting in a
long-term economic benefits [117,118]. Some researchers have tried to reduce the cost of
NT through the production of NT from waste materials such as sludge from sewage
treatment [119].
Reports on the cost effectiveness of use of NT in cementitious composites are very scarce.
Up to the best knowledge of the authors, no publication has thoroughly discussed the
service life performance of cement-based materials containing NT, nor the service life cost
effectiveness of NT. This indicates the lack of information related to the use of NT in
cementitious composites, which needs to be overcome. Cost analysis of use of NT should
take into consideration its long-term impact on the performance of cement-based
materials. Moreover, new cost-effective techniques of production of NT should be
researched, since they will reduce the cost of NT. This will also increase the production
rate, resulting in another reduction in the cost of NT. The use of NT with a very small
content in the cement-based materials will also reduce the cost. Reches [19] suggested the
reduction of use of nanoparticles to less than 0.1 wt% for cost effectiveness of their use.
5. Conclusions
The current paper discusses the influence of use of NT on the properties of cementitious
composites. Use of NT as an additive in cement-based materials can help them overcome
some of their weaknesses, such as low tensile strength and low resistance to harmful
chemical penetration. The outcomes of this work can be summarized as:
Incorporation of NT into cementitious composites can remarkably reduce their
workability and reduce their initial and final setting time.
Use of nano-titania can importantly improve the compressive strength, split tensile
strength and flexural strength of mortar and concrete, especially at early ages (1-7 days).
This might be ascribed to the nano-filler effect and hydration acceleration effect of NT.
NT can remarkably increase the resistance of mortar and concrete to water, chloride and
gas penetration. This can be related to the role of nano-TiO2 in improving the
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microstructural properties of mortar and concrete, which can be confirmed from the SEM
observations.
Replacement of cement with an appropriate percentage of NT can improve the UPV,
electrical sensitivity and sulfate attack resistance of cementitious composites. However,
NT might lead to a reduction in the resistance of cement-based materials to carbonation.
Nano-titania can improve the sustainability and durability of structures and reduce their
maintenance and repair costs by improving the overall performance of cement-based
materials.
Incorporation of high percentage of NT might lead to a reverse effect on the properties of
cementitious composites due to the unsuitable dispersion and agglomeration of
nanoparticles.
Finding a specific optimum content for the incorporation of nano-titania into cementbased materials is very difficult. This is because there is still a big lack of information
related to the effect of NT on different properties of cementitious composites. Moreover,
some contradictory data has been found in the literature. However, as a guideline, the
optimum content of NT can be considered as 1.0-5.0 wt%. More research in this regard is
of a big importance.
Future research is encouraged to find solutions for the problems related to the use of NT,
such as the potential impact on human wellbeing, high price and agglomeration of
nanoparticles. More research is also recommended to increase our information about the
effect of NT on properties of cementitious composites. The effect of NT on the freeze and
thaw resistance and carbonation resistance should be further researched. Moreover, the
service life performance and long-term cost effectiveness of use of NT in cement-based
materials need to be investigated. More research on the effect of NT on dynamic properties
of cement-based materials is also required. Future research for developing equations that
illustrate the relationship between properties of cementitious composites and the content
of NT is also needed. Studies similar to the current one for other nano-additives can also
be topics for future work.
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Wastes generation and emission of greenhouse gases are the major concerns of
the contemporary world. Concrete’s cements companies in the globe are
producing up to 2.8 billion tons of cements annually. This contributed to the
emission of anthropogenic substances into the atmosphere which destroys the
ozone layers. The incessant disposal of these agricultural wastes has detrimental
effect on the environmental and human health. Thus, utilizing these wastes as
secondary resources in concrete is a reasonable consideration in sustainable
waste management in the circular economy. The use of agricultural wastes in
concrete production has been gaining attraction in recent years, however, their
effectiveness and performance in concrete need evaluation. This study presents
an overview of the effects of some agricultural wastes: Bagasse, Coconut shell,
Cotton, Oil palm and Hemp fibers on concrete and composite’s mechanical
properties. As reviewed, Sugar-Cane Bagasse Ash (SCBA) and Coconut Shell Ash
(CSA) are rich in cementitious (pozzolanic) properties (SiO2, Fe2O3 and Al2O3)
for cement production up to 70%. Sugar-cane bagasse and oil palm-fiber ashes
improved concrete workability. SCBA and CSA highly increased the concrete
compressive strengths. The concrete tensile strengths were increased up to 97%
with the inclusion of cotton and bagasse ashes. The SCBA, hemp-fiber and
treated oil palm - fiber ash increased the concrete and composite’s flexural
strengths up to 11.3%, 26.2% and 50.7% respectively. In conclusion, the output
of this review will supply full data of the research gaps yet to cover on the use of
agro-wastes in concrete for future investigations.
© 2022 MIM Research Group. All rights reserved.

1. Introduction
Concrete is a composite material that consists of course and fine aggregates closely bonded
together with hydraulic cement paste which solidify over time without or with admixture
[1]. Also, concrete is defined as a chemical reaction that occurred within its material
components to generate the targeted strength suggested for the structural construction. It
is a conventional material with desirable properties namely: excellent durability,
moldability, secondary uses as byproducts in the production of other materials, lower
energy input, and readily available in our environments. These characteristics made it
globally acceptable for the construction purposes [2]. Apart from water, concrete is the
most commonly used material on Earth. Only the United State of America (USA) and China
were producing up to 2.8 billion tons of concrete cements globally. These countries are the
most emitter of carbon dioxide in the globe [3]. In the year 2020, as estimated, the total
volumes of cements produced globally amounted to 4.1 billion tones.

*Corresponding

author: abiodun_kilani@yahoo.com

a orcid.org/0000-0003-1151-2602; b orcid.org/0000-0001-9306-6903, c orcid.org/0000-0003-2125-490X

DOI: http://dx.doi.org/10.17515/resm2021.339st0912
Res. Eng. Struct. Mat. Vol. 8 Iss. 2 (2022) 307-336

307

Kilani et al. / Research on Engineering Structures & Materials 8(2) (2022) 307-336

5

Quantity

4
3
2
1

1995

2000

2005

2010

2011

2012

2013

2014

2015

2016

2017

2018

2019

0

2020

Quanty of Cement Produced
(in billion tonnes)

While in the year 1995, the total volumes of cements produced amounted to 1.39 billion
tonnes. There was a significant difference of 2.71 billion tonnes of cement produced from
the year 1995 to 2020. This proofs that there was an upsurge in industrial growth within
the years 1995 and 2020 [4]. The amount of agricultural biomass generated in a year were
about 5 billion metric tonnes. These wastes were highly generated due to the increase in
the rate of producing agricultural products. Accumulations of the dumped agro-wastes
have caused a lot of gas emission like leachate and methane, resulting in air pollution
(Rahimah et al. [78]). Figure 1 presents the global statistics of the cement produced from
1995 to 2020

Years of Production (1995 - 2020)
Fig. 1 Quantity of Cement Produced from 1995 to 2020 [4]
As shown in figure 1, the quantities of cement production were increasing as the years
were increasing from 1995 to 2020. The amount of concrete and cement products in the
global markets were estimated to raise to about Ṩ365.58 billion in the year 2021 from
Ṩ333.26 billion estimated in the year 2020 using the annual growth compound rate (AGCR)
of 9.7%. The cement and concrete companies’ operations need rearrangement so as to
recover from COVID-19 impact that had caused the earlier social distancing, closure of
commercial activities and remote working. Come 2025, with the estimation rate of 7%
AGCR , the cement and concrete products market is expected to reach $481.23 billion [5].
Cement and concrete are the globally acceptable construction materials for the production
of concrete structures like dams, roads, buildings and bridges. Due to the frequent rate of
production, a lot of harmful effects have been caused by many cements and concrete
industries to the environments like: releasing of large quantity of carbon dioxide (CO2) into
the atmosphere, destroying of the ozone layers. Countries like United State of America
(USA) and China experienced major emissions of carbon dioxide in the globe as at year
2020 [3]. In construction industries, over 4 billion tonnes of CO 2 were generated from
cement and concrete companies globally every year. As it was known, the production of
concrete is from the mixture of cement and aggregates (coarse and fine) with water. In the
hydration process of the mixture, large volumes of carbon dioxide were released to the
environment due to presence of certain percentage of carbon in cement composition. At
the time of using these cements for concrete productions globally, it was observed that, the
concrete industries generated up to 8% of overall global emissions of CO2 and 12% of CO2
emissions in New Jersey as indicated in Table 1.
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Table 1. 2020 Global categories of CO2 emissions [3]
Source

Emission Percentage (%)

Transportation
Industry
Electricity

29.0
14.0
28.0

Commercial & Residential
Concrete
Agriculture

12.0
8.0
9.0

In the process of producing cement from materials like clay, limestone and others in a kiln,
the energy used to fire the mixture was causing the emission of CO2 from the composition.
According to the National Reality Mixed Concrete Association (NRMCA), it was discovered
that, one pound of concrete releases about 0.93 pounds of carbon dioxide [7]. Lafarge
Holcim Company, the largest concrete production company in the globe, had lowered the
emission of carbon by 25% since 1990 and had a goal to reach net – zero emission soon.
This was done to lead way in green constructions. The National Building Materials
Organization (NBMO), which was into British Solar Renewable of about $1.4 billion, and
cemex, also have the target of reducing carbon dioxide emission by 35% by 2030. This was
implemented by following Lafarge Holcim’s path in improving their foot print. Also, by
converting the waste carbon dioxide into the valuable products, Thales Nano Energy
company has reduced the effect of CO2 emission in the globe [7].
The management of the huge quantity of agricultural wastes (AW) has become the major
concern of the contemporary world owing to the environmental consequences connected
to its disposal. The incessant disposal and illegal dumping of these have resulted into so
many unprecedented effects on environmental quality and human health wastes. Emission
of greenhouse gases, health hazards, environmental pollution, attraction of pests and
reduction in values of economics importance of the land occupied by the waste materials
are some of the harmful effects caused by these wastes in the societies [8]. The wastes from
agricultural products occupy more than 50% of the agricultural biomass in the world [9].
Among the countries where these wastes have been generated globally were the ten top
countries with large volumes of these wastes. Also, these countries were emitting large
amount of carbon dioxide (CO2) into the atmosphere as shown in Table 2.
Table 2. The ten top countries that Generate Large Amount of CO2 from Agro-Wastes from
2010 – 2017 [9]
Countries
Bangladesh
Pakistan
Thailand
Mexico
Indonesia
Russian Federation
Brazil
United States of America
India
China

Amount of Carbon dioxide (CO2) Generated
from Agro-Wastes (g)
400
400
500
500
750
750
1500
3000
3500
4500
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Among these countries; China, India and the United State of America (USA) were the
countries where agricultural wastes (AW) were emitting large quantities of CO 2 (4500g,
3500g and 3000g of CO2) respectively. Most of these wastes were burnt by farmers,
causing air pollution. Some were used as fuel to generate energy for domestic uses. The
treatment of these wastes made them useful as construction materials either as partial
replacement of cement (in form of ash), aggregate, or as admixture in concrete. During the
time of wastes treatment, the issues of CO2 emission, broken particles and harmful
chemical in the wastes have been removed. The conversion of wastes into construction
materials required low – energy consumption. The extracted fibers from agro–wastes
possessed good properties like high efficiency in thermal insulation, good stiffness and
toughness balance. With these properties, agro–wastes were useful for the industrial
growth globally and for the sustainability of structural concrete. This will really benefit the
future generations in term of clean environment and provision of standard solutions for
natural problems. [10-11]. The perfect and effective ways of reducing the emissions of
greenhouse gas (GHG) were by recycling, reusing and reducing the municipal wastes. The
discarded waste materials were served as alternative source of material for concrete
production in companies where they were recycled. The use of agro-wastes in concrete
reduced the rate of demand for concrete virgin materials whose processing, transportation
and extraction contributed majorly to the emissions of GHG. Virtually, in all the extractive
industries such as: petroleum, agriculture, forestry and mining industries; their recycling
of waste contributed to the reduction in the emission of GHG. Up to 3 or 5 times of the
energy used for the incineration burning of cement aggregates can be saved through the
use of recycled wastes in concrete.
The interest of both industries and science are in the use of residues from agriculture
(agricultural wastes) in concrete production to improve its Mechanical properties together
with its sustainability. Concrete mechanical properties are properties possessed by
concrete for its stability against cracking and deflection during loading [12]. Much damage
has been done to concrete properties, especially, the mechanical properties; accidentally
or intentionally, which have been affecting their structural performance at service. Many
buildings have been collapsing as a result of intensive fire impact on buildings from the
aircraft. This has also caused several damages to the concrete properties, especially, the
mechanical properties [13]. Other factors like: tension, lack of uniformity in concrete loads
shearing, concrete expansion, unfavorable climatic conditions, poor mix proportion, poor
concrete design contributed to the damage of concrete (mechanical) properties [14]. The
major properties affected by these factors were: modulus of elasticity, setting times,
workability, flexural strength, compressive strength, consistency and tensile strength. As
it has been known that, concrete reinforcement always improves its structural properties,
and many structural civil engineers in the world today have made this their major concern
at the earlier stage of designing and construction of concrete structures. As a result of this,
many techniques have been adopted to reinforce the structural properties of concrete for
better performance. Some of these adopted methods are on application of chemical
admixtures (for example super-plasticizers) in concrete, use of different fibers (steel,
glass) and natural plant fibers such as: coir, hemp, cotton, sisal, bagasse, flax for concrete
reinforcement [15]. Most of this high strength yielding artificial fibers are very expensive
in the market this day (for example, steel fiber), thus, the researchers need alternative
fibers to replace the expensive one with less cost of purchase. Thus, this lead to the use of
natural plant fibers in concrete to enhanced its mechanical properties [16]. Natural plant
fibers are the fiber derived from the processed agricultural plant wastes that are harmful
pollutants to the environments and societies [17]. From the history, the inclusion of natural
plant fibers (NPF) in concrete has been long, their effectiveness in concrete need
evaluations. Thus, this leads to the use of natural plant fibers in concrete to enhance its
mechanical properties [16]. Natural plant fibers are the fiber derived from processed
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agricultural plant wastes that are harmful pollutants to the environment and societies [17].
From history, the inclusion of natural plant fibers (NPF) in concrete has been long, their
effectiveness in concrete needs evaluations. Thus, this paper evaluates the effectiveness of
some agricultural waste-fibers (APWF) used in the reinforcement of concrete’s mechanical
properties with the specializations on the physical and chemical properties of the fibers;
effect of agricultural wastes on concrete fresh state properties such as consistency, setting
times and workability; and harden state properties (mechanical properties) such as
compressive strength, flexural strength, tensile strength, and modulus of elasticity. Also,
this study evaluates the effects of some high-strength yielding fibers (according to
literature) extracted from agricultural wastes for concrete strength enhancement. These
fibers were: sugar cane bagasse, coconut (shell), Cotton, hemp and oil palm fibers. To
achieve this aim, the following objectives were set: (i) to review the effects of physical and
chemical properties of agricultural waste-fibers on reinforcement of concrete (ii) to know
the qualities of reinforcement developed with the use of fibers from agricultural wastes in
concrete (iii) to evaluate the amount of strengths yielded by the fibers from agro-wastes
in concrete (iv) to identify fibers that are not yielding strength on concrete mechanical
properties, and consider them for better enhancement (v) to recommend for research
development, the discovery gaps on agro-wastes fibers enhancement in concrete.
2. Effects of Agricultural Wastes on Concrete Mechanical Properties
2.1 Sugar Cane Bagasse (Ash)
The bagasse from sugar cane is the solid residue gotten after the crushed stalk of sugar
cane and juices were squeezed out [18]. Approximately, about 280kg of bagasse from wet
stalks of sugarcane can be extracted from a tone of wet Brazilian canes. Figure 2 shows the
image of fresh bagasse from sugarcane and its processed extracted fiber.

(a)
(b)
Fig. 2 (a) Raw Bagasse fiber, (b) processed bagasse fibers [18]
The moisture content of bagasse from sugarcane falls between 45% and 50% (Rezende et
al, 2011). Bagasse Ash of sugar-cane residue is an agricultural waste that contributed to
the reinforcement of concrete properties as pozzolanic cementitious material [19].
2.1.1 Mechanical and Physical Properties of Bagasse Fiber
The Mechanical and physical properties of bagasse fiber are presented in Table 3. The
average diameter of bagasse fiber is 22 μm and that of the length is 1.8mm (Table 3). The
aspect ratio of a single bagasse fiber is 76, while the density and tensile strength of bagasse
fiber were 80 kg/m3 and 235MPa respectively. These properties were standard for high
tensile strength yielding in concrete. Also, the bagasse fiber has good surface areas for
quality reinforcement of structural concrete [20].
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Table 3. Mechanical and physical Properties of bagasse fiber [20]
S/N
1
2
3
4

Physical Properties
Properties
Diameter (μm)
Length (mm)
Aspect Ratio (l/d)
Moisture Content (%)

Value
10 - 34
0.8 – 2.8
76
49

Mechanical Properties
Properties
Value
Young Modulus (GPa)
15 - 19
Tensile Strength (MPa)
180-290
3
Density (kg/m )
880-720
Failure Strain (%)
1 -5

2.1.2 Chemical Properties and Composition of Bagasse (Ash) Fiber
Table 4 shows the chemical properties and components of Bagasse (ash) fiber. According
to [22]; the burning of bagasse fiber or wastes from sugar-cane factory at temperature of
600 - 8000C produced ash with large content of amorphous silica (Al2O3 and SiO2) which
are good pozzolanic elements. These properties have the cementitious yielding elements
for quality reinforcement of paste and concrete for better construction. In the investigation
conducted by Muhd et al. [77], the pozzolanic properties in the ash from sugar-cane
bagasse were improved by removing the amorphous – silica elements from the bagasse
before burning it at 3000C temperature to ashes. This was highly contributed to the content
of pozzolanic elements in the ashes for concrete strength increment. Also, in the findings
of [21]; it was discovered that, bagasse ash consists of: 73% of Silica (SiO 2), 6.7% of
Alumina (Al2O3) and 6.3% of Ferric Oxide (Fe2O3) (See Table 4) which were cementitious
properties that can improve the quality of cement in concrete.
Table 4. Chemical Properties and Composition of Bagasse fiber (Ash) [20-21]
Chemical Properties of Bagasse
Fiber
S/N
1
2
3

Properties
Hemi-Cellulose
(%)
Cellulose (%)
Pectin (%)

4

Lignin (%)

45-55
0.60.8
18-24

5

Extractives (%)

1.5-9

6

Ash (%)

7
8
9

Value
20-25

1-4

Reference

[20]

Chemical Composition of
Bagasse Ash Fiber
Properties
Alumina(Al2O3)
Silica (SiO2)
Ferric
Oxides
(Fe2O3)
Magnesium
Oxide (MgO)
Calcium
Oxide(CaO)
Potassium
Oxide(K2O)
Sodium
Oxide(Na2O)
Pentoxide (P2O2)
Loss of Ignition

Value
6.7

Reference

[21]

73.0
6.3
3.2
2.8
2.4
1.1
0.9

The high content of Silica, Alumina and Ferric Oxide in sugarcane bagasse ash was up to
86% of its chemical constituent. These compounds have the major required elements for
sugarcane bagasse to function as pozzolanic properties for reinforcement of concrete
properties. They can also function as aggregate for cement production. According to the
specified standard of ASTM C618 (2003) for raw or calcined natural pozzolan and fly ash
materials to be use in concrete; the three major constituent compounds (Silica (SiO 2),
Ferric Oxide (Fe2O3), and Alumina (Al2O3)) of pozzolanic material should be up to 70% for
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it to be used as mineral admixture in concrete. Since the addition of these pozzolanic
compounds was up to 86% (> 70%), the sugar cane bagasse ash (SCBA) can be use as
pozzolanic material in concrete for its reinforcement. As observed, the binding
(cementitious) property of SCBA is by 56.94% greater than that of OPC (29.06%). This
shows that, SCBA can be perfectly used for cement substitute in concrete up to 86% and
perform more excellently than that of OPC by 50% [23]. Only Silica compound alone,
possessed up to 73% of cementitious property of SCBA as indicated in Table 2. This proved
that, bagasse ash is very rich in pozzolans for the enhancement of concrete. Also, as
investigated by [20], the main chemical constituents of sugar cane bagasse fiber (SCBF)
were: cellulose, hemi-cellulose, lignin and pectin. These four properties contributed
greatly to the best performance of SCBF as partial replacement of aggregate or as
cementitious material in concrete for its reinforcement. Mostly, cellulose tends to increase
the mechanical properties of concrete structures by 50% (Table 4). With this
characteristic, high quality of concrete will be produced when used as an admixture in
concrete. Hemi-cellulose is the next in action to cellulose; it contributed to concrete
strength development up to 23%. While, Lignin and pectin, are having strength yielding
capacity of 21% and 0.7% respectively.
2.1.3 Fresh State Properties of Concrete
Concrete Workability
According to the cement and technology specification standard of America Concrete
Institute (ACI116R-1990), concrete workability is defined as fresh property of mixed
concrete that shows the homogeneity and ease at which concrete is mixed, consolidated,
finished and placed [24]. The workability of structural concrete was determined by slump
test. [22] burnt the bagasse fibers from sugar cane residues to ashes within the
temperature range of 6000C to 8000C. The ashes produced were rich in aluminous and
siliceous cementitious properties which can be used to perform the same function binding
like that of cement in concrete. According to the authors, ashes from sugar cane bagasse
were rich in pozzolanic compounds and were used as partial substitute some quantities of
cement in concrete. The tested concrete showed high increment in concrete’s strengths,
and its workability. Also, [19] experimented on the effect of bagasse (from sugarcane) fibre
ash on concrete structure. The experimental result showed that, inclusion of bagasse fiber
ash in concrete improved its workability greatly. This might be as a result of high content
of cementitious properties (pozzolanic elements) in bagasse fiber ash used, especially,
aluminous and siliceous. Likewise, the outcome of the test conducted by [25] on concrete
workability with the inclusion of SCBA were presented in Table 5
Table 5. Concrete Workability [25]
% SCBA
0
5
10
15
20
25

Slump (mm)
70
85
90
100
125
160

Workability
Compaction Factor
0.88
0.91
0.91
0.93
0.94
0.96

As shown in the Table 5, the concrete slump values were increasing as the percentage of
SCBA in concrete mixed were also increasing from 70 mm (control) to 160 mm (concrete
with 25% of SCBA). The increment in slump value was up to 56.25%. Likewise, the factor
of concrete compaction increased from 0.88 (control) to 0.96 (concrete with 25% of SCBA)
which is about 9.09% increment. In the same perspective, [26] replaced some percentages
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of cement (grade M25) with certain percentages of SCBA, and investigated the effect of
replacement. The results showed that, the slump values of the concrete increased from
76mm (control) to 82mm (with 20% of SCBA). These results clearly show that, low water
cement ratio is needed to achieve perfect concrete workability when SCBA is used in
concrete.
2.1.4 Concrete Harden State Properties
Concrete Compressive Strength
The compressive strength of structural concrete is the capacity of the concrete to resist
loads aiding to reduce its form and cause unnecessary lengthens [27]. [28] partially
replaced some quantities of cement with BAM and BAMP for the production of concretemortar. From their investigation, it was observed that, the compressive strengths of
concrete with 5% of bagasse ash mortar (BAM) with ordinary Portland cement (OPC) and
that 10% of BAM with same OPC were higher than that of (control) by 3.8% and 2.8% after
being cured for 28 days respectively. In another perspective, certain percentages of cement
were replaced with Portland pozzolana cement – bagasse ash (PPC-BA). The result showed
that, concrete – mortar compressive strength decreased from 43.71N/mm 2 (which is the
control strength value) to 27.93N/mm2 (which is the strength at 30% replacement of
cement with PPC-BA). The strength reduction was about 36.1%, which implied that, the
use of bagasse ash mortar with pozzolana (BAMP) cement in concrete has caused a lot of
strength loss to concrete. Looking at the result from the research perspective, BAMP is not
good for concrete reinforcement, and if it will be use in concrete, it can only be in low
strength structures. Also, [26] partially substituted certain percent of cement with 5%,
10%, 15% and 20% of SCBA in order to observe their structural performance in concrete.
The results showed great reductions in concrete compressive strength, especially, from
5% replacement of cement with SCBA up to 20% replacement. The optimum strength
reduction was about 60.4%. Since, concrete compressive strength is one of the major
components of its stress-bearing capacity (ability to withstand heavy load), a 60.4%
reduction in concrete strength due to the inclusion of SCBA has rendered the concrete
useless. With this percentage of strength reduction, their usage in concrete will cause a lot
of failures to concrete structures. So, authors concluded that, SCBA is not good for concrete
reinforcement.
Table 6. Average Concrete Compressive strength [25]
Mix Designation
Average Compressive
Strength (N/mm2)
% SCBA

M0

M1

M2

M3

M4

M5

33.281

37.351

0%

5%

38.07
7
10%

36.76
9
15%

35.75
2
20%

30.95
6
25%

Comparing the concrete strength reduction (60.4%) observed by [26] with that of strength
reduction observed by [28] (36.1%), then, it can be deduced that, application of SCBA
inform of BAM, and BAMP in concrete will contribute many failures to construction
industries. But, if the result of [28], with strength reduction of 36.1%, can be improved
upon, there will be increase in strength yielding properties of concrete. Beside the above
results, [25] used some percentage of SCBA in concrete as partial substitute of cement;
their structural performance was observed and recorded as shown in Table 6. The result
shows that, concrete compressive strength was increased up to M4 mix (with 20% of
SCBA). The concrete compressive strength increment was about 12.6% at 10%
replacement of cement with SCBA. The results of an investigation conducted by [25]
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proofed that, SCBA can be used for cement substitute in concrete, and it can function as
strength reinforcing admixture in concrete. This finding negates the results of experiments
conducted by [26] and [28] which show that, the inclusion of SCBA in concrete reduced its
compressive strength up to 60.4%.
Concrete Tensile Strength
As shown in Table 7, both the tensile strengths of plain concrete and that of concrete with
SCBA were low. Yet, the inclusion of SCBA in concrete increased its tensile strength by
31.7% up to 20% of replacing cement with SCBA. According to [25], the strength increment
yielded (31.7%) by replacing 20% of concrete aggregates with SCBA was more than that
of the strength generated by adding 10% of SCBA to concrete mix (1.26% increment). The
gradual reduction in concrete tensile strengths began to set in from M3 to M5 mix. The
reduction is up to 9.8% at M5 mix with 25% of SCBA. With critical observation of the results
in Table 7, it could be deduced that, sugar-cane bagasse ash is rich in pozzolanic properties
for concrete strength enhancement up to M2 mix. On the other hand, the average concrete
tensile strength obtained by [26] in their investigation conducted by partially replacing
certain percentages of cement with SCBA was very low. It was less than that of control by
32.5% (from 1.94 to 1.31 N/mm2). This might result into shearing of concrete during
tension and unexpected deflection at construction stage. It was suggested that, the
inclusion of SCBA in concrete mix should not exceed 10% to avoid unwanted flaws.
Table 7. Average Concrete Tensile strength [25]
Mix Designation
Average Tensile
(N/mm2)
% SCBA

Strength

M0

M1

M2

M3

M4

M5

2.102

2.822

3.077

2.938

2.683

1.897

0%

5%

10%

15%

20%

25%

Concrete Flexural Strength
According to [28], the flexural strength of concrete with BAO (control) and that of concrete
with BAS yielded the same result (4.68 N/mm2). In the investigation, the bending strengths
of the concrete beams were reduced even after 28th day of curing when 10% of Bagasse
Ash (BA) and 25% of BA were included in the concrete mix. The bending resisting strength
of the concrete increased from 6.05 to 6.821 N/mm2 when the certain quantities of cement
were partially replaced with 10% of SCBA [25]. The strength increment is about 11.3%.
This result negates the findings of [28] that show no increase in concrete flexural strength.
Concrete Modulus of Elasticity
As shown in Table 8, the concrete modulus of elasticity increased up to M4 mix with the
inclusion of 20% of SCBA. The highest concrete elasticity strength was observed at 10%
inclusion of SCBA (Table 8) [25]. The elasticity strength of concrete increased a little
(7.8%) with the addition of SCBA. Therefore, SCBA improved the sustainability and
stability of concrete structures by reducing the concrete expansion limit by 7.8%.
Table 8. Modulus of Elasticity [25]
Mix Designation
Modulus of Elasticity x 104
(N/mm2)
% SCBA

M0
4.72

M1
5.02

M2
5.12

M3
5.07

M4
4.86

M5
4.66

0%

5%

10%

15%

20%

25%
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2.2 Coconut (Shell) Fiber
Coconut shell fiber is defined as fiber extracted from coconut husk through the crushing
and combing method [29]. Also, according to [30], Coir is the threadlike material built
within the outer skin of the coconut. The crushed shells of coconut were converted into ash
after burning it in the combustion device at the temperature of 500 0C – 5500C for two (2)
hours. The burnt ash of coconut shell was sieved and used as partial replacement of cement
in concrete [31]. Fig. 3 shows the images of coconut shells.

(a)

(b)

(c)
Fig.3 (a) Coconut Shells (b) Fresh Crushed Coconut Shells (c) Dry Crushed Coconut
Shells (Source: [32, 76])
2.2.1 Properties of Coconut (Shell) Fiber
Physical Properties of Coconut (Shell) Fiber
Coconut fiber is a hollow and narrow fiber. It possesses a thick wall built of cellulose. A
coconut shell is about 1mm in length and its diameter fall within the range of 10 - 20 μm.
A raw fiber from coconut has length variation that fall within the range of 15 – 35 cm and
the diameter variation of 50 - 300μm [29]. Some physical properties of coconut ash fiber
compared with that of Ordinary Portland Cement (OPC) were presented in Table 9
according to the investigation conducted by [33].
The normal consistency of coconut shell ash (CSA) was greater than that of cement by 4%
(Table 9). Also, the specific gravity of CSA was less than that of cement [33]. Therefore, CSA
had been acting as an accelerator in concrete for quick paste setting, and thus, developed
good surface area for quality concrete production (since 1.33% < 3.15%). Having
developed good consistency properties, the rate of absorption of water of CSA was very
high (25%, see Table 9). This might lead to the use of high water – cement ratio for the
production of concrete with CSA.
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Table 9. Physical Properties of Cement and Coconut Shell Ash (CSA) [33]
S/N
01
02
03
04

Properties
Normal Consistency
Specific Gravity
Water Absorption
Fineness Modulus

CSA (%)
38
1.33
25
8

Cement (%)
34
3.15
5

Chemical Properties of Coconut (Shell) Fiber
The chemical properties of matured nuts, young nuts and very young nuts of coconut fiber
were presented in the Table 10.
Table 10. Composition of Coconut Fiber (Coir fiber – wt %) [34]
Maturity

Cellulose

HemiCellulose

Lignin

Matured Nuts
Young Nuts
Very
Young
Nuts

43.44
32.86
36.11

0.25
0.15
0.25

45.84
40.52
41.02

Hot
Water
Soluble
3.00
2.75
4.00

Total
water
Soluble
5.25
16.00
15.50

Ash
0.13
-

As shown in Table 10, the matured coconut developed highest values of chemical
properties such as Lignin-45.84%, Hemi-cellulose-0.25%, and cellulose-43.44%, which is
up to 89.53%. These three properties contributed highly to the reinforcement of concrete
up to 90% effectiveness. Therefore, the matured nuts of coconut are preferable to be use
for concrete reinforcement than others [34]. Likewise, the chemical compositions of
coconut shell ash were shown in Table 11. The three chemical components were very rich
in pozzolanic properties (Silica, Aluminates and Iron oxides) to be able to function as
cementitious material in concrete. Silica (SiO2) is a pozzolanic compound, responsible for
early development of mortar and concrete strength [35]. Silica occupies the largest
percentage of pozzolanic properties of coconut shell ash such as 44.05% [36]; 43.50% [37];
42.50% [38] and 37.97% [33,39] as shown in Table 11. Also, Aluminates and Iron oxides
contribute to the effectiveness and performance of a material to function as a pozzolan in
concrete. ASTM C618 (2013) stated that, for a material to be use as a pozzolan in concrete
or mortar, either as partial substitution of cement or aggregates, its pozzolanic chemical
compositions percentage, that is, the combination of Iron Oxide (Fe2O3), Silicon (SiO2) and
Alumina (Al2O3) should be up to 70%.
Table 11. Chemical Composition of CSA and Cement
Constituent
SiO2
Al2O3
Fe2O3
CaO
MgO
Na2O
K2O
P 2 O5
SO3
Loss of
Ignition

OPC [23]
20.78
5.11
3.17
60.89
3.0
0.25
0.39
0.26
1.71
2.31

CSA [36]
44.05
14.60
12.40
4.57
14.20
0.45
0.52
8.89

CSA [37]
43.50
15.20
12.60
3.25
15.01
0.47
0.49
0.40
8.39

CSA [38]
42.50
17.70
8.17
4.30
0.71
0.93
0.82
0.55
6.51

CSA [33]
37.97
24.12
15.48
4.98
1.89
0.95
0.83
0.32
0.71
11.94

CSA [39]
37.90
24.12
15.48
4.98
1.89
0.95
0.83
0.32
0.71
11.94
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As conducted by [23], the percentage constituent of the three major pozzolanic compounds
of OPC (Fe2O3, SiO2 & Al2O3) was 29.06% (< 30%) which is very low compared to the
specified percentages stated by [40]. Certain percentages of cement were substituted with
coconut shell ash (CSA) by [39]; and [33]. The total percentages of pozzolanic compounds
observed in coconut shell ash (CSA) were 77.50% and 77.57% respectively. These
percentages were more than that of OPC (29.06%) by 48.51%, which is about times 2 of
OPC value. It was also more than the specified standard, 70%, stated by [40] by 7.5% and
7.57% respectively. Likewise, [37]; and [36] had similar results like that of [39] and [33]
(71.3% and 71.05% respectively). Thus, the review of CSA chemical compositions showed
that, CSA is very rich in Pozzolanic (cementitious) properties and can be use for concrete
strengths reinforcement.
2.2.2 Fresh State Properties
Setting Time of cement with CSA Paste
The setting time of concrete-paste with CSA is presented as in Table 12. The setting time
of cement-paste with CSA were increasing as the percentages of CSA substituted in the
paste were increasing from 0CSA to 30CSA (Table 12). By considering the results of
investigation made by [41] shown in Table 12, the initial setting of CSA-Paste occurred at
a time beyond the specified time limit stated by [6] (40 minutes) especially at the time of
including 5CSA to 30CSA in the pastes. It was observed that, CSA prolong the initial setting
time of concrete. This will cause delay for concrete to achieve its initial setting strength.
Besides, the final setting time of concrete with CSA were within the specified time limit
(600 minutes) stated by [6] for the final setting of concrete paste. Though it took a lot of
time to attain the initial setting of concrete with CSA, the finally setting of CSA - concrete
took place within the specified final setting time (10 hours). With higher water – cement
ratio, concrete with CSA cannot achieve good setting. The use of CSA in concrete requires
low water - cement ratio in order to achieve accurate CSA - cement - paste setting.
Table 12. Setting Time of CSA [41]
S / No.

CSA Replacement (%)

01
02
03
04
05
06
07

0CSA
5CSA
10CSA
15CSA
20CSA
25CSA
30CSA

Initial Setting
Time (mins)
74
142
262
273
295
327
346

Final Setting Time
(mins)
96
239
345
384
458
476
492

Concrete Workability
In an experimental analysis conducted by [42], coconut hard-shells (CHS) were applied to
structural concrete on the basis of increasing its workability. The outcome of the
investigation showed that concrete with CHS developed slump value of 26mm and that of
unreinforced concrete had slump value of 25mm. This implied that, the workability of
unreinforced concrete was improved by 4%. That is, the rate of concrete flow was
increased by 4% with the addition of CHS. Though, the best slump value was observed at
the inclusion of 25% of CHS in the concrete mix, still, the use of CHS in concrete requires
low water - cement ratio to achieve good workability.
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2.2.3 Concrete Harden State Properties
Concrete Compressive Strength

Compressive
Strength(N/mm2)

The plain concrete was discovered to develop 20 – 30% compressive strength increment
than that of concrete with CSA (Coconut Shell Ash) as reported by [43]. 25% of coconut
shell fiber was used for partial replacement of certain percentages of concrete aggregates.
The result showed that, the concrete of which some of its aggregates were substituted with
some percentages of coconut shell fiber showed reduction in compressive strength of
concrete up to 5.75% compared with that of concrete without coconut fiber. This might be
as a result of using longer length coconut shell fiber in the mix [42]. Also, certain quantities
of cement were replaced with CSA in concrete by [44]. Among the samples tested, the
concrete sample with 10% of CSA at M30 mix yielded the compressive strength of
42.89N/mm2. This value (42.89N/mm2) is greater than that of concrete with 0% of CSA
(35.00N/mm2). These values were observed after the concrete has been cured for 28 days.
Other compressive test results also showed increment in concrete strength but that of 28 th
day result developed up to 99% strength increment. Actually, CSA-concrete developed
maximum strength increment at inclusion of 15% CSA in concrete when used as partial
replacement of cement. However, the report of [45] was different from that of Sharan and
Raijiwala [44]. At the time of substituting certain percentages of concrete aggregates with
some percentages of coconut (shell) fiber as conducted by [45], the concrete compressive
strength observed was very low compared to that of control (Plain concrete). In another
perspective, the results obtained by [46] were in line with that of Sharan and Raijiwala
[44]. The substitution of cement with certain percentages of CSA (0%, 10%, 20% and 30)
showed increase in the compressive strength of CSA – concrete. In addition to [46] report,
report of [39] showed that, the inclusion of CSA in concrete increase its compressive
strength. As indicated in Figure 3, concrete with CSA showed strength increment up to 10%
replacement of cement. The compressive strength increments recorded were 7.52%,
8.79%, 8.23% and 7.47% at 7, 14, 21 and 28 days of curing respectively. [39] observed
that, CSA increases the concrete compressive strength up to 9% (see Figure 4). Though,
the strength increment is low, but application of other fibers with it improves its
enhancement properties in concrete.
50

7 days

40

14 days

30

21 days

20

28 days

10
0
0%

5%

10%

15%

20%

25%

%Ages of CSA
Fig. 4 Compressive Strength of Concrete with CSA [39]
Concrete Tensile Strength
Application of CSA as substitute for cementitious aggregate in concrete developed higher
tensile strength than that of the control [47]. This might be as a result of present of high
cementitious (pozzolanic) properties and filler component (like cellulose) in the CSA used
[48]. Also, [39] stated that, the inclusion of CSA in concrete increased its tensile strength
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Split Tensile Strength
(N/mm2)

up to 10% substitute of OPC with CSA as indicated in Figure 5. Then, it could be deduced
that, CSA is good for concrete tensile strength improvement but its application should not
exceed 10% cement replacement.
5
4
7 days

3

14 days

2

21 days

1

28 days

0
0%

5%

10%

15%

20%

25%

% Ages of CSA
Fig. 5 Split Tensile Strength of Concrete with CSA [39]
Contrary to the above results, the investigation of [49] show that, the tensile strength of
CSA-concrete was decreasing as the percentage of CSA included was increasing when CSA
was applied as cement substitute in concrete. According to [42], the concrete tensile
strength was decreasing until 36.8% strength reduction was reached at the inclusion of
certain percentages of coconut fiber shell in concrete. This implied that, coconut shell fibre
had poor reinforcement properties against concrete tensile failure. Its application in
concrete can lead to several concrete failures relating to tensile stress. The report of [50]
also supports the findings of [42] and [49]. According to the authors, the use of CSA as
coarse aggregate substitute in concrete decreased the tensile strength of concrete. If the
experimental procedures used by [47] and [48] were adopted in CSA-concrete experiment,
and application of CSA to concrete is not exceed 10% of the weight of cement, there should
be positive results of using CSA in concreting.
Concrete Flexural Strength
The concrete flexural strength formed from the mixture of 10% CSA, stone dust and OPC
showed high concrete bending (flexural) strength increment up to 10% cement
replacement with CSA material [51]. In addition to this, [39] used the combination of eggshell ash (ESA) powder and CSA for the production of concrete instead of using Ordinary
Portland Cement (OPC). According to the author, there was increase in the ESA-CSAconcrete flexural strength. The increment in strength might be as a result of high content
of pozzolanic and filler properties in CSA and powder of egg-shell ash (ESA) used. On the
contrary, [42] used coconut shell fiber for partial replacement of certain percentage of
concrete aggregate. The result showed that, there was reduction in the flexural strength of
concrete up to 25% inclusion of CSA in the mix. Due to this, the percentages of coconut
fiber in the mix were minimized. Though, the percentage of CSA in mix was reduced, still,
there were decreases in the concrete flexural strengths than that of concrete with highest
percentage of CSA up to 19.4% (from 5.36MPa and 4.32MPa). According to the authors,
coconut shell ash is not good for concrete reinforcement, especially, to improve its flexural
strength. In addition to the above statements, according to [43], the higher the proportion
of CSA in concrete, the more the decrease in its flexural strength.
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Modulus of Elasticity of Concrete with CSA
With prolong curing age; the concrete modulus of elasticity (MOE) was increasing as the
percentage of CSA used for the substitution of certain percentages of cement in concrete
was increasing [51]. The finding of [47] also supports the results of [51] on concrete
strength against unnecessary expansion that can cause cracking. In their investigation,
20% of cement was replaced by CSA. The concrete MOE was increased compared to that
of control (Plain Concrete). Therefore, application of CSA in concrete will block a lot of
pores in concrete where cracks can be developed as a result of constant elating and
contracting of concrete due to temperature changes.
2.3 Cotton (Ash) Fiber
Cotton fiber is an unbleached fiber from plant family of mallows. It is a very light species.
It can restrain water up to 27 times of its own weight. The length of a cotton fiber is
normally indicated by its spinnability and physical characteristics. Each cotton fiber has a
single long tubular cell [52]. Hosseini and [53] defined cotton fibers as soft hollow fibers
that possessed absorbent and breathable properties. According to the authors, cotton
fibers can be blended with other fibers to improve their structural properties. Cotton fibers
are good in withstanding high temperature and abrasion wear, especially, in concrete
elating and contraction due to temperature changes. Figure 6 shows cotton fiber and
woven cotton fabric images.

(a)

(b)

(c)
Fig. 6 (a) Cotton Plants (b) Cotton waste fiber (c) Woven cotton fiber (Source: [32, 53])
2.3.1 Properties of Cotton Fibers
Physical Properties of Cotton Fiber
A cotton fiber has the length of 0.511 to 2.511 [67], and a length average of 10mm. It
possesses up to 7 - 10% moisture regaining capacity. Its specific gravity falls within the
range of 1.52 – 1.55 (see Table 13). A cotton fiber has 400MPa tensile strength, 0.2mm
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diameter and 4.8GPa Young modulus. Also, a cotton fiber has a density of 1.54g/cm3 [54].
These characteristics made fiber from cotton plant suitable for research work and also
physical fit for concrete reinforcement.
Table 13. Physical properties of Cotton fibers [52]
Properties
Length
Moisture regains
Strength, tenacity
(gm per denier)
Specific gravity
Resiliency
Color

Values
0.511 - 2.511
7 - 10%
3-5
1.52 - 1.55
Cream or Yellowish like Clean white
Low

Chemical Composition of Cotton
Cotton fiber consists of 91% of cellulose [55] which is the best property of plant required
for sufficient reinforcement of concrete as indicated in Table 14. All other properties were
also good for concrete enhancement.
Table 14. Chemical properties of Cotton fibers [55]
Properties
Cellulose (%)
Mineral Salt (%)
Water (%)
Protoplasm, Pectins

Values
91.00
0.20
7.85
0.55

2.3.2 Fresh State Properties of Concrete with Cotton fiber
Concrete Workability
Partially replaced some percentage of OPC with cotton dust (CD) ashes [56]. The result of
the investigation shows that, concrete with 5%, 10%, 15% and 20% of CD ashes showed
reduction in workability compared to that of concrete with OPC only [42]. According to the
authors, CD ash- concrete required high water – cement ratio to achieve a suitable
workable.
2.3.3 Harden State Properties
Concrete / Composites’ Compressive Strength
Reinforced geo-polymer composites with cotton – fabric fiber [54]. The mechanical
properties of the composites were observed at the temperature of 200 0 - 10000C. The
compressive strength of geo-polymer-composites was decreasing after the temperature
range from 2000 - 10000C. This was traced to constant deterioration in hydration process
of geo-polymer-composites. It could also be as a result of increase composites porosity
with increase in burning temperature. According to the authors, the geopolymercomposites suggested to heat under the temperature range of 800 0C - 10000C usually have
high porosities than those heated at the temperature range of 200 0C to 6000C. In support
of this, [57] used woven fabric – cotton for composite reinforcement. The results showed
that, there was decrease in compressive strength of composites with fabric woven – cotton
than that of composite without woven fabric – cotton (control) as shown in Table 15.
The normal compressive strength of composite with ordinary cement-paste indicated that,
there was a very strong high bonding relationship within its grain-particles. Thus, addition
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of layers of cotton fabrics to the cement pasted has caused a lot of decrease to the grainparticles bonding of the composite which led to its compressive strength reduction. In the
reinforcement of geopolymer composite with fabric fiber, the cotton-fabric was acting as
an isolator. [56] used ash made from cotton dust (CD) to partially replaced certain
percentages of cement in concrete.
Table 15. Compressive Strength of Geopolymer Composites (N/mm2) (Source: [57])
No. of
Layers

control

0
1
2
3

60
-

Compressive Strength (N/mm2) (Source: [57])
Twill
H8Weft
Crepe
Warf
Weft
2/2
Satin
Rib
Rib
Rib
2*2
2*2
4*4

Honey
comb

40.80
37.80
27.67

29.47
21.47
19.87

35.49
34.73
27.67

34.96
31.48
31.20

42.93
35.80
35.67

34.89
28.67
24.80

33.76
30.28
25.76

Compressive Strength of
concrete Mixed with CD ash
(N/mm2)

The proportions of cement replacement were in 5%, 10%, 15% and 20%. In the
investigation, the concrete produced were immersed in water for 3, 7, 14, 28 and 60 days
for proper curing. The values of strengths yielded at concrete different curing ages were
presented in figure 7. As shown in Figure 7, the values of concrete compressive strength
developed were less than that of control at days of curing. Concrete compressive strengths
were decreasing as the percentage of CD ash in concrete and its curing age were increasing
up to 28 days of curing. The extension of concrete curing age up to 60 days increased the
concrete compressive strength up to 10% cement replacement with CD ash. The
percentages of strength increment were: 1.20% for 5% CD ash and 2.67% for 10% CD ash
replacement with cement. Here, it could be deduced that, the more the curing ages of
concrete reinforced with CD ash, the more the concrete compressive strength yielded.
35
30
25

3 days

20

7 days

15

14 days

10

28 days

5

60 days

0
0%

5%

10%

15%

20%

% of CD Ash
Fig. 7 Compressive Strength of Concrete Mixed with CD ash (N/mm2) (Source: [56])
Tensile Strength of Cotton Fiber Concrete
In the investigation conducted by [56], 5%, 10%, 15% and 20% of cement aggregates were
replaced with CD ash in concrete to determine their tensile strengths capacities. The
results of the test showed that, as the percentages of CD ash in concrete was increasing;
the concrete tensile strengths were also increasing up to 28 days of curing. In other
perspectives, the concrete tensile strengths were increasing as their curing ages were
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Tensile Strength of
Concrete Mixed with CD
ash (N/mm2)

prolonging until 60 days was reached. These increments were observed up to 10%
replacement of cement with CD ash in concrete. 1.34% and 8.47% strength increments
were observed for concrete with 5% and 10 % of CD ash respectively as shown in figure 8.
As indicated in figure 8, authors concluded that, the reinforcement of concrete with CD ash
will continues to be gaining more strength for its stability against shearing as long as its
curing ages were prolonging. In addition to this, [57] also investigated on the use of woven
cotton fabric in composites to improve its shearing strength due to tension. The
investigation was conducted on the specimens up to three different layers of composites.
The result showed that, the cotton fabrics improved the tensile behavior of fabric – cement
composites. At every layer, the tensile splitting strength of fabric – cement composites
observed were 7MPa and 9 MPa which were more than that of the controls (the three
controls). Also, as the quality of design of fabric – cement composites were increasing, the
composites tensile strengths were also increasing up to 82% at layers 2 (2 layers) with
increment range of 74% to 97%.
5
4

3 days

3

7 days

2

14 days

1

28 days

0

60 days
0%

5%

10%

15%

20%

% of CD Ash
Fig. 8 Tensile Strength of Concrete Mixed with CD ash (N/mm2) (Source: [56])
Flexural Strength of Cotton Fiber concrete
There was increase in the flexural strength of composite reinforced with fabric woven
cotton cement composite as investigated by [57]. According to [57], the structural
performances of fabric-composites were very high against bending stresses of the
composites. As the number of layers of fabric applied to cement composite was increasing,
the composite flexural strength was also increasing. Author concluded that, woven cotton
fabric highly increased the cement composites strengths against any future bending at
service. On the contrary, the investigation of [54] showed that, the geopolymer composites
reinforced with cotton fabric fiber had decrease in their flexural strength with increase in
temperature. These strengths were at the composite’s temperature range of 8000C to
10000C which were higher than those of composites at 2000C, 4000C and 6000C. The
degradation in cotton fiber content in the composites influenced the decrease in the
flexural strength of the composites. Likewise, the concrete produced from the mixture of
cement and certain percentages of cotton dust (CD) ash showed strength reduction at 3, 7,
14 and 28 days of water curing. As it was observed by [56]; even though, the bending
strength of structural concrete was reinforced with 5%, 10%, 15% and 20% of CD ash for
cement replacement, but still, instead of concrete to increase in strength, its flexural
strength was decreasing up to 28 days of curing in water. On the other hand, the prolonging
of curing age of CD ash – concrete to 60 days increased its flexural strength up to 1.22%
and 2.75% for 5% and 10% CD ash replacements respectively.
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2.4 Oil Palm Fiber
Palm fiber is defined as the waste resources extracted from palm trees. Examples of these
waste resources are: empty bunches of oil palm fruits, shells of oil palm fruits, press of oil
palm fruits and palm fronds. Press of oil palm fruit is defined as the coarse residue
obtained after the removal of palm oil from the fruits of the oil palm [58]. Ash of Empty
Fruit- Bunch of Oil Palm-Fiber (AEFOPF) is the ash obtained after the burning of oil palmempty fruit bunches in incineration device at high temperature of 700 0C for 90 minutes.
AEFOPF is commonly used to enhance its concrete properties. Its straw –fiber will control
pore formation when use in concrete [59]. Figure 9 shows the images of empty bunch of
oil palm, a single of oil palm-empty fruit bunch and the processed oil palm-empty fruitbunches.

(a)

(b)

(c)
fig. 9 (a) Heap of oil palm-empty fruit-bunches {60] (b) a single empty fruit bunch of
oil palm (c) processed empty fruit bunches of oil palm fiber [61]
2.4.1 Properties of Oil Palm-Empty Fruit-Bunch- Fiber
Mechanical and Physical Properties of Oil Palm-Empty Fruit-Bunch-Fiber
The tensile strength of OP-EFB fiber, its density and other properties were suitable for
the production of quality concrete as indicated in Table 16.
Table 16. Mechanical and Physical Properties of Oil Palm-Empty Fruit-Bunch-Fiber
(OP-EFB-F) (Source: [62 – 64])
Properties
OPE-FB-Fiber

Tensile
Strength
(MPa)
60 - 81

Diameter
(μm)

Density
(g/cm3)

250-610

0.7-1.55

Young
Modulus
(GPa)
1-9

Elongation
at Break (%)
8-18
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Chemical properties of Oil Palm Empty Fruit Bunch Fiber (OP-EFB-F)
As shown in Table 17, the constituent of pozzolanic properties (SiO 2, Fe2O3 and Al2O3) of
AEFOPF is 25.77% and that of OPC is 29.71%. The percentage of pozzolanic properties of
AEFOPF is less than that of OPC by 3.94%. Also, the percentage of pozzolanic properties of
AEFOPF is less than that of specified percentage stated by [65] for a material to be use as
a pozzolan for substitution of cement in concrete which is 70%. Therefore, AEFOPF is not
suitable to be used as pozzolanic material for replacement of cement (OPC) in concrete for
better performance of concrete. With these low cementitious properties of AEFOPF, it
cannot be used only for concrete strength improvement, but, blending it with other fibers
or treating it with chemical will make it performs better in concrete.
Table 17. Chemical composition of AEFOPF [61]
Material
OPC
AEFOPF

SiO2

Fe2O3

Al2O3

CaO

20.68
6.62

3.62
6.64

5.41
12.71

64.37
19.01

Oxides (%)
Na2O
MgO
0.51
7.25

1.81
4.10

K2O

SO3

Lol

0.47
1.86

1.03
1.42

0.39
40.60

2.4.2 Fresh - State Properties
Concrete Workability
Use oil palm fiber to improve the workability of concrete [66]. The results of the test
showed that, oil palm fiber reduced the unreinforced concrete workability (slump) value
from 155mm to 70 mm which is slump value of concrete reinforced with the oil palm fiber.
According to the authors, the oil palm fiber in concrete has absorbed much excess of water
within the prepared concrete-mortars, thus, making concrete more workable.
Additionally, as the content of oil palm fiber in concrete was increasing, the mixed concrete
became thicker and emanated into concrete with a low slump which is a good quality of
structural concrete. Authors included that, oil palm fiber improved the concrete
workability up to 54.8% and its efficiency emanated into the production of quality
concrete.
2.4.3 Harden - State Properties
Composite Mean Compressive Strength

Mean Compressive
Strength of Composite
with OPE-FB fiber

Figure 10 shows the compressive strength of composite reinforced with AEFOPF as
indicated [68]. This strength was achieved by combining AEFOPF and cement paste to form
composite.
20
15
10

7 days

5

14 days
28 days

0
0%

5%

10%

15%

20%

25%

30%

Percentage of AEFOPF
Fig. 10 Compressive strength of composite reinforced with AEFOPF [68]
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There were decreases in the compressive strength of composite as the percentage of
AEFOPF in the mix was increasing. This showed that, AEFOPF has low cementitious
properties and cannot be use for concrete reinforcement composite.
Density, Modulus of Rupture and Elasticity (MOR and MOE) of Composite
AEFOPF was treated with NaOH and its effectiveness was observed on AEFOPF- composite
by [68] as presented in Table18. The densities of the composite treated with NaOH were
more than that of control up to 10% treatment. Besides, the densities of composite
produced were less than that of normal weight of concrete or composites. The densities of
composite produced fell within the range of light weight composite (less 2200 Kg/m3 as
specified by [69]. Also, as the percentages of OPE-FB fiber treated with NaOH was
increasing; the composite MOR and MOE were increasing up to 8% NaOH treatment. The
maximum strengths increment observed were: 38.2% for MOE, 50.7% for MOR, and 8.5%
for Density respectively. It was concluded that, the treatment of OPE-FB with NaOH
increased the bonding matrix within the composite for better performance, especially in
terms of strength yielding [68]. So, treatment of OPE-FB fiber with NaOH will improve the
concrete or composite tensile strength by building the good matrix bonds in between the
aggregates of the concrete or composite.
Table 18. Density, MOR and MOE of Composite Treated with NaOH [68]
NaOH Content
(%)
0
2
4
6
8
10

MOE
(GPa)
5.5
6.2
6.3
7.7
8.9
4.1

MOR
(MPa)
3.6
3.9
4.5
5.1
7.3
3.8

Density
(Kg/m3)
1550
1575
1580
1654
1694
1683

2.5 Hemp Fiber
Hemp fibers are fibers with 100 percent textile properties. Hemp fibers are always
performed better in concrete or composite when blended with other natural fibers like
silk, cotton, flax, and lime for concrete or composite’s reinforcement. They were commonly
used for the construction of buildings. Blending of the mixtures of lime and hemp fiber
together is suitable for plastering of building internal [70 – 72].
2.5.1 Properties of Hemp fiber
Mechanical / Physical Properties of Hemp fiber
The mechanical and physical properties of hemp fiber which made it suitable for
composites and concrete reinforcement were presented in Table 19. These properties
were good for better concrete or composite quality production.
Table 19. Mechanical / Physical Properties of Hemp fiber [73]
Fiber Type

Density
(g/cm3)

Moisture
Absorption
(%)

Tensile
Strength
(MPa)

Young
Modulus
(MPa)

Elongatio
n at Break

Value

1.4

8

690

30 - 70

1.6
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Chemical - Properties of Hemp fiber
As shown in Table 20, hemp fiber had high content of 77.5% of cellulose, 10.0% of hemicellulose and 6.8% of Lignin with total percentage of 94.3 of hemp reinforcing properties.
With these properties, concrete or composite properties will be improved perfectly.
Table 20. Chemical - Properties of Hemp fiber [67]
Properties

Values

Lignin
(%)

HemiCellulose
(%)

Pectin
(%)

Cellulose
(%)

Fat
and
Wax
(%)

Water
Soluble
Materia
l (%)

Ref.

6.8

10.0

2.9

77.5

0.9

1.8

[67]

2.5.3 Fresh State Properties
Concrete workability
The use of hemp fiber in concrete led to the production of concrete with a very stiff and
unworkable nature. As investigated by [74], the normal concrete (plain) slump fell was
recorded to be 30mm. The concrete reinforced with hemp fiber had no fall (0 mm). Thus,
concrete produced with hemp fiber were too stiff and unworkable, with the application of
super-plasticizer, the concrete produced with hemp fiber will be workable.
Consistency
Consistency of hemp-cement paste increased more that of control. This implied that,
concrete with hemp fiber required high water cement ratio for its production [74].
2.5.4 Harden - State Properties
Compressive and Tensile Strengths of Hemp – Concrete

Compressive Strength of
Composite with hemp
fiber (MPa)

The compressive Strength of concrete with hemp-fiber was higher than that of control
(plain concrete) up to 1.5% of hemp fiber inclusion at both 7 and 28 days of curing. As
shown in figure 11, the rate of compressive strength yielded by hemp fiber in concrete was
about 7.78%. Also, the concrete tensile strength was increasing as the percentage of hemp
fiber included in the mix was increasing up to 1.5% of hemp fiber inclusion. The highest
concrete tensile strength observed was 31.44% as shown in figure 12 with inclusion of
0.5% hemp fiber at the 28th day. of curing. Author concluded that, hemp-fiber had high
tensile reinforcement properties in concrete or composite up to 31% in strength yielding
[76].
60
50
40
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20
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1.50%

2.00%

% Hemp Fiber Content
Fig. 11 Compressive Strengths of Hemp-Concrete [75]
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6
4
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0
0%
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1.00%

1.50%

2.00%

% of Hemp Fiber Content
Fig. 12 Tensile Strengths of Hemp-Concrete [75]
Concrete Flexural Strength

Concrete Flexural
Strenght (MPa)

The flexural strength of concrete with hemp fiber showed strength increment up to 1.5%
of adding hemp – fiber in concrete compared to that of control. As presented in Figure 13,
the maximum strength increment recorded at the inclusion of 0.5% of hemp – fiber in
concrete was 26.2%. This increment was observed due to highly strength yielding
properties of hemp fiber which was earlier recorded as 94.3%. Authors concluded that,
hemp fiber is good for the reinforcement of concrete strength against deflection [75].
8
6
4

7 days

2

28 days

0
0%

0.50%
1.00%
1.50%
% of Hemp Fiber Content

2.00%

Fig. 13 Concrete Flexural Strength [75]
3. Discussion
Wastes generations, especially from agricultural products, have become the problem of the
world today. The issues of environmental pollutions such as emissions of carbon dioxide
into the atmosphere which gradually destroyed the ozone layers and exposed us to hot Sun
rays together with occupying the lands that should have been use for other purposes for
dumping heap were factors contributed to poor environmental hygiene in the globe.
Likewise, the issue of generating up to 8% of overall global emissions of CO 2 from concrete
and cement industries is also one of the factors multiplying the effect of greenhouse gases
globally. The use of agricultural wastes in concrete and composites need to be increase in
order to erase the effect of CO2 emissions from concrete industries and agro-wastes,
wrongly disposed to the environments globally. Creation of more cement and concrete
production companies and uses of agro-wastes for concrete reinforcement are the
solutions to the effect of CO2 emission and reduction in the cost of concrete production
material globally.
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All the fibers reviewed had up to 70% compositions of pozzolan properties (SiO 2, Fe2O3
and Al2O3) except that of oil palm fiber. As stated by [40], 70% of cementitious properties
of waste materials is enough for them to function as binding aggregate in concrete. So, the
treatment of these wastes and their application as aggregate for cement production up to
70% constituent will go a long way in reducing the price of cement in the global market,
and also less the use of greenhouse gases generating material in the world.
As shown in the review, majority of the concrete’s mechanical properties reinforced with
five agro-wastes need improvement to enhance their structural performances. Some of
these properties such as: workability, setting time, tensile strength, modulus of elasticity,
flexural strength, consistency and compressive strength need more enhancement more
than the one done by the five fibers reviewed in concrete. The solutions to these can be
achieved through constant researches on the new methods of improving them.
Some mechanical properties of concrete such consistency, workability, compressive and
flexural strengths, have been efficiently reinforced with the inclusion of bagasse, coconut
shell, cotton, oil palm and hemp fibers as reviewed. But major improvement is required in
the areas of concrete - paste setting time with coconut shell ash fiber. The concrete tensile
strength: especially, with the use of ash from empty fruit bunch of oil palm fiber needs
improvement for the more enhancement of concrete. Cotton dust ash and hemp – fiber
required water – cement ratio for better concrete strength reinforcement. The treatment
of oil palm and hemp fibers with chemical like NaOH will really go in long way to improve
the concrete structural properties.
4. Limitations of Using Agricultural Wastes In Concrete
As reviewed, the limitations of using these five agricultural wastes (Bagasse, Coconut shell,
Cotton, Oil palm and Hemp fibers in concrete) for concrete reinforcement were presented
as follows:
Agricultural wastes, especially, the five wastes reviewed, have not been used for cements
production, since the majorities of these fibers reviewed had over 70% of cementitious
properties, their application for cement production need quick investigation, especially,
the use of sugar-cane bagasse and coconut (shell) ashes. The future scholars have to work
on the production of cement with 70% of the constituent from agro-wastes.
More investigation is required on the use of oil palm fiber for the reinforcement of
concrete’s tensile strength. It should be treated with chemical (like NaOH) before use in
concrete to improve its bonding matrix. Also, it could be blend with other fibers (like
bagasse and sugar-cane fibers) together with lime, to improve its physical and chemical
properties for better performance in concrete.
The concrete (paste) reinforced with coconut – ash needs improvement in the area of
setting times. The concrete produced with hemp fiber have poor workability, application
of super-plasticizer to it will make it workable. This is suggested for future improvement.
High water – cement ratio is needed for the production of concrete with hemp and CD ash
fibers to achieve good concrete workability. The tensile strength of the cotton – fabric
concrete will increase with increase in curing age. The reinforcement properties of oil palm
fiber can be improved by blending it with SCBA (which is very high in cementitious
properties) for high concrete strength improvement. Combination of Sugar-cane bagasse
fiber with other fibers, with high cementitious properties will greatly improve its tensile
strength. These were suggested for future investigations.
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5. Conclusions
The effects of Bagasse, Coconut shell, Cotton, Oil palm and Hemp fibers in concrete and
composites have been critical evaluated in this study. The review covered the physical and
chemical properties of agricultural wastes together with their effectiveness in reinforcing
the concrete mechanical properties such as: setting times, consistency, workability,
compressive strength, modulus of elasticity, flexural strength, and tensile strength. With
evaluation of the effects of agricultural wastes in concrete, these were the valuable
conclusions made from the review:
Application of agricultural wastes in concrete and composites will really prevented the
emissions of carbon dioxide (CO2) from concrete into the atmosphere usually destroy the
ozone layers. Also, effect of CO2 emission from the heap of agricultural wastes in our global
environment can be avoided by exploring the agricultural waste as construction material.
Agricultural wastes had good surface areas and specific gravities for concreting. Sugarcane bagasse ash and coconut (shell) ash had up to 78% and 77.5% of pozzolanic
(cementitious) properties (SiO2, Fe2O3 and Al2O3) to function as cement binder in concrete
and composites. Agricultural wastes can be used as major material for the production of
cement up 70% replacement of cement pozzolanic composite’s compounds (SiO 2, Fe2O3
and Al2O3) based on the reviewed outcome. The sugar-cane bagasse, coconut (shell),
cotton, and hemp fibers were very high in textile properties such as Cellulose, Hemicellulose and Lignin with the percentages of 94%, 89.53%, 91% and 94.3% respectively.
Among them, hemp fiber has the highest percentage of textile properties (94.3%). With
these good qualities, the mechanical properties of concrete could be enhanced greatly. The
pozzolanic properties of oil palm fiber requires chemical treatment for concrete tensile
strength enhancement.
Application of sugar-cane bagasse and oil palm-fiber ashes in concrete really improved its
workability by reducing its slump falls. On the contrary, cotton dust and coconut shell
ashes increased the concrete slump falls, thus reduced the concrete workability. The
concrete reinforced with hemp fibers requires the use of super-plasticizer to make its
workability. The coconut shell ash in concrete paste quick the setting time of the paste.
This could result into early crack of the concrete. Also, the coconut shell ash increased the
consistency of concrete – paste, thus, lead to the production of harsh concrete with poor
setting. To achieve good workability of concrete, low water – cement ratio is required to
make use of bagasse, coconut shell and oil palm ash - fibres in concrete. But, concrete with
cotton dust ash and hemp fiber required high water cement ratio to achieve quality
workability.
The concrete compressive strength reinforced with sugar-cane bagasse – ash (SCBA) show
increment in strength up to 12.6%. Also, the coconut shell ash improved the concrete
compressive strength up to 9%. But SCBA reduced the concrete compressive strength by
60.4%. Application of coconut shell and oil palm –fiber ashes in concrete reduced its
compressive strength a little. Despart the flaw, cotton and hemp – fibers highly increased
the concrete and composite compressive strengths. The concrete and composite tensile
strengths reinforced with cotton and bagasse ashes were improved greatly up to 97% and
31 .7% respectively. Besides the above results, the concrete tensile strength reinforced
with SCBA showed strength reduction up to 32.4%. CSA and hemp-fiber showed higher
strength increment at concrete tensile zone. SCBA, hemp-fiber and treated oil palm - fiber
ash increased the concrete or composite flexural strength (or MOR) by 11.3%, 26.2% and
50.7% respectively. Likewise, cotton and coconut shell fibers highly enhanced the concrete
flexural strengths. The concrete reinforced with SCBA, CSA and AEFOPF yielded high crack
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resisting strengths during the internal elasticity of the concrete due to unstable climatic
condition.
As reviewed, all the fibers reviewed had good concrete reinforcing and pozzolanic
properties. Therefore, they can be used for the production of cement in the cement
industries globally up to 70% component of cement aggregates. Also, oil palm fiber should
be treated with chemical (like NaOH) before use in concrete to improve its bonding matrix
for the reinforcement of concrete tensile strength. The concrete (paste) with coconut – ash
needs improvement at its setting times. The workability of concrete with hemp fiber needs
improvement to produce quality concrete. The cotton – fabric concrete tensile strength
will be increased with long curing age. If oil palm fiber is blended with SCBA, it will go in
long way to increase concrete mechanical properties. Also, the combination of SCBA with
other fibers will really improve the concrete mechanical properties, especially, the tensile
strength. These were the gaps suggested for future investigation for the enhancement of
concrete mechanical properties.
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This paper presents the evaluation of the seismic response of reinforced
concrete (RC) residential buildings with the selected template designs in Albania
considering their inelastic behavior of RC components. Four residential
buildings having 5- and 6-story heights with template designs were chosen to
represent the building practice in Albania before the adoption of today’s modern
seismic codes. Selection of the buildings and the material characteristics were
based on site investigations after the November 26, 2019 earthquake sequences
in several cities of the country. Pushover and dynamic analyses were deployed
in both principal directions to obtain the seismic capacities of the selected
buildings. The earthquake demands are evaluated comparatively under a set of
far-fault and near-fault ground motions and the nonlinear dynamic
characteristics were calculated using equally single degree of freedom (ESDOF)
system approach. The impact of the material quality on the seismic response of
the residential buildings were analyzed. Reasons of the observed building
damages during the recent Albanian earthquakes were examined using the
results of the performance evaluation of the selected buildings. The detailed
analysis of the pushover curves and performance assessment identified the
deficiencies and possible solutions for the studied typologies.
© 2022 MIM Research Group. All rights reserved.

1. Introduction
Recent earthquakes in populated areas of the world have had a major impact on civilian
structures designed and built according to pre-modern codes of practice, revealing that
these buildings are seismically inadequate [1- 4]. Various devastating earthquakes, notably
the 1989 and 1994 California earthquakes (Loma Prieta and Northridge), the 1995 Japan
earthquake (Kobe); the 1999 Turkey (Marmara), 2009 and 2012 Italy (L'Aquila and Emilia
Ramagna) and 2019 Albania earthquakes caused significant damage to the built
environment. After these earthquakes, several reasons were reported about the cause of
the damages including non-ductile construction details, strong beams-weak columns,
short columns, heavy overhangs, lack of quality control and maintenance, and substandard
old code requirements [2, 5-13].
Albania has been struck by several strong ground motions which caused a lot of losses in
human life as well as property [3, 14-15]. Significant seismic events over last century, are
summarized in Table 1. The large number of recorded deaths and severely damaged and
collapsed buildings in Albania has highlighted again the insufficient performance of RC
buildings in the region and in other countries which have similar construction practices.
The large number of losses of lives and property destructions were caused by the collapse
of seriously damaged or collapsed of usually four to six stories high reinforced concrete
buildings, during the November 26, 2019 earthquake.
*Corresponding

author: mleti@epoka.edu.al

a orcid.org/0000-0002-9965-3487; b orcid.org/0000-0002-5261-3939;

DOI: http://dx.doi.org/10.17515/resm2022.392ea0123
Res. Eng. Struct. Mat. Vol. 8 Iss. 2 (2022) 337-357

337

Leti and Bilgin / Research on Engineering Structures & Materials 8(2) (2022) 337-357

Table 1. Major tremors in Albania [3, 15]
Date
26-Nov-2019
21-Sep-2019
9-Jan-1988
16-Dec-1982
15-Apr-1979
30-Nov-1967
18-Mar-1962
26-May-1960
1-Sep-1959
27-Aug-1948
27-Aug-1942
21-Nov-1930
26-Nov-1920
22-Dec-1919
6-Jan-1905

Impacted
region
Durres
Durres
Tirana
Fier
Shkoder;
Montenegro
Diber
Fier
Korçe
Fier
Shkoder
Diber
Vlore
Tepelena
Leskovik;Konica
Shkoder

Consequences
Dead
Injured
51
Over 3000
108
1
12

Magnitude
(Mw)
6.4
5.6
5.4
5.6

Depth
(km)
20.0
10.0
24.0
21.9

6.9

10.0

136

Over 1000

6.6
6.0
6.4
6.2
5.5
6.0
6.0
6.4
6.1
6.6

20.0
20.0

12
5
7
2
1
43
30
36
200

174
77
127
27
110
100
102
500

33.0
35.0
-

The earthquake performance of residential masonry structures has been questioned in
several studies after the example of November 26, 2019 earthquakes [11, 16-21]. On the
other hand, it is important to highlight that a large number of the reinforced concrete
buildings damaged during this earthquake sequences, were residential buildings
constructed per pre-modern codes of practice.
In Albania, template designs developed by the governmental authorities are used for many
of the buildings planned both for residential and public services as a common practice to
save architectural fees and ensure quality control during communist era, till 1990s. There
are standard RC framed buildings from 4-6 stories constructed according to the older code
requirements [22-24]. The target of this study aims to assess the seismic performance of
the reinforced concrete residential buildings built per premodern seismic code
requirements [22] in Albania considering the inelastic response of RC components. Four
buildings having template designs were chosen to represent the commonly used RC
residential buildings in high seismic regions of the country. Selection of the building
typologies and material properties were determined based on the site investigations and
archive studies after November 26, 2019 earthquake sequences in Durres city. The
capacity curves of the typologies investigated, were calculated using nonlinear static
analyses in both directions. The nonlinear dynamic characteristics were simulated by
ESDOF system approach. Earthquake displacement demands were estimated under a set
of far-fault and near-fault ground motions. The probability of failure was comparatively
estimated under the selected group of records for each typology. Reasons of the damages
in the recent earthquakes were discussed using the results of performance evaluation of
the selected buildings.
1.2. Albanian Earthquakes During 2019 and Its Consequences to RC Buildings
On Saturday, September 21, 2019, at 15:15 CET, an earthquake with a shallow depth [17]
and a moment magnitude of Mw = 5.6 hit the northwestern region of Albania, as shown in
Fig. 1. The epicenter of the earthquake was close to Durrës city. Regardless of being close
to the city, the incident had relatively slight effects without fatalities, causing nonstructural damage to the buildings [18]. After three months, on 26 November at 03:54
Central European Time (CET), central and north-western Albania was struck by the main
shock of the earthquake (Mw = 6.4) series.
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(a)

(b)

Fig. 1 Epicentral locations for 2019 Albania earthquakes: (a) September 21, (b)
November 26, Durrës earthquakes (USGS, 2019)
This second strong earthquake proved the high seismic vulnerability of reinforced
concrete buildings as shown in Fig. 2. The epicenter of the earthquake was located in
Durrës (northwest Albanian region) and 30-km west of the capital city (Tirana). The
mainshock occurred at 03:54 CET (UTC+1), at a relatively shallow depth of about 16 km,
with a magnitude of Mw = 6.4 [18]. The horizontal peak ground acceleration measured in
Durres was approximately 0.20 g, and in Tirana, this value was about 0.12 g [25]. The
Durrës station had an electricity cut after first 15 seconds of measuring the record, hence
0.20 g value received from this station should be considered as a lower limit of the actual
peak ground acceleration occurred in the center.
The seismic activity extensively impacted the biggest municipalities of the region and
damaged more than 14,000 buildings in densely populated cities, including 51 deaths, over
3,000 wounded people and more than 14,000 remained homeless [26]. Therefore, the
proximity of the major fault to the city of Tirana and Durrës triggered serious damage or
partial collapse of some buildings, resulting in massive damage to both old and newly
designed RC buildings and in loss of lives. As shown in Fig. 2, most of the investigated
buildings suffered from weak concrete strength, material aging, inappropriate reinforce
detailing, poor workmanship, corrosion of steel bars, in-plane and out-plane failures [27].
Thanks to the close collaboration with Albanian Construction Institute (ISTN)
representatives and practicing engineers for the damage assessment on the earthquake
affected area. Based on the findings, Table 2 outlines damage levels of the investigated
buildings [28].
1.3. Current Seismic Design Code in Albania
KTP-N.2 (1989) was published as an update of KTP 2 (1978) and is still the official Albanian
seismic code. It provides design provisions of a wide range of structural configurations.
The seismic hazard is defined by macro-seismic intensity areas which are defined
according to MSK-64 scale. The country is divided into three large seismic zones with
intensity VI, VII, VIII. KTP-N.2-89 defines the seismic design actions considering the load
combinations and the influence of torsional effects. The analysis methods include time
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history and response spectrum for which the horizontal design acceleration is calculated
using:

Sa(T) = kE kr ψ β g

(1)

where “kE” is the seismic coefficient, “kr” is the importance factor, “ψ” – importance
coefficient, “β” – dynamic coefficient and “g” is the gravitational acceleration.

Fig. 2 Consequences to reinforced concrete buildings during the 2019 Albania
earthquakes
Table 2. Damage assessment results after the earthquake on 26 November 2019 after the
earthquake [28]
City/Damage
No
levels
damage
DURRËS
22605

2761

2384

1735

Significant
damage
1855

LEZHE

494

364

421

326

402

43

2050

TIRANE

5651

1560

1258

737

974

386

10566

TOTAL

28750

4685

4063

2798

3231

1055

44582

Damage Limitation

Near
Collapse
626

31966

Total

The code considers several lateral resisting systems such as dual systems, frames with
masonry infills and moment-resisting frames for reinforced concrete buildings. In general,
KTP-N.2 (1989) lacks many detailing recommendations, even though it shares similar
principles with modern seismic design codes such as Eurocode 8. The code mostly intends
to protect the structure from collapse rather than giving sufficient recommendations about
damage limitations. On the other hand, it requires that columns must be designed to
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withstand more forces than beams “Strong-Column Weak-Beam” but does not provide
sufficient information to perform the necessary checks.
2. Description of the Studied Buildings
Albanian building stock is mostly composed of prefabricated reinforced concrete, brick
and stones, wood and other construction materials [29]. According to Albanian Institute of
Statistics INSTAT 2011 [30], 85% of the total residential building stock are composed of
one-story buildings. This category includes unreinforced masonry URM, clay masonry CM
buildings made of stones, clay or silicate and reinforced concrete RC frames with masonry
infills. Generally, the roof of the buildings falling in this category, is made of wood trusses.
Table 3 provides information regarding the year of construction based on different
materials.
Table 3. Classification of the Albanian building stock [1]
Material of
the
construction
Prefabricated
concrete
Masonry
Timber
Others
Total

Before
1945

19451960

19611980

19811990

19911995

0

0

4601

5993

4575

37,416
462
2,560
40,438

63,870
3,393
67,263

141,174
1,821
7,105
154,701

102,198
1,273
6,263
115,727

43,324
7,43
4,238
52,880

A site survey was carried out in Durres and Tirana cities to select the commonly
encountered typologies among the residential buildings. As an important center for
tourism and export, Durres represents a mid-size city in the Albanian earthquake zone
[25]. After November 26. 2019 earthquake, authors made several visits to the earthquakestricken area to investigate the reasons of the damages on the environment. It was
observed that the most used templates for residential RC building typologies are Template
Design Buildings (TD). An example falling into this category and taken during the
investigations, is shown in Fig. 3.
In this study there are considered four buildings and labeled as TD_1, TD_2, TD_3 and TD_4.
Each of the template designs is reinforced concrete (RC) residential building having no
shear wall in any direction. They were designed in 1982 according to KTP 2-78 and are still
in use nowadays. Each of the designs fall into the category of midrise buildings, TD_1 and
TD_2 is 5-story and TD_3 and TD_4, 6-story. The maximum height of TD_1 and TD_2
reaches 14.42m considering the parapet used in the roof story as shown in Fig. 4 and Fig.
5. The structural plan of first three buildings is a regular one. TD_2 and TD_3 have the same
planimetry which has one more frame than TD_1. However, TD_3 (Fig. 6) has 6 stories and
reaches the maximum height of 17.22m. The last building, TD_4 is 17.67 m long and has an
irregular plan as shown in Fig. 7. All buildings have a typical story height of 2.8m except
the last one which tends to be higher slightly differing from each other. Representative
plan views of the selected buildings are given in the Figures 4-7.
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Fig. 3 Location of the damaged template design building considered in this study with
respect to epicenter of November 26, 2019 earthquake.

Fig. 4 The plan view of the Template Design 1 (TD_1) building

Fig. 5 The plan view of the Template Design 2 (TD_2) building
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Fig. 6 The plan view of the Template Design 3 (TD_3) building

Fig. 7 The plan view of the Template Design 4 (TD_4) building
The residential typologies considered in this study are reinforced concrete (RC) moment
resisting framed buildings in both transverse and longitudinal directions. Table 4 lists the
summary of the buildings selected.
Table 4. Summary of the typologies selected
Properties
Floor area: m2
# of stories
Structural type
Typical beam dimensions (cm)
Typical column dimensions (cm)

Template design identifications
TD-1
TD-2
TD-3
TD-4
172.39
221.47
221.47
208.51
5
5
6
6
Reinforced Concrete Frame
30x40
30x40
30x40
40x20
30x40
30x40
30x40
30x40

Template designed buildings generally have uniform distribution of mass and stiffness in
both horizontal and vertical planes due to architectural similarities and purpose of use in
all stories. Therefore, they are not subjected to structural irregularities. All the selected
typologies have symmetrical or close to symmetrical layouts in both principal directions,
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except TD_4. One of the potential major shortcomings of these typologies per pre-modern
Albanian Code is the strong-beam weak-column response due to the lack of attention. Since
there are no shear walls in their lateral load bearing systems, formation of plastic hinges
in columns may remarkably affect overall response, causing loss of lateral stiffness in a
single floor. This deficiency seems to be a critical weakness among these typologies.
Typical longitudinal rebar details for beams and columns are given in Fig. 8. The symbol
’∅’ is placed after the number of rebars, and shows the diameter of it in mm. Fig. 8 shows
both beams and columns have low amount of longitudinal rebars, for TD_1-3 generally
around 1.05% and 0.77% and for TD_4 around 1.27% and 0.45% of cross-sectional area
for columns and beams, respectively.

(a)

(b)

Fig. 8 Typical column and beam details: (a) Typical column for TD_1, TD_2, TD_3 (left)
and TD_4 (right) and (b) Typical neam for TD_1, TD_2, TD_3 (left) and TD_4 (right)
Typical transverse reinforcement given in design drawings for columns is ∅6 with 200 mm
spacing for TD_1-3 and ∅6 with 150 mm spacing for TD_4. For beams the transverse
reinforcement and stirrups spacing remains the same for all template designs as ∅6 with
250 mm spacing.
3. Material Characteristics
For the analytical modelling of the selected residential buildings, material properties
obtained from experimental tests and site investigations were considered. As discussed
before, template buildings intended for residential purposes have similar design
procedures controlled by governmental authorities at the time of their construction.
Concrete and steel specimens were extracted, and experimental tests were performed on
one of the selected building typologies (TD_2 - 82/2). Based on the blueprints’ details, the
concrete class and the steel grades were determined for each of the buildings. Referring to
each of the template designs, the concrete class M200 (C16/20) is used. For the
reinforcement, 2100 Kg/cm2 (Ç-3) steel material is used in the design. Table 5 and Table
6 summarize the detailed properties of the reinforcement steel and concrete respectively.
Moreover, the laboratory tests for concrete sample, is shown in Fig. 9.
Moreover, concrete and steel specimens were taken to investigate the inherent
characteristics of the building’s material. Based on the findings of these tests, compressive
strength of the concrete samples was found to be about half of the design requirements of
the Albanian design code (KTP.N2.89) as shown in the Table 7.
On the other hand, test results on steel specimens shown that they are acceptable
according to the design definitions, Table 8.
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Fig. 9 Laboratory test for the concrete sample of TD_2 - 82/2
Table 5. Properties for steel material “Ç-3”
Properties of Steel Material

“Ç-3”

Tensile strength

fck = 250 MPa

Yield strength
Young’s Modulus
Partial factor
Design yield (shear)
Design yield (strength)
Poisson’s ratio

fyk = 320 MPa
Es = 210 GPa
γs = 1.15
fywd = 180 MPa
fyd = 215 MPa
ν = 0.30

Table 6. Properties for concrete C16/20
Properties of Concrete
Cubic strength
Compressive cylinder strength
Mean value of cylinder compressive strength (28 days)
Characteristic axial tensile strength
Characteristic axial tensile strength
Mean value of axial tensile strength
Young’s Modulus
Design value of modulus of elasticity
Design value of compressive strength
Partial factor
Poisson’s ratio

C16/20
fck = 16 MPa (fc,cube)
fck = 20 MPa
fcm = 28 MPa
fctk(95%) = 2.9 MPa
fctk(5%) = 1.5 MPa
fctm = 2.2 MPa
Ecm = 30 GPa
Ecd = 25 GPa
α
∗
fcd = fck⁄γc = 11.3 MPa
γc = 1.5 and α = 0.85
ν = 0.20
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Table 7. Laboratory results for concrete
Sample (Nr.)
Sample height (H)
Sample diameter (D)
H/D ratio
Weight (g)
Density (g/cm3)
Load (kN)
Compression Strength (MPa)

K1
77.0
75.0
1.03
778
2.287
27.9
6.32

K2
77.5
75.0
1.03
797
2.328
35.6
8.06

Table 8. Laboratory results for steel
Sample (Nr.)
Nominal Diameter (mm)
Measured Diameter (mm)
Linear weight (kg/m)
Cross-sectional area (mm2)
Tensile strength (N/mm2)ϭy
Ultimate strength (N/mm2)ϭu
ϭu/ϭy Ratio
Relative Deformation (%)

1
14
14.96
1.377
175.4
267.6
402.1
1.502
32.14

2
16
15.87
1552
197.66
269.4
400.2
1.486
35.00

3
22
21.91
2.958
376.75
331.8
469.4
1.415
30.00

4. Mathematical modelling
Member dimensions and reinforcements in the typical designs were used to develop the
analytical models of the selected buildings for inelastic analysis. All components were
modelled as given in their respective designs according to the project details.
Nonlinear static analyses (Pushover) are simulated using a finite element software
(Zeus_NL) which is established especially for earthquake engineering applications [31, 32].
Zeus NL has the ability to monitor the cross-section in different fibers such as: confined
fiber, unconfined fiber and reinforcement by utilized a fiber approach for the nonlinear
analysis by as shown in Fig. 10. Case study buildings are modelled as 2D moment-frame
using the middle frames for longitudinal and transverse directions. From the software
library it is selected the cubic elasto-plastic type 3D option to determine the structural
elements for the building models considered in this study. For the steel reinforcement it is
used a bilinear elasto-plastic material model which considered the kinematic strain
hardening (stl1). Whereas for the concrete was used the uniaxial constant confinement
concrete material model (conc2).

Fig. 10 Decomposition of a RC rectangular section (A. Elnashai et. al., 2002).
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Program updates the section properties under different loading conditions, hence material
properties for the structural elements belong to the uncracked ones. Capacity curves are
developed under a reverse triangular loading pattern applied laterally together with
gravitational loads from story mass. Pushover graphs are plotted in horizontal axis by the
ratio of displacement of the roof story and building height, whereas in vertical axis, by the
ratio of base shear and total weight of the building.
4.1. Ground Motions
The selection of ground motion records is a crucial step in nonlinear time history analyses
because the use of acceleration records with the same characteristics may underestimate
or overestimate the building response. For this study there were used 46 far-fault and 54
near-fault ground motions recorded in dense-hard ground areas to investigate the effect
of far and near-fault earthquakes on the seismic behavior of the selected template designs.
Table 9 and Table 10 lists the main characteristics of the records considered in this study.
Table 9. Far-fault ground motion dataset
Year

Mw

Si
te

d(k
m)

PGD
(cm)

PGV
(cm/s)

PGA
(g)

1971

6.6

C

62.2

12.42

18.93

0.21

1971

6.6

C

62.2

6.32

14.87

0.17

TOLMEZZO (0)

1976

6.5

C

37.7

4.11

22.03

0.35

Friuli, Italy

TOLMEZZO (270)

1976

6.5

C

37.7

5.09

30.80

0.32

5

Imperial Valley

DELTA (262)

1979

6.9

D

43.6

11.99

26.00

0.24

6

Imperial Valley

DELTA (352)

1979

6.9

D

43.6

19.03

33.02

0.35

7

Imperial Valley

1979

5.2

D

30.3

16.08

34.44

0.36

8

Imperial Valley

1979

5.2

D

30.3

18.63

42.14

0.38

1987

6.5

B

18.5

17.53

46.36

0.36

1987

6.5

B

18.5

20.10

40.87

0.26

POE (270)

1987

6.5

B

14.7

8.82

35.80

0.45

POE (360)

1987

6.5

B

14.7

11.28

32.80

0.30

Nr

Earthquake

1

San Fernando

2

San Fernando

3

Friuli, Italy

4

9
10
11
12

Superstition
Hills
Superstition
Hills
Superstition
Hills
Superstition
Hills

Record and
component
LA HOLLYWOOD STOR
LOT (90)
LA HOLLYWOOD STOR
LOT (180)

EL CENTRO ARRAY #11
(140)
EL CENTRO ARRAY #11
(230)
EL CENTRO IMP CO
CENTER (0)
EL CENTRO IMP CO
CENTER (90)

13

Loma Prieta

CAPITOLA (0)

1989

7.1

9.13

35.01

0.53

14

Loma Prieta

CAPITOLA (90)

1989

7.1

5.49

29.21

0.44

15

Loma Prieta

GILROY ARRAY #3 (0)

1989

7.1

D

14.4

8.26

35.69

0.56

16

Loma Prieta

GILROY ARRAY #3 (90)

1989

7.1

D

14.4

19.33

44.67

0.37

Cape
Mendocino
Cape
Mendocino

RIO DELL OVERPASS FF
(360)
RIO DELL OVERPASS FF
(270)

1992

7.0

D

18.5

19.55

42.00

0.55

1992

7.0

D

18.5

7.02

10.54

0.20

19

Landers

COOLWATER ( LN)

1992

7.3

C

69.2

13.71

25.64

0.28

20

Landers

COOLWATER ( TR)

1992

7.3

C

69.2

13.81

42.34

0.42

21

Landers

1992

7.3

D

23.6

43.85

51.44

0.25

22

Landers

1992

7.3

D

23.6

24.63

29.71

0.15

23

Northridge

1994

6.7

8.57

40.86

0.62

17
18

YERMO FIRE STATION
(270)
YERMO FIRE STATION
(360)
BEVERLY HILLS - 12520
MULH (35)
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Table 1 (Con). Far-fault ground motion dataset
PGV
(cm/s)

PGA
(g)

4.83

30.19

0.44

19.6

13.15

58.94

0.42

C

19.6

11.07

62.78

0.52

6.7

D

13.0

11.71

43.03

0.41

1994

6.7

D

13.0

12.54

45.38

0.48

NISHI-AKASHI (0)

1995

6.9

D

22.5

9.53

37.29

0.51

Kobe

NISHI-AKASHI (90)

1995

6.9

D

22.5

11.26

36.67

0.50

31

Kobe

SHIN-OSAKA (0)

1995

6.9

D

19.2

8.55

37.86

0.24

32

Kobe

SHIN-OSAKA (90)

1995

6.9

D

19.2

7.64

27.94

0.21

33

Kocaeli

ARCELIK (0)

1999

7.4

C

17.0

13.65

17.69

0.22

34

Kocaeli

ARCELIK (90)

1999

7.4

C

17.0

35.58

39.55

0.15

35

Kocaeli

DUZCE (180)

1999

7.4

D

17.1

44.13

58.88

0.31

36

Kocaeli

DUZCE (270)

1999

7.4

D

17.1

17.62

46.39

0.36

37

Chi-Chi

CHY101 (E)

1999

7.6

D

11.1

45.30

70.64

0.35

38

Chi-Chi

CHY101 (N)

1999

7.6

D

11.1

68.76

115.00

0.44

39

Chi-Chi

TCU045 (E)

1999

7.6

C

26.0

50.68

36.70

0.47

40

Chi-Chi

TCU045 (N)

1999

7.6

C

26.0

14.35

39.09

0.51

41

Duzce

BOLU (0)

1999

7.1

D

12.0

23.07

56.49

0.73

42

Duzce

BOLU (90)

1999

7.1

D

12.0

13.56

62.12

0.82

43

Iran_Manjil

LONGITUDINAL COMP

1990

7.4

-

74.0

14.92

43.26

0.52

44

Iran_Manjil

TRANSVERSE COMP

1990

7.4

-

74.0

20.83

55.55

0.50

45

Hector Mine

HEC (0)

1999

7.1

-

22.0

22.54

28.58

0.27

46

Hector Mine

HEC (90)

1999

7.1

-

22.0

13.96

41.75

0.34

Si
te

d(k
m)

PGD
(cm)

PGV
(cm/s)

PGA
(g)

Nr

Earthquake

24

Northridge

25

Northridge

26

Northridge

27

Northridge

28

Northridge

29

Kobe

30

Record and
component

Year

BEVERLY HILLS - 12520
MULH (125)
BEVERLY HILLS - 14145
MULH (9)
BEVERLY HILLS - 14145
MULH (279)
CANYON COUNTRY - W
LOST CANYON (0)
CANYON COUNTRY - W
LOST CANYON (270)

d(km
)

Mw

Site

1994

6.7

1994

6.7

C

1994

6.7

1994

PGD
(cm)

Table 10. Near-fault ground motion dataset
Nr

Earthquake

Record and
component

Year

Mw

1

Imperial Valley

CHIHUAHUA (12)

1979

6.5

-

9.13

24.85

0.27

2

Imperial Valley

CHIHUAHUA (282)

1979

6.5

-

12.91

30.12

0.254

1979

6.5

D

1

27.57

64.83

0.41

1979

6.5

D

1

65.82

109.8

0.439

1979

6.5

D

0.6

24.65

47.6

0.338

1979

6.5

D

0.6

44.71

109.24

0.463

1979

6.5

D

2.5

0.34

3.61

0.084

3

Imperial Valley

4

Imperial Valley

5

Imperial Valley

6

Imperial Valley

7

Imperial Valley
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EL CENTRO ARRAY #6
(140)
EL CENTRO ARRAY #6
(230)
EL CENTRO ARRAY #7
(140)
EL CENTRO ARRAY #7
(230)
BONDS CORNER (140)

Leti and Bilgin / Research on Engineering Structures & Materials 8(2) (2022) 337-357

Table 2 (Cont). Near-fault ground motion dataset
Nr

Earthquake

Record and
component

Year

Mw

Si
te

d(k
m)

PGD
(cm)

PGV
(cm/s)

PGA
(g)

8

Imperial Valley

BONDS CORNER (230)

1979

6.5

D

2.5

1.42

8.18

0.1

STURNO (0)

1980

6.9

C

10.8

11.58

36.39

0.251

STURNO (270)

1980

6.9

C

10.8

32.02

51.82

0.358

SITE 1 (10)

1985

6.8

B

6

9.64

46.05

0.978

SITE 1 (280)

1985

6.8

B

6

14.52

46.13

1.096

SITE 2 (240)

1985

6.8

B

6

7.54

29.26

0.489

SITE 2 (330)

1985

6.8

B

6

6.57

33.13

0.323

PTS (225)

1987

6.6

D

0.7

52.83

112

0.455

PTS (315)

1987

6.6

D

0.7

15.25

43.9

0.377

9
10
11
12
13
14
15
16

Irpinia Eq /
Italy
Irpinia Eq /
Italy
Nahanni,
Canada
Nahanni,
Canada
Nahanni,
Canada
Nahanni,
Canada
Superstition
Hills
Superstition
Hills

17

Loma Prieta

BRAN (0)

1989

6.9

11.69

55.74

0.481

18

Loma Prieta

BRAN (90)

1989

6.9

11.86

41.91

0.526

19

Loma Prieta

CORRALITOS (0)

1989

5.1

D

5.1

10.82

55.16

0.644

20

Loma Prieta

CORRALITOS (90)

1989

5.1

D

5.1

11.29

45.5

0.479

1989

6.9

C

4.1

16.24

51.15

0.512

1989

6.9

C

4.1

27.61

42.61

0.324

1992

6.7

D

4.4

21.92

64.3

0.496

1992

6.7

D

4.4

27.66

83.95

0.515

CAPE MENDOCINO (0)

1992

7.1

B

9.5

39.74

125.57

1.497

CAPE MENDOCINO (90)

1992

7.1

B

9.5

12.18

41.33

1.039

PETROLIA (0)

1992

7.1

B

9.5

21.97

48.32

0.59

PETROLIA (90)

1992

7.1

B

9.5

29.01

90.08

0.662

146.03

0.727

21

Loma Prieta

22

Loma Prieta

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Erzican /
Turkey
Erzican /
Turkey
Cape
Mendocino
Cape
Mendocino
Cape
Mendocino
Cape
Mendocino

SARATOGA ALOHA AVE
(0)
SARATOGA ALOHA AVE
(90)
ERZICAN EAST-WEST
COMP ()
ERZICAN - NORTHSOUTH COMP ()

LUCERNE (260)

1992

7.3

B

2

217.1
2

Landers

LUCERNE (345)

1992

7.3

B

2

52.78

32.94

0.789

Northridge
Earthquake
Northridge
Earthquake
Northridge
Earthquake
Northridge
Earthquake
Northridge
Earthquake
Northridge
Earthquake
Northridge
Earthquake
Northridge
Earthquake
Kocaeli /
Turkey
Kocaeli /
Turkey

CA:LA;SEPULVEDA VA (
BLD 40 GND; 270)
CA:LA;SEPULVEDA VA (
BLD 40 GND; 360)
NORTHRIDGE SATICOY (90)
NORTHRIDGE SATICOY (180)
RINALDI RECEIVING
STA (228)
RINALDI RECEIVING
STA (318)
SYLMAR - HOSPITAL
(90)
SYLMAR - HOSPITAL
(360)

1994

6.7

D

9.5

13.39

78.1

0.749

1994

6.7

D

9.5

17.39

76.15

0.934

1994

6.7

D

13.3

8.44

28.96

0.368

1994

6.7

D

13.3

22.07

61.46

0.477

1994

6.7

D

8.6

29.62

160.33

0.825

1994

6.7

D

8.6

26.96

74.54

0.487

1994

6.7

D

6.4

16.82

78.37

0.604

1994

6.7

D

6.4

31.96

130.4

0.843

IZMIT (90)

1999

7.4

B

4.3

17.13

29.78

0.22

IZMIT (180)

1999

7.4

B

4.3

9.81

22.61

0.152

Landers
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Table 3 (Cont). Near-fault ground motion dataset
Nr
41
42

Earthquake
Kocaeli /
Turkey
Kocaeli /
Turkey

Record and
component

Year

Mw

Si
te

d(k
m)

PGD
(cm)

PGV
(cm/s)

PGA
(g)

YARIMCA (330)

1999

7.4

D

3.3

50.98

62.16

0.349

YARIMCA (60)

1999

7.4

D

3.3

57.03

65.72

0.268

43

Chi-Chi

TCU065 (E)

1999

7.6

D

2.5

92.59

126.18

0.814

44

Chi-Chi

TCU065 (N)

1999

7.6

D

2.5

60.75

78.79

0.603

45

Chi-Chi

TCU067 (E)

1999

7.6

D

1.1

93.12

79.58

0.503

46

Chi-Chi

TCU067 (N)

1999

7.6

D

1.1

45.96

66.7

0.325

47

Chi-Chi

TCU084 (E)

1999

7.6

C

11.4

31.44

114.74

1.157

48

Chi-Chi

TCU084 (N)

1999

7.6

C

11.4

21.27

45.58

0.417

49

Chi-Chi

TCU102 (E)

1999

7.6

D

1.2

89.2

112.45

0.298

50

Chi-Chi

TCU102 (N)

1999

7.6

D

1.2

44.88

77.16

0.169

51

Duzce

DUZCE (180)

1999

7.4

D

11

42.11

59.97

0.348

52

Duzce

DUZCE (270)

1999

7.4

D

11

51.62

83.49

0.535

134.73

0.319

75.97

0.318

53

Denali Alaska

PS10 (47)

2002

7.9

D

5

102.7
3

54

Denali Alaska

PS10 (317)

2002

7.9

D

5

77.99

4.2. Pushover Analysis
This analysis consists of the application of a representative lateral load pattern together
with the gravity load effects. In each case, monotonically increased lateral loads, which
were proportional with the product of the first mode shape and mass, were applied to
obtain capacity curves of the selected buildings. P- effects were considered during the
analyses. The response of the buildings is simulated by capacity (pushover) curves where
the variation of roof displacement is plotted with respect to base shear force. This
representation is useful for practicing engineers.
Pushover curves of each building was obtained for various concrete strengths and stirrups
spacings commonly encountered from the site visits after November 26, 2019
earthquakes; four concrete strength and four transverse reinforcement spacing values
were considered. The analyses of four buildings in two orthogonal directions resulted in
128 pushover curves. The notation in the tables and figures corresponds to concrete
strength in MPa and stirrups spacings in mm. For example, the C16-S100 means that the
building with 16 MPa concrete strength (C16) and 100 mm stirrups spacing (S100). This
following part gives a brief summary of the capacity curves assessment.
To better understand the boundaries of behavior for typical residential buildings, two
extreme cases were considered from the template designs: average (C16-S100) and (C10S250) poor construction quality. Pushover curves representing the average and poor
conditions are shown in Fig. 11 and Fig. 12 for both orthogonal directions.
4.3. Strength and Deformation Capacities
Using the capacity curves, performance assessment of the investigated residential
buildings was done. Immediate Occupancy (IO), Life Safety (LS) and Collapse Prevention
(CP) are considered in this study as stated in many international guidelines [33-36].
Pushover analyses outputs were used to obtain global drift capacities of each template
design Table 11.
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Fig. 11 Pushover curves of the buildings in weak and average conditions in
longitudinal direction (x direction)

Fig. 12 Pushover curves of the buildings in weak and average conditions in transverse
direction (y direction)
Pushover curves for each template designs are shown in Fig. 11 and Fig. 12. Considerably
small displacement capacities are noteworthy since the buildings’ response are dominated
by the frame action.
The effects of transverse reinforcement spacing and concrete quality on drift and lateral
load bearing capacity are clearly seen in Fig.11-12 and Table 11. As shown in Table 11
there is a considerable drop in both drift and base shear ratio from C16 to C10 and from
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S100 to S250 stirrups spacing. The average amount of reduction for all buildings is around
30% from models designed with C16-S100 to C10-S250. Table 12 gives a detailed
information on the performance reduction of the buildings as an influence of these two
important factors.
Table 11. Displacement capacities (%) of the selected residential buildings obtained from
pushover curves for the considered performance levels
Template
Design ID
TD_1
TD_2
TD_3
TD_4

Material
Quality
C10-S250
C16-S100
C10-S250
C16-S100
C10-S250
C16-S100
C10-S250
C16-S100

IO
∆roof/Hbuilding
0.27
0.23
0.25
0.20
0.28
0.22
0.92
1.05

X-direction
LS
∆roof/Hbuilding
0.61
0.73
0.49
0.68
0.38
0.58
1.48
1.84

CP
∆roof/Hbuilding
0.90
1.23
0.72
1.17
0.47
0.94
2.04
2.75

IO
∆roof/Hbuilding
0.56
0.57
0.53
0.60
0.55
0.63
0.76
0.88

Y-direction
LS
∆roof/Hbuilding
1.21
1.41
1.16
1.48
0.86
1.47
1.39
1.81

CP
∆roof/Hbuilding
1.85
2.76
1.79
2.36
1.16
2.07
2.02
2.80

Table 12. Drift and Lateral load bearing rations for different concrete quality and stirrups
spacing in percentage.

TD_1

TD_2

TD_3

TD_4

Base shear
ratio
Drift ratio
Base shear
ratio
Drift ratio
Base shear
ratio
Drift ratio
Base shear
ratio
Drift ratio

C10-S250
(X)

C16-S100
(X)

C10-S250
(Y)

C16-S100
(Y)

21.0%

28.5%

21.5%

27.0%

1.0%

1.3%

2.1%

2.4%

18.0%

25.4%

19.6%

25.1%

0.7%

1.2%

1.9%

2.6%

11.8%

20.9%

15.4%

21.0%

0.5%

1.0%

1.2%

1.9%

6.9%

9.9%

4.5%

6.4%

2.1%

2.7%

2.1%

2.9%

A careful consideration of Fig. 11 and Fig. 12 together with Table 11 reveals that the yield
base shear rate and global drift capacity, especially at the CP performance level, appear to
differ significantly from those found in the relevant literature (i.e. JICA, HAZUS) [37, 38].
This difference might be due to the code enforcements, construction practice and possibly
the influence of modelling strategy. Another important observation for the low
displacement capacities is related with the failure mechanisms of the buildings since the
pre-modern code (KTP-78) requirements did not consider the weak-beam strong-column
formation which has been a common problem for building construction practice of Albania
or similar countries.
4.4. Nonlinear Time History Analyses for Seismic Demand Estimations
The pushover curve for each template design is approximated with a bilinear curve by
using the outlined criteria in the relevant literature [33, 34]. Yield point on the pushover
curve is defined as the point where the structure starts to soften. A sample of capacity and
idealized pushover curve is shown in Fig. 13. Yield and ultimate behavior points represent
the bi-linearized pushover curve.
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Fig. 13 A sample capacity and idealized pushover curve
International guidelines such as ATC 40 or FEMA 356, provide information for illustration
of ESDOF of building capacity curve. In this study, ATC-40 was used for the representation
of the ESDOF response. Below there are presented the equations for the yield displacement
(Δy) and yield strength (Cy) coefficients:
𝛥𝑦,𝑟𝑜𝑜𝑓
𝛤1
𝑆𝑎 𝑉𝑦,𝑚𝑑𝑜𝑓 ⁄𝑊
𝐶𝑦 =
=
𝑔
𝛼1
𝛥𝑦 =

(2)
(3)

The ESDOF models of each RC building were subjected to ground motion listed in Table 910 to estimate the displacement demands. Nonlinear response history analyses were
carried out using a computer program for Nonlinear Dynamic Time History Analysis of
Single and Multi-Degree of Freedom Systems, (Nonlin 8.0)” [39]. Next, the displacement
demands were converted accordingly for the roof top considering first mode participation
factor. In addition to the demand calculation, the seismic performance evaluation of each
template design building was conducted using the set of the records listed in Table 9-10.
5. Discussion of the Results and Conclusions
The average exceedance-ratio of the estimated limit states is summarized in Table 13 for
near-fault and far-fault ground motions. For the performance evaluation, with a moderate
exceedance ratio, the performance level is satisfied if the average exceedance rate is less
than 0.5. As can be seen in Table 13, the Immediate Occupancy (IO) performance point is
exceeded in most buildings. Life Safety (LS), similar to Immediate Occupancy, shows the
same trend for most of the cases as well. Although the Collapse Prevention (CP) is not
required in residential buildings, it is an important factor for limiting injuries and
preventing loss of life during an earthquake. The exceedance ratio for the Collapse
Prevention CP performance level reaches 0.66. Table 13 clearly shows that the effects of
near fault in reaction to reinforced concrete residential properties are significant for each
performance level. Moreover, Table 13 clearly shows that existing template designs are not
even close to satisfy the Immediate Occupancy limit state during earthquakes that may
have a similar effect to selected records. In addition, more than half of the existing
structures are at a critical level of satisfying the Life Safety limit state which suggests that
urgent planning and needed provisions must be considered.

353

Leti and Bilgin / Research on Engineering Structures & Materials 8(2) (2022) 337-357

Table 13. Average exceedance ratio of considered performance levels for far-fault and
near-fault earthquakes of the selected template designs.
Template
Design ID
TD_1
TD_2
TD_3
TD_4

Direction
X
Y
X
Y
X
Y
X
Y

Immediate
Occupancy (IO)
Far
Near
Fault
Fault
0.869
0.942
0.608
0.837
0.878
0.951
0.630
0.843
0.881
0.944
0.586
0.821
0.488
0.798
0.681
0.908

Life Safety
(LS)
Far
Near
Fault
Fault
0.440
0.701
0.140
0.350
0.539
0.792
0.163
0.376
0.619
0.829
0.230
0.491
0.248
0.571
0.306
0.664

Collapse
Prevention (CP)
Far
Near
Fault
Fault
0.157
0.421
0.020
0.195
0.229
0.507
0.024
0.209
0.403
0.658
0.092
0.310
0.063
0.389
0.111
0.427

This study makes a comparative seismic performance assessment of template RC buildings
which represent mid-rise residential building stock constructed per pre-modern codes in
Albanian practice. 46 far-fault and 54 near-fault records were selected to evaluate the
seismic response of these buildings. Structural models were prepared and simulated, and
general properties of the members were determined based on experimental tests. The
seismic capacities of each building were estimated by using a structural model which uses
fiber element approach using ZEUS NL. The nonlinear dynamic characteristics were
represented by ESDOF systems, and their seismic demands were calculated under selected
ground motions.
•

In buildings designed according to the pre-modern codes, low lateral strength and
stiffness are among the main causes of damage observed in the 2019
Durres/Albania earthquakes, as they increase the displacement demands.
• As a result of the non-linear static analysis of the investigated building set, strong
beam-weak column behavior is observed in most cases. This control, which was
not included in the previous regulations (i.e., KTP-78, 1978), leads to negative
collapse mechanisms in existing structures, leading to a decrease in the ductility
of the structure. This situation is among the important problems of the existing
old reinforced concrete building stock.
• A major problem with template designs is the high displacement demand due to
their inadequate lateral load bearing capacity and stiffness. In particular, this
weakness is notable in TD-4.
• It is observed that the near-fault records have a tendency of producing higher
displacement demands as compared to far-fault ones. This indicates the damage
potential of near-fault records due to the various absolute or relative energy
potential.
• From the results of the analysis, the near-fault impacts on the response of RC
structures were notable on each of the performance limit states.
• Based on the analysis results, decision makers should consider seriously the
catastrophic nature of such brittle systems when weighing options for earthquake
mitigation since these template designs are of low-quality concrete and designed
based on the old guidelines.
• The findings of this study were limited to a small number of building
configurations and specific typologies. Further important factors should also be
studied to generalize the findings of this study.
Such template designs are good examples of the Albanian building stock as well as many
other developing countries. As shown from the results in this paper, they have poor lateral
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strength for areas which are prone to earthquakes. This happens as a reason of weak
material quality, low construction workmanship and especially the lack of modern seismic
code requirements at the time these buildings were designed.
High deformation demands are remarkable for buildings to dissipate seismic energy due
to this low strength and rigidity. Furthermore, the factors that cause low strength of
buildings can influence them to behave in a brittle way. Accordingly, it is unreasonable to
expect acceptable earthquake performance from such building stocks.
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Dampers are being used in the buildings as one of the control mechanisms to
bring down the vibration due to lateral loads like earthquakes. Different types of
dampers such as viscous damper, friction damper, tuned mass damper, hybrid
damper, etc have gained importance in the recent past in mitigating the
undesirable effects of earthquakes. The behavior of damper installed buildings
during earthquakes depends on the arrangement as well as the number of
dampers also. In this study, fluid viscous damper (FVD) is provided in a G+19
storey high rise RC building to reduce the vibration due to earthquake effects. IS
1893:2016 code based methods are adopted to determine the seismic responses
such as lateral displacement, drift, base shear and energy dissipation of the
building with and without damper using ETABS software version 2018. The
main focus of this investigation is to obtain a maximum benefit of using FVD
considering the different arrangement and number of dampers in the building
using PYTHON on the basis of drift and energy dissipation criteria. Out of 28
building models, models 4, 27 and 28 experienced drift more than the
permissible limit (0.004) as specified in IS 1893:2016. The energy dissipation
capacity of the buildings with dampers varies between 1306 and 2091 kN-m for
the different models under study. The program suggests the positions 2, 22, 14,
17, 5, 11 with 80 numbers of dampers for the building and recommends the
position 2 for the maximum benefit in terms of drift, energy dissipation and cost.
© 2022 MIM Research Group. All rights reserved.

1. Introduction
Earthquake is one of the major disasters which affect civil engineering structures. Seismic
action causes deterioration to the structure. To improve the response of the building due
to seismic action, earthquake resistant systems can be incorporated in the building.
Damper is one of the most effective earthquake resistant systems which is generally used
in the buildings. It is a passive control system which dissipates the seismic energy into a
specialized device which yields during earthquakes. Dampers absorb seismic energy
developed at the time of earthquakes and dissipate it which damps the motion of the
structure. Different varieties of dampers are available now in the market viz. pall friction
damper, fluid viscous damper, tuned mass damper, metallic damper, etc. Fluid Viscous
Damper (FVD) is effective and easy to install among the varieties of dampers.
Many research studies have been carried out to investigate the seismic behavior of
buildings with different types of dampers and design of dampers. New design formulae for
commonly used installation schemes of viscous damper by considering vertical
deformation were proposed and implemented for reinforced concrete and steel structures
to reduce the storey displacements and inter-storey drifts [1-6]. Dilip et al [7], Luca et al
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[8] and Reza and Mahmood [9] studied the effectiveness of linear and non-linear FVD
experimentally and numerically and found that the non-linear FVD performs better in
seismic vibration control. Different optimization techniques were adopted by the
researchers for the optimum design of FVD to improve the efficiency. Dario and Giuseppe
[10] put forward six different formulations of stochastic linearization technique and
examined it. The proposed method offered improved accuracy over the force-based
Gaussian stochastic linearization technique. Shanshan et al [11] proposed an optimization
design procedure using an automatic tool. Cheng et al [12] presented optimal viscous
damper design under non stationary random seismic excitation. Giuseppe et al [13]
focused on the damping-repair cost relationship for the optimum design. Sina et al [14]
proposed an effective method for the design of semi active fluid viscous damper. The
designed semi active fluid viscous damper was effective in the reduction of vibration
characteristics. Many studies investigated the distribution of dampers in the building for
the optimal usage for vibration control and found that a large number of dampers may not
always leads to the best benefit in terms of drift reduction for all stories [15-18].
2. Research Significance
Researchers have adopted different approaches for the evaluation and design of buildings
under seismic loading with FVD. Optimization of dampers to be used in the buildings has
opened the area for research for scientists and engineers to evaluate the maximum and
efficient utilization of dampers. The previous studies provide the guidance on the seismic
evaluation of buildings with FVD for seismic protection using different analytical,
experimental and numerical approaches. The authors suggested that further investigation
on FVD installed buildings’ performance based on energy dissipation capacity and cost is
required for the maximum benefit. This study focuses on the effects of the number and
placement of dampers in a tall RC framed structure subjected to earthquake ground
motion.
3. Methodology
For the study a G+19 storied building regular in plan is considered. The structure is
modelled using ETABS software version 2018 and analysed using response spectrum (RS)
and time history (TH) method of analysis. The response spectrum method of analysis is
one of the dynamic methods to predict the seismic behavior of structures which involves
the determination of only peak values of structural responses in each mode of vibration in
the linear range. Time history method of analysis is the powerful method for the
determination of seismic response of structures under actual earthquakes which calculates
the response of structures at every instant of time in the linear and non-linear range. From
both the methods, the drift value is found to be more than the limiting value, 0.004 as given
in IS 1893 Part 1. Therefore the building is not safe under seismic condition in terms of
lateral displacement and drift. In order to enhance the responses of the structure, a
nonlinear type fluid viscous damper is designed and installed in the structure at different
positions. The seismic responses of the structure with and without FVD are compared as
per IS 1893:2016 Codal provisions. Totally 28 models are investigated and the model with
maximum benefit is found using PYTHON.
4. Modeling of RC Building and Seismic Analysis
A G+19 storey reinforced concrete framed building is used for the study. The building plan
consists of six bays of 4 m length each in the x direction and four bays of 4 m length each
in the y direction. Table 1 shows the details of the building under study.
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Table 1. Details of building
Beam Size
Column Size
Slab Thickness
Masonry Wall Thickness
Storey Height
Grade of Concrete
Grade of Steel

300 mm x 450 mm
750 mm x 750 mm
150 mm
230 mm
3m
M 25
Fe 415

Modeling and analysis of the building is done using ETABS software. The beams and
columns are modeled as frame elements and the slab is modeled as a shell element. All the
structural elements are rigidly jointed. The walls are not modeled and their loads are
assigned on the beams. The unit weight of concrete is taken as 25 kN/m3 and the Poisson’s
ratio is considered as 0.2. The plan and 3-D view of building are shown in Figures 1 and 2,
respectively. Though 2 D model is simple and adequate to study the seismic response of
structures, 3D model is preferred in the current study to achieve the global behavior of the
structure under earthquake loading.

Fig. 1 Plan of RC building

Fig. 2 3-D View of RC building

Table 2. Seismic parameters considered
Seismic Zone
Response Reduction Factor
Importance Factor
Soil Type
Boundary Condition at Base
Response Spectrum Method
Time History Method

III
5
1.2
Medium Soil
Fully Fixed
As per the specification of IS 1893:2016
El Centro 1940 strong motion

Live load of 3 kN/m2 is considered on all floors except roof and 1.5 kN/m2 is considered on
roof [19] as per IS 875 Part 1. The building is assumed to be situated in Chennai, Tamil
Nadu, india which falls on the seismic zone III with a seismic zone factor (Z) of 0.16. The
seismic parameters are taken from IS 1893 Part 1[20]. Table 2 presents the seismic
parameters used as inputs for the analysis.
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The importance factor is taken as 1.2 as the building is a residential building with more
than 200 occupants. The response reduction factor R is considered as 5 because the
building is a special moment resisting framed structure. Soil type is considered as medium.
When a structure is subjected to ground motion, the responses will be influenced by the
soil and foundation characteristics. In this study, it is assumed that the building is resting
on a stable ground and the structure is a rigid frame, therefore the bottom is considered as
fully fixed which provides three degrees of restraint, vertical, horizontal, and rotational.
Response Spectrum (RS) analysis as per IS 1893:2016 specifications and Time History
(TH) analysis using NS component of the El Centro 1940 earthquake data (Figure 3) are
carried out on the building to get the dynamic responses. Due to the unavailability of local
earthquake records and also to reduce the computational effort, a single earthquake record
is considered in this study.

Fig. 3 El-Centro earthquake data

(a) Maximum displacement from RS
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(b) Maximum displacement from TH
Fig. 4 Maximum displacements
From the modal analysis the fundamental time period of the building is observed as 1.539
s. The maximum displacement is 198.17 mm in response spectrum method and 189.37 mm
in time history method. Here the displacement is almost reached 83 % and 79 % of
maximum allowable displacement which is 240 mm. The displacement plot corresponding
to RS and TH is presented in Figure 4(a) and (b), respectively. From Table 3 it is observed
that the maximum value of drift from the RS and TH analyses is 0.0045 and 0.0042,
respectively which is more than the drift limit (0.004) as specified in the seismic code
IS1893:2016. It is required that the building needs to be strengthened with a suitable
vibration control device to bring down the drift level.
Table 3. Responses of the RC Building
Load Case

Displacement (mm)

Drift

RSx
RSy
THx
THy

178.24
198.17
180.26
189.37

0.0043
0.0045
0.0041
0.0042

Shear
(kN)
15018.95
14967.10
14135.88
14087.89

5. Design of Fluid Viscous Damper for the RC Building Under Study
In this investigation, Fluid Viscous Damper (FVD) is selected and installed (Figure 5) to
control the vibration of the building under study. FVD is one of the passive energy
dissipating devices which improves the performance of the structure by reducing the
dynamic responses. Fluid viscous damper dissipates large amount of energy formed at the
time of earthquake. The damping coefficient (C) of the damper can be calculated using Eq
(1) which is given by Jenn et al. (2008).

𝑇 2−𝛼 ∑𝑗 𝜂𝑗 𝐶𝑗 𝜆𝑗 |(𝑓ℎ )𝑗 (𝜙ℎ )𝑟𝑗 − (𝑓𝑣 )𝑗 (𝜙𝑣 )𝑟𝑗 |1+𝛼
𝜉=
(2𝜋)3−𝛼 𝐴1−𝛼 ∑𝑗 𝑚𝑗 (𝜙ℎ )𝑖 )2

(1)
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Where ξ represents the damping ratio, fundamental time period of the structure is
represented by T, α denotes damping exponent, 𝜂𝑗 corresponds to the number of identical
dampers with similar damping coefficient in each of the storey, 𝐶𝑗 is the damping
coefficient for damper j, (𝑓ℎ )𝑗 and (𝑓𝑣 )𝑗 represents the horizontal magnification factor and
vertical magnification factor, respectively, relative horizontal displacement and vertical
displacement between ends of the jth damper in the first mode of vibration are
represented by (𝜙ℎ )𝑟𝑗 and (𝜙𝑣 )𝑟𝑗 , respectively. A is the top floor displacement of the
structure in the damping ratio expected for the building, 𝑚𝑖 represents the mass of ith floor
level, (𝜙ℎ )𝑖 is the horizontal displacement of the ith floor level in the first mode, 𝜆𝑗 is a
variable which can be calculated using Eq. 2 and gamma function is represented by Γ in Eq
(2).
𝛼

𝜆𝑗 = 2

2+𝛼

Γ 2 (1 + 2 )
Γ(2 + 𝛼)

(2)

In order to improve the energy dissipation capacity fluid viscous damper is connected to
supporting bars having stiffness K. Stiffness can be calculated using Eq (3).
(3)

K = 5Cω

The properties of fluid viscous damper designed are as follows. The designed damper has
a damping coefficient of 62.69 kN/(mm/s)0.5 , damping exponent is considered to be 0.5
and supporting bar stiffness is 1683.22 kN/mm.
6. Building with Fluid Viscous Damper in Different Positions
FVD is installed with the calculated properties in the RC building in seven different
positions and Figure 5 shows the typical 3-D view of the RC building with damper. In each
position, four different ways are adopted; 1. Damper is installed in all floors, 2. Damper is
installed in alternate floors, 3. Damper is installed in two alternate floors and 4. Damper is
installed in four alternate floors as shown in Figures from 6(a) to (g).

Fig. 5 3-D view of RC building with damper-Typical
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Fig. 6 Different positions of dampers in the RC building
7. Results and Discussion
7.1 Response of G+19 Storey Building with Damper
The designed FVD is installed in the building in different positions and analysed using RS
method and TH method. The dynamic responses such as the lateral displacement, the drift,
the shear and the energy dissipation of the building with damper are shown in Figures
from 7 (a) to 7 (d). The dampers number and placement influences significantly the
building’s response. From the results it is observed that after the installation of damper in
different positions there are some changes in the behavior of the building. A large number
of dampers may not always leads to the best benefit in terms of drift reduction for all
stories [21-22].

(a) Displacement versus position of damper
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(b) Drift versus position of damper

(c) Shear versus position of damper

(d) Energy dissipation versus position of damper
Fig. 7 The dynamic responses of the building with damper
Except 4th, 27th and 28th positions, the building models are within the drift limit and
showing good energy dissipation capacity. Therefore, models other than 4, 27 and 28 may
be recommended for the building under study. The base shear increase in the building
models after the addition of dampers is not significant and this implies that the mass
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increase due to dampers does not have much influence on the building’s shear response
[23].
7.2 Algorithm Developed for Maximum Usage of Dampers Using PYTHON
Python programming is widely used and accepted in the research thrust areas in all
engineering disciplines. Here, this programme aims to minimize the cost of dampers by
identifying the most optimal number of dampers and its position to be installed according
to the drift and energy dissipated by the building. The dataset described is loaded
data(m,n). The attributes are nDamp, Displacement, Shear, Position, EnergyDis and Drift.
The data values are initially labelled as either class 0 or Class 1 depending on the Drift
value. For the data with Drift >0.004, the class label is assigned as 0, otherwise it is assigned
as 1. The attributes are organized in descending order according to the EnergyDis. For each
of the rows in the dataset, the values are sorted in ascending order as per the number of
dampers required.
Algorithm:
Step1: The dataset described is loaded data(m,n) where m specifies the number of rows,
n specifies the number of columns. The attributes are nDamp, Displacement, Shear,
Position, EnergyDis, Drift
Step2: For i=1:m
{
For j=1:n
{
If Drift>0.004 set
‘Class’ =

0
1 Otherwise

}
}
Step3: For i=1:m
{
For J=1 to n
{
Sortvalues(‘Drift’) as Ascending
Sortvalues(‘EnergyDis’) as Descending
Sortvalues(‘nDamp’) as Ascending
}
}
Step4: Outputs the following;
•
•
•

The optimal number of dampers for a minimum drift (Table 4)
Cost effective number of damper for a maximum energy
Predicts the feasible number of required dampers along with position (Table 5)
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Table 4. Data organized as per drift in non- decreasing order
Position

Displacement
(mm)

Drift

Shear
(kN)

21

131.26

0.0028

16171.00

Energy
Dissipation
(kN-m)
1306.02

13

133.68

0.0029

16414.00

17

134.95

0.0029

16289.00

9

161.86

0.0030

1

142.35

No. of
Dampers

Class

160

1

1594.83

200

1

1564.42

160

1

15059.04

1488.87

160

1

0.0030

15089.12

1365.27

160

1

5

156.06

0.0032

15359.45

1511.36

160

1

10

182.83

0.0034

15176.97

1633.51

80

1

11

174.23

0.0034

15198.50

1566.10

80

1

7

173.12

0.0034

15334.86

1565.09

80

1

12

173.59

0.0034

15053.96

1547.00

96

1

8

168.60

0.0034

15329.46

1537.56

96

1

20

161.65

0.0035

16261.42

1863.21

96

1

24

161.52

0.0035

16172.97

1619.82

96

1

6

181.36

0.0035

15009.62

1614.78

80

1

26

197.79

0.0037

15146.67

1795.59

80

1

14

159.96

0.0037

15862.52

1747.27

100

1

25

168.68

0.0037

15680.92

1621.99

160

1

16

165.53

0.0038

16399.52

2091.10

120

1

15

161.60

0.0038

15788.30

1737.53

104

1

18

166.97

0.0038

15866.21

1725.89

80

1

22

167.80

0.0038

15782.60

1565.75

80

1

19

162.35

0.0039

16327.73

1787.96

80

1

2

183.21

0.0039

15747.62

1722.29

80

1

23

161.98

0.0039

16246.59

1581.35

80

1

3

171.49

0.0040

16209.72

1661.59

80

1

Table 5. Prediction for feasible usage of dampers
No. of Dampers
Position
2
22
14
17
5
11

368

Actual
80
80
104
80
80
96

Predicted
80
80
80
80
80
80
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8. Conclusion
This paper focuses on the design of nonlinear fluid viscous damper for the RC framed
building under study and the optimal damper number and its position in the building. Code
based static and dynamic analysis are carried out on the buildings with and without fluid
viscous damper. The responses such as top displacement, drift, base shear and energy
dissipation capacity are obtained and compared. The results showed that in most of the
cases damper placement reduced the dynamic responses of the building.
•

The top displacement of the building without damper is around 82 % of the
maximum value of 240 mm whereas in the case of buildings with dampers it
varies between 55 and 82 % of the maximum value.
• The drift value of the building without damper is more than the maximum
allowable value (0.004). The drift reduction in the buildings with dampers is
significant in most of the cases and this majorly depends on the number of
dampers and their position in the building.
• The variation in base shear of the building with and without dampers is not much
significant.
• The energy dissipation capacity of the buildings with dampers is improved and
varies between 1306 and 2091 kN-m.
• Optimization work is carried out using algorithm using PYTHON with drift and
energy dissipation of the building as the governing factors. The programme
suggests the positions 2, 22, 14, 17, 5, 11 with 80 numbers of dampers for the
building and recommends the position 2 for the maximum benefit in terms of
drift, energy dissipation and cost.
• The analysis results clearly show the influence of dampers, their numbers and
position in the building.
• This study bears fruitful results and these details would be beneficial to the
engineers and fabricators to utilize the maximum benefit of dampers by knowing
the required number of dampers and their optimum placing in the buildings.
The present study can be extended for the seismic evaluation of structures with different
types of dampers and hybrid dampers.
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Self- Compacting concrete (SCC) is a special type of concrete that is able to flow
and compact under its own weight and can occupy all the spaces in the form
without any vibration effect, and at the same time cohesive enough to be handled
without bleeding or segregation. The required compaction properties are
achieved by adding super-plasticizers and mineral admixtures such as fly ash,
rice husk ash, silica fume, ultrafine slag etc. The utilization of these treated
industrial by-products as cement replacement will not only help to achieve an
economical SCC mix, but it is envisaged that it may improve the hardened
properties, microstructure and consequently the durability of concrete. This
provides solution to disposal problems and other environmental pollution issues
created by these otherwise waste products. This paper presents the results of an
experimental study aimed at producing SCC mixes incorporating constant
dosage of fly ash (i.e., 30%) and varying dosage of ultrafine slag (i.e., 0-60%) as
supplementary cementing materials. Also, this paper gives the comparison of
these SCC mixes in terms of their properties like compressive, young’s modulus
and flexural strengths. The fresh concrete properties are also included in the
study. Addition of constant dosage of fly ash (i.e., 30%) and ultrafine slag (i.e.,
30%) showed a significant improvement in fresh and hardened properties of
SCC.
© 2022 MIM Research Group. All rights reserved.

1. Introduction
Self-Compacting Concrete (SCC) or Self Consolidating Concrete is the present-day concrete
that is being adopted the world over. Self-Compacting Concrete (SCC) is a flowing concrete
mixture that is able to consolidate under its own weight. The highly fluid nature of SCC
makes it suitable for placing in difficult conditions and in sections with congested
reinforcements. The development of Self Compacting Concrete (SCC) is an important
achievement in the construction industry for overcoming problems associated with
conventional concrete. SCC is the improvised concrete that partly replaces the Ordinary
Portland Cement (OPC) with suitable mineral admixtures and filler materials and yet
retains the qualities of the conventional cement concrete [1]. SCC originated from Japan in
the year 1986 by Professor Okamura of Kochi university of Technology and the prototype
was first developed in 1988 in Japan by Professor Ozawa at the University of Tokyo.
SCC is segregation proof, able to flow and fill the remotest areas of the form work, cover all
the reinforced sections without any voids or honeycombs and it is good enough to fill areas
from considerable heights. Apart from enhanced durability properties of SCC, the
homogenous and uniform distribution of constituent’s materials of SCC are its pleasing
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aspects [2]. The high deformability of SCC and the elimination of vibration during
compaction offer substantial benefits to the quality of concrete structures and in the
construction process. The noise associated with mass concreting in conventional manner
is eliminated. In Self Compacting Concrete the costs of vibration for compaction and the
additional labour involved are less when compared to the conventional concrete [3]. It also
reduces the construction time. Saving in labour cost might offset the increased cost due to
chemical admixtures, but the use of freely available mineral admixtures could balance the
excess demand of cement which results in cost saving. Thus, the total construction cost can
be reduced for large-scale structures. Complicated repair works are possible due to easy
handling of the concrete and provides access for automation. The SCC also serves in the
precast industry thereby enabling mass concreting [4].
The main disadvantage of SCC is the high cost associated with the use of chemical
admixtures such as super plasticizers, viscosity modifying agents and high volumes of
cement content [5]. To obtain strength based concrete rich cement is to be adopted which
leads to drying shrinkage and cracks are unavoidable. Increase in cement content results
in more emission of Carbon dioxide (𝐶𝑂2 ) apart from the requirement of skilled labour and
the cost behind it. There is no generalized or specific mix design procedure for any grade
of SCC. Country wise it would be different and various guidelines are followed for mix
design, by trial-and-error method [6]. It is an inherent obstacle to widen the application of
SCC and its rapid spread all over the world. The concrete mix design has to be repeated till
the target strength of SCC is obtained, which may be an expensive and time-consuming
process. To ensure the acceptable workability and mechanical properties, it requires
manipulation of several mixture variables. So, the standard mix design procedure is yet to
be established [7-10].
To keep the concrete more cohesive and achieve high flow ability, a proper design of Self
Compacting Concrete possesses high powder content when compared to the conventional
concrete [11]. Use of high volume of cement remarkably increases the cost of the concrete
and also it is more vulnerable to drying shrinkage. Hence, it is necessary that SCC has to
replace conventional concrete, but it should not be very expensive [12].
One of the alternatives to overcome these drawbacks is to use industrial by-products or
waste materials which are finely divided materials added to concrete as partial
replacement material in SCC. As these additives replace part of the OPC, the cost of SCC will
be reduced. Addition of these materials will increase the workability, strength and
durability properties of SCC [13].
Utilizing the waste mineral admixtures and filler materials as the substitute for cement in
SCC will fulfil the expectations of providing greater sustainability in the construction
industry. In order to reduce the time and cost involved in the design and production of SCC,
a data driven solution is to be generated for predicting the mix proportion, flow properties
and compressive strength of SCC [14]. The present research work is more focused on
arriving the optimum mix proportions and mix design methods for SCC through
experimental analytical study.
The choice of the quantity and stage of employing mineral admixtures and filler materials
is very important for acquiring the strength and durability of SCC. The abundant
availability of fly ash promises its utilization in the production of concrete. It is the most
widely used supplementary cementitious material in concrete. It is recognized that the
addition of fly ash has a beneficial effect on the rheological properties of cement paste and
on the workability of fresh concrete [15].
Alccofine is a new generation, micro fine material of particle size much finer than other
hydraulic materials like cement, fly ash, silica etc. being manufactured in India. Alccofine
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has unique characteristics to enhance 'performance of concrete' in fresh and hardened
stages due to its optimized particle size distribution. It can be used as practical substitute
for Silica Fume as it has optimum particle size distribution not too coarse, not too finer
either per the results obtained by Counto Micro fine products Pvt. Ltd (A joint venture with
Ambuja cement ltd and alcon developers). It is manufactured in the controlled conditions
with special equipment’s to produce optimized particle size distribution which is its
unique property.
The need for the present study arises from the requirement to improve the overall
utilization of these two mineral admixtures in correct proportions in SCC particularly to
structures in the aggressive environment depending upon the requirements. The effect of
those mineral admixtures towards the enhancement of the strength and durability of SCC
needs to be researched. The significant objectives of this research work is to study the
performance of SCC by carrying out experimental investigations on the fresh and hardened
characteristics of SCC blended with mineral admixtures such as fly ash and ultrafine slag.
2. Research Significance
Ordinary Portland Concrete is a major component in conventional concrete to attain the
strength properties. With the emergence of industrialization, industrial solid waste
generation had increased in huge amount and the industries are facing difficulty in
dumping and disposal of the solid waste generated. Non-engineered industrial waste
disposal impacts the atmosphere, which in turns damages the environment. A lot of
research is being performed to identify the ways to utilize the industrial solid waste in the
construction industry. From the available research, it can be concluded that the industrial
solid waste with pozzolanic nature can be used as a supplementary cementitious material.
Efforts are being made to reduce the usage of cement by encouraging the use of industrial
waste or by-products as admixtures or as a partial replacement of cement. There is no
literature available investigating the effects of inclusion of alccofine along with fly ash in
concrete and therefore it encouraged the authors to study the effects on various properties
of alccofine concrete with the addition of constant dosage of fly ash. In the current research,
an effort has been made to study the effects of alccofine with the addition of fly ash on the
mechanical properties of concrete so that their scope to address environmental pollution
induced by industrial by-products.
3. Experimental Investigation
3.1. Materials
The materials used in this study to produce the SCC were OPC53 grade cement fit in with
the limits specified in IS-12269 [19] with the specific gravity of 3.15. Ultrafine slag is
utilized as a mineral admixture, which is procured from Counto Micro fine products Pvt.
Ltd. Goa, India, the specific surface area of ultrafine slag is 1200 𝑐𝑚2 /𝑔 and the chemical
properties of cement and ultrafine slag obtained from the supplier are given in Table 1.
Class F fly ash collected from Rayalaseema Thermal power Plant (RTPP), Muddanur,
Andhra Pradesh, India and confirming to ASTM C 618. The physical properties and
chemical composition of fly ash are represented in Table 2. The Scanning Electron
Microscope (SEM) and Energy Dispersive X-Ray Spectroscopy (EDS) outputs of OPC
53grade and Ultrafine slag particles are shown in Figures 1 and 2, respectively. Figures 3
and 4 shows the chemical composition of cement and ultrafine slag, respectively. Apart
from this Coarse aggregate of size ranges from 10 mm to 12.5 mm with the specific gravity
2.7 and for fine aggregate locally available river sand with the specific gravity of 2.65 and
fineness modulus of 2.62 conforming with IS 383: 1970 [xx] is used. To improve the flow
properties and to enhance the durability by means of reducing the water, chemical
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admixtures like BASF-Master Glenium sky 8233 is used conforming to BIS 9103, 1999.
Figures 5 and 6 shows the grading of fine and coarse aggregates, respectively.
Table 1. Chemical Properties of OPC and Ultrafine Slag
Component
CaO
𝑆𝑖𝑂2
𝐹𝑒2 𝑂3
𝐴𝑙2 𝑂3
𝑆𝑂3
𝑀𝑔𝑂
𝐾2 𝑂
𝑁𝑎2 𝑂

Chemical composition (%)
Cement
66.67
18.91
4.94
4.51
2.5
0.87
0.43
0.12

Ultrafine slag
32.20
35.30
1.20
21.40
0.13
6.20
-

Table 2. Physical Properties and Chemical Composition of Class F Fly ash
Particulars
Fineness (𝑚2 /𝑘𝑔)
Specific gravity
Silica
Iron oxide
Alumina
Magnesia
Lime
Sulphur trioxide
Titanium oxide
Loss on Ignition

Class F Fly ash
ASTM C 618 Class F Fly ash
Physical properties
360
Min 225
2.23
Chemical composition (%)
65.6
Silica + Alumina + Iron oxide
3.0
>70
28.0
1.0
1.0
0.2
Max 5.0
0.5
0.29
Max 6.0

Fig. 1 SEM Image of Ultrafine Slag
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Fig. 2 SEM Image of Ultrafine Slag

Fig. 3 Chemical Composition Analysis of OPC 53 Grade Cement Energy Dispersive XRay Spectroscopy

Fig. 4 Chemical Composition Analysis of Ultrafine Slag Using Energy Dispersive X-Ray
Spectroscopy
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Fig. 5 Grading Curve of Fine Aggregate

Fig. 6 Grading Curve of Coarse Aggregate

3.2. Mixture Proportions
Tests are conducted on the fresh mix as per EFNARC (2005) guidelines [xx] and reached at
a mix proportion of SCC including Fly ash and ultra-fine GGBS (ALCCOFINE) as a
replacement material for cement. The control SCC mix contained 325.5 𝑘𝑔/𝑚3 cement and
constant dosage of fly ash of 139.5 𝑘𝑔/𝑚3 and cement is swapped with 0, 10, 20, 30, 40, 50
and 60% ultrafine slag by weight in the other SCC mixes. To acquire the SCC blend with
required flow capacity tests are directed on crisp concrete according to EFNARC (2005)
rules. The water to binder proportion is taken as 0.4 and SP measurement is fluctuated
4.65% of weight of binder at each substitution level. The blends that fulfilled the
prerequisites of passing capacity, filling capacity and segregation resistance are set in
moulds. After 24 hr examples are evacuated and curing is done till the date of testing. Seven
SCC mixes replacing cement with ultrafine slag and fly ash are casted according to the
obtained mix proportion to study the fresh and mechanical properties of SCC mixes which
are shown in the Table 3.
Table 3. Mix Proportions of SCC (𝑘𝑔/𝑚3 )
Mixture

Cement

SCCA0
SCCA10
SCCA20
SCCA30
SCCA40
SCCA50
SCCA60

325.5
279
232.5
186
139.5
93
46.5

Fly
ash
139.5
139.5
139.5
139.5
139.5
139.5
139.5

Ultrafine
slag
0
46.5
93
139.5
186
232.5
279

Fine
aggregate
915
915
915
915
915
915
915

Coarse
aggregate
836
836
836
836
836
836
836

Water
186
186
186
186
186
186
186

Superplasticizer
4.65
4.65
4.65
4.65
4.65
4.65
4.65

3.3. Testing of Fresh Concrete
To satisfy the workability of SCC as per European Federation of National Associations
Representing for Concrete guidelines (EFNARC, 2005), fresh property tests (Slump flow,
T50, V-Funnel and L-Box) are carried out.
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3.3.1 Tests on Fresh Concrete
The slump flow test is a quick assessment of the flow ability of Self Compacting Concrete.
This test was performed as per EFNARC (2005) guidelines. The apparatus used for the test
comprises of slump cone, base plate, trowel, scoop, ruler and a stop watch. The slump cone
is a truncated cone with 300 mm height, bottom 200 mm and top 100 mm diameter. The
cone is placed over a metal plate of size 1000 × 1000 mm and has marking for placing the
cone at the centre. Similarly, the 500 mm diameter circle is marked to measure the time
taken for SCC to reach 500 mm diameter. The cone has two side handles on the periphery
to lift and place materials on the plate.
About six litres of SCC was prepared for the test. The base plate and the interior of the cone
need to be moist. The cone was placed over the base plate at the appropriate marking and
the cone was centered on the base plate. Now concrete was filled up inside the cone from
the top using the scoop. Once the cone gets filled up, a trowel was used to remove the
excess concrete at the top of cone and to level the concrete. Now lifting of the cone and
starting of a stop watch are to be simultaneously done.
The concrete will flow circumferentially after lifting the cone. T500mm is the time taken
for the concrete to reach the 500 mm diameter circle marked on the base plate. The spread
of concrete over the base plate is to be measured in two directions perpendicular to each.
The mean value of these measures gives the slump flow diameter in mm. If flow diameter
is more than 800 mm, the concrete might segregate and if its flow diameter is less than 650
mm, the concrete may have insufficient flow to pass through highly congested
reinforcement. Figure 7 depicts the experimental test set up for slump flow test and the
spread flow of concrete.

Fig. 7 Slump Flow Test
3.3.2 V-Funnel Test
V-funnel has a rectangular section of 490 mm x 75 mm at the top and the bottom with a
section of 75 mm x 65 mm. The top and the bottom are connected with a hopper like
portion for a length of 425 mm, from the top and the hopper connected to the bottom with
a stem of 150 mm. Thus, the V-funnel stands to a height of 575 mm from the base and the
base has a trap door to empty the contents. About 12 litres of concrete was prepared to
conduct the test. The V-Funnel was set on the base and moistened inside with oil. The
concrete was filled in the funnel using a scoop. The top of the funnel was levelled with a
trowel and then a bucket of twelve litre capacity is placed at the bottom of the funnel.
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Simultaneously a stop watch was started as and when the trap door was opened for the
concrete to flow from the funnel into the bucket. The concrete was allowed to completely
drain from the funnel and the time taken was noted. The dimensions of the equipment and
the test set up of V-Funnel is shown in Figure 8.

Fig. 8 V-Funnel Test
3.3.3 L-Box Test
L-box test checks two aspects of SCC, one is the free flowing and another is the obstructed
flow into the reinforced bars. The test equipment is a rectangular section configured in the
shape of L. The vertical and horizontal sections are separated by a movable gate. At the
point of change over from vertical to horizontal section, the reinforcement bars of
particular size and spacing are fitted. The diameter of the bars and spacing can be altered
depending on the requirement for the test. The vertical section is 600 mm in length with a
cross-section of 100 mm x 200 mm and the horizontal section is 150 mm x 200 mm with a
length of 800 mm. The vertical section was filled with concrete and then the gate was lifted
to allow the concrete to flow into the horizontal section. When the flow was stopped, the
height of the concrete H1 and H2 were measured. The ratio of H2 / H1 indicates the slope
of the concrete at rest. This is an indication of passing ability. Figure 9 shows the equipment
dimensions and also the picture taken during testing.

Fig. 9 L-Box Test
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3.4. Testing of Hardened Concrete
To carry out necessary mechanical properties like Compressive strength, Modulus of
rupture and modulus of elasticity for concrete it is essential to arrive the quantity of
material as per [16-19]. The standard measurement of the cube is 150 mm x 150 mm x 150
mm, prism is 100 mm x 100 mm x 500 mm and Cylinder is 150 mm x 300 mm. For these
measurements quantity for the specimens are arrived and batched. SCC is prepared in the
concrete mixer machine. To maintain the adequate amount of cementitious material,
initially fine aggregate and coarse aggregates are mixed in the mixing drum and then
cement and ultrafine slag are added. The further required amount of water is added to
some extent to achieve a certain degree of saturation for 3 minutes. The remaining water
is mixed with superplasticizer and added to the mixer gradually then the entire mix is
mixed for 3 to 5 minutes to gain the homogeneity. Specimens were cast without
compaction other than its self-weight and demoulded after 24hours in an ideal
temperature at 24 ± 2⁰C and cured in the curing tank. From the date of casting 28 days
compressive strength, modulus of rupture and young’s modulus of concrete are calculated.
Based on these results optimum mix is selected for beam casting.
4. Results and Discussion
4.1. Properties of Fresh Concrete
SCC's workability is determined by three basic tests: slump flow (flowability), V-funnel
(filling ability), and L-box (passing ability). Flowability is initially assessed and measured.
Slump flow values vary from 525 to 690 mm, with a T50 estimate of 4 to 8 seconds. Figure
10 shows diagrammatic representations of the slump flow and T50 for all mixes. The
mixture begins to flow under its own weight when concrete is freed from the slump in a
vertical direction, and the mean value is determined by measuring the flow horizontally in
two directions. It was observed that in the ranges of 0% and 30%, the flow value gradually
increased; furthermore, higher replacement caused in lower slump flow. Because of the
significant lubricating behaviour between the finer particles, better flowability up to 30%
replacement of ultrafine slag was achieved. The increase in the proportion of ultrafine slag
resulted in a reduction in slump value because the additional finer particles demanded
higher water content, resulting in sultry concrete. Effective hydration would be
unattainable water shortage, and homogeneity would decline. In general, flow values are
divided into three categories, denoted by the letters SF1, SF2, and SF3 in EFNARC. In the
current work, the flow values have arrived under two categories SF1 and SF2.
The V-funnel method is used to determine the amount of time that elapses since the bottom
shutter has been released and the funnel has been emptied. The suggested value by
EFNARC for V-funnel is ≤8 and 9-25 sec. According to the test findings, the entire mixes
meet the standards, with VF times ranging from less than 6 seconds for SCCA0 to SCCA30.
For concrete to qualify as SCC, Khayat KH suggested a VF time of less than 6 seconds. SCC
with VF timing of more than 15 seconds, in particular, would be more coherent and difficult
to handle. Furthermore, a larger slag level might result in more viscous concrete, which
would prolong the V-funnel duration.
This combined bar chart and line graph illustrates the slump flow values and Time
required to reach 50cm diameter flow of SCC mixes SCCA0 to SCCA60. It helps to find the
optimum mix using the maximum and minimum flow values and T50 time.
This line graph depicts the L-box ratio and V-funnel timings as ordinate individually with
respect to the SCC mix proportion as abscissa. It makes visual understanding about
acceptable range of passing ability and filling ability.
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The ratio of height at the two extreme ends (h1 and h2) is computed in the L-box test,
which indicates the SCC's passing ability. In the L-box test, the coarse aggregate size is
usually more dominating. Because the maximum size of coarse aggregates might impair
their passing ability, well-graded aggregates that pass through a 20mm sieve and are
retained on a 4.75mm sieve are used. The passing ability ratio for all of the mixtures was
determined to be in the range of 0.61 to 0.95 in the current scenario. EFNARC recommends
an acceptable blocking ratio of ≥0.8. However, for SCC's higher filling capabilities, a ratio
larger than 0.6 can be tolerated. There is no blockage during this test because the spacing
between the L-box reinforcements is 41mm. The flow limitation, on the other hand, is
related to the increased quantity of ultrafine slag replacement (SCCA50 & SCCA60). The
graphical representation of V-Funnel timing and L-box ratio is shown in Figure 11.

Fig. 10 Slump Flow and T50 Time of SCC Mixtures

Fig. 11 V-Funnel and L-Box Ratio of SCC Mixtures
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4.2. Properties of Hardened Concrete
Table 3 shows the mechanical characteristics of conventional and ultrafine slag-based
mixes. Three specimens are examined for each mix to determine the average value. Test
results of the mechanical properties showed varying strength at different amounts of
ultrafine slag substitution. The attained compressive strength of 28 days varies from 30.69
𝑁/𝑚𝑚2 to 48.13 𝑁/𝑚𝑚2 . The mix SCCA30 has an optimal compressive strength of 48.13
𝑁/𝑚𝑚2 , which is 56% greater than
conventional SCC. The compressive strength values of all the mixes are shown in Figure 12.
When comparing Ultrafine slag-based SCC to conventional SCC, it can be seen that Ultrafine
slag-based SCC has a higher strength. Ultrafine slag was utilized as an SCM in normal
concrete and SCC with a varied combination of admixtures in various studies, and the
results were optimal with 10-15% replacement. However, in this study, the best results
were obtained when ultrafine slag was replaced by 30%. This is due to the binary blend
and moderate cement usage (465 kg/m3). One cause for the increase in compressive
strength was the existence of more Calcium, Silica, and Alumina in Ultrafine slag. Because
of the development of additional C-S-H gel, it was obvious that the ultrafine slag added
concrete microstructure is denser. Ultrafine slag's fineness would minimize air content by
filling pores, resulting in a higher unit weight of fresh concrete. Concrete with a higher unit
weight has a better strength, which may be attained by adequate constituent material
packing. Furthermore, the increase in strength with the substitution of ultrafine slag was
attributed to higher packing density and the acceleration of cement hydration.
The modulus of rupture results at 28 days are varying from 3.20 𝑁/𝑚𝑚2 to 8.24
𝑁/𝑚𝑚2 that is diagrammatically represented in Figure 12. The pozzolanic reaction is
responsible for the increased flexural strength with the replacement of ultrafine slag. This
reaction enhances the bond between the binder material and the aggregate, resulting in
increased strength in the Interfacial Transition Zone (ITZ). Following the failure of these
specimens, a single fracture appeared along with the depth of the specimen during the
loading period. The fracture began at the interface zone due to the tensile strain generated
by the compressive load, and subsequently propagated into the concrete composites.
Cracks begin in the interfacial area at low stress and propagate to the concrete matrix at
increasing stress during flexural loading, contributing to the specimen's collapse at
ultimate load.
This combined bar chart and line graph exemplifies the 28 days compressive strength
values and flexural strength values of SCC mixes SCCA0 to SCCA60 respectively based on
cubes and prisms testing. The optimum percentage replacement of Ultrafine slag can be
found easily from this diagram.
This graph shows the stress stain curve of SCC mixtures that are obtained by testing the
cylindrical specimens with compressometer in compression testing machine. This curve is
used to find the modulus of elasticity values.
The Young's modulus of concrete is a combined mechanical parameter that indicates how
elastically the concrete material may deform (Bradu et al., 2016). The results of young’s
modulus of concrete are ranging between 8 𝑁/𝑚𝑚2 to 33.33 𝑁/𝑚𝑚2 . The optimum result
obtained for SCCA30 is 33.33 𝑁/𝑚𝑚2 , 45% higher than conventional SCC. The values
generated by the mixes SCCA0 to SCCA30 gradually increased, while the remaining mixes
generated values that were lower than conventional SCC. The type and volume of coarse
aggregate and paste content influence young's modulus values in general. SCC produces
more paste and has more deformability, lowering the stiffness of the concrete and reducing
the volume of aggregate content. Initial Tangent Modulus determines the young's modulus
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of concrete for all mixes as a slope from the origin to the ultimate strength of concrete in
stress-strain curves, as illustrated in Figure 13.

Fig. 12 Compressive and Flexural Strength of SCC Mixtures

Fig. 13 Stress-Strain Curve of SCC Mixtures
5. Conclusion
This experimental work is carried out to determine the fresh and hardened properties of
self-compacting concrete with varying percentages of ultrafine slag from 0% to 60%. From
the results optimum mix is selected and examined the strength performance of SCCA0 and
SCCA30. Based on the findings the following conclusions can be drawn:
•
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All the mixtures had satisfactory self-compacting properties in the fresh state. The
addition of ultrafine slag had positive effect on the workability. When the
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•

•

•
•
•

properties of fresh SCC such as slump-flow, 𝑇50 time, L-box ratio and V-funnel test
are considered as a criterion to determine the best fly ash admixtures among
ultrafine slag, it can be said that 30% ultrafine slag is the most suitable for
improving all of them. The results for hardened properties of the SCC mixtures
containing fly ash and ultrafine slag were investigated; all the ultrafine slag
mixtures have shown significant performance difference and the highest
hardened properties has been obtained for the SCC mixtures.
According to the findings, ultrafine slag with SCCA20 and SCCA30 produced the
best results in the fresh state, while SCCA30 performed better in the hardened
state. Overall, it can be stated that SCCA30 performed better in both phases and
had higher ultrafine slag consumption.
The slump values gradually increased from 0 to 30% due to the high lubrication
behaviour between the finer particles with constant W/B ratio and SP dosage, and
then decreased beyond that replacement due to an increase in the percentage of
slag content because the finer particles would absorb more water content,
resulting in sultry concrete.
The inclusion of Ultrafine slag increased compressive strength compared to
conventional SCC owing to the presence of CaO, 𝑆𝑖𝑂2 , 𝐴𝑙2 𝑂3 , and fineness, which
might increase unit weight and packing density.
The pozzolanic reaction of ultrafine slag improves the modulus of rupture,
enhancing the binding strength between aggregate and binder material in ITZ.
The volume of coarse aggregate and paste content determine the E for concrete
value. Because SCC creates more paste content, the stiffness of the concrete is
reduced and the volume of aggregate material is reduced. As a result, mixes with
a higher concentration of Ultrafine slag (more than 30%) generated results lower
than conventional SCC.
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Abstract
For a more realistic approach, the effect of soil-structure interaction on the
behavior of reinforced concrete buildings should not be neglected. In this study,
nonlinear static pushover analysis is applied to the twenty-five 4-storey
reinforced concrete frame buildings with different foundation types (raft and
continuous foundation) and soils having different bearing coefficients. The
foundation type and foundation sections were changed by keeping the
reinforced concrete frame system constant. The stiffnesses of the models are
observed to be significantly affected by the foundation dimensions and the soil
bearing coefficient. Period increase up to 44% is observed per fixed base case.
The lateral strength and damage distribution of buildings, seems to be less
affected by foundation and soil conditions. The shear force in smaller columns
becomes 8% to 24% more than anticipated by a fixed base model. The building
displacement demand values with significant changes according to the fixed base
case are observed. Amplifications around 40% seems to be possible per fixed
base case. Additionally, an equation is established trying to answer the question
of “How stiff the foundation should be for a given soil condition?”. If the allowable
displacement increase per fixed base case and soil stiffness is known, dimensions
of structural members of the foundation may be decided by given equation.
© 2022 MIM Research Group. All rights reserved.

1. Introduction
Determining the behavior of structures under earthquake forces is important in reducing
the seismic damages [1]. From past to present, civil engineering discipline has considered
the effect of soil, foundation and lateral earthquake forces in building design; but for
practical reasons, the structure-foundation-soil interaction is generally neglected. In
practice, rotations and ground deformations in foundation are ignored with the fixed base
assumption. The acceptance of fixed base support is not a realistic approach in
understanding the behavior of the buildings. Although the concept of structure-soil
interaction, which has been studied since the 1970s, came to the fore with the 2007
Earthquake regulation, it has not had a general use in applications and designs with
common and clear rules [2].
In order to obtain more realistic results, it is important to take into account the effects of
the deformations in the ground due to the loads transferred by the superstructure on the
internal forces and load distributions by considering the structure-foundation-soil
interaction [3]. In the study conducted by Girgin et al., an 8-storey reinforced concrete
frame and shear-wall building model was analyzed for fixed base, constant and variable
soil bearing coefficient cases [4]. While the natural vibration period of the structure is
0.684 s in the x and y directions in the fixed base model, it is 1.0 s in the x direction and
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0.897 s in the y direction in the Winkler model accounting the soil deformations. In the
variable bearing coefficient model, it was found to be 0.893 in the x direction and 0.818 in
the y direction. The load sharing ratios of the columns are higher in the models with
constant and variable bearing coefficients in both directions compared to the fixed base
model. Consequently, the load sharing ratios of the shear walls are lower in the models
without fixed base assumption. Taking the X direction as an example, the load sharing ratio
of the walls is 0.69 in the fixed base model, 0.59 in the model with constant bearing
coefficient, and 0.44 in the model with variable bearing coefficient.
In his study conducted in 2009, Karabörk [5] investigated the behavior of structures with
the same member dimensions and different floor heights, having hard and soft soil types
and different earthquake loads. As a result of the study, it was concluded that in soft soil
models the base bending moments decreased by 40% in the X direction, 32% in the Y
direction, and the base shear forces by 77% in the X direction and 61% in the Y direction
when compared to the models using the hard soil type. In the study, the horizontal
displacements at the foundation level of the soft soil models increased by 71% in the X
direction and by 78% in the Y direction compared to the models with the hard soil type. It
was observed that the period values of soft soil models decreased by 68% in 3-storey
buildings, 50% in 6-storey buildings, and 33% in 10-storey buildings, compared to
structures based on hard soil type.
When the structure period and the lateral loads on the structure are taken into account,
the level of soil-structure interaction changes depending on the soil properties. In their
study, Korkmaz and Demir [6] compared the effects of soil type and soil properties on the
building behavior by using nonlinear spring models with different stiffnesses. The
rotational stiffnesses were taken between 8000-2000 kN/m and named as K1, K2, K3 and
K4 in the structure they designed using raft foundation type. They named the fixed base
structure as Model 1, and the soil modeled with springs as Model 2. They found the period
values as 0.31 for Model 1, 0.47, 0.49, 0.53 and 0.64 for K1, K2, K3 and K4 in Model 2,
respectively. As a result of the study, it has been seen that the rigid ground assumption is
insufficient in cases where ground conditions are unfavorable.
In structures where ground displacement, foundation rotations and kinematic effects are
neglected, buildings are assumed to be connected to an infinitely rigid environment. In
their study, Çaycı and İnel [7] compared the seismic behavior of two 7-storey reinforced
concrete buildings, which they named 7-75 and 7-98 according to the 1975 and 1998
regulations, under 4 different acceleration records using fixed support assumption and
soil-structure interaction model. They used two different soil types, S1 and S2. S2 soil type
has low rigidity. In the 7-98 model, they observed the maximum inter-story drift ratio as
2.09% in the fixed base model and 2.82% in the S2 soil type under Kobe acceleration
record. They found the same values as 2.83% and 2.68% for the same floor type in the 775 model. In the study, plastic hinge damage distributions and levels were examined using
S2 soil type under Kobe acceleration recording. In the 7-75 model, they observed that the
column elements in the fixed base model are subject to more strain demand, and in the 798 model, the ground floor beams have a higher damage level than the fixed base model.
Caycı modeled different buildings with 2, 4 and 7 stories and with 4 soil types with various
stiffnesses and a fixed base version [8]. In the study, linear elastic and linear inelastic
analyzes were performed. As a result of the analysis, it has been observed that the soil
deformations and foundation rotations reduce the demand for the structure in linear
elastic models, but these effects are more complex in models with non-linear behavior. As
a result of the analysis, it was concluded that the demands on the structure decreased with
the increase in soil stiffness in all models. He claims that when the averages of the
acceleration records are taken into account, the assumption of linear inelastic fixed
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support gives close results with the soil-structure interactive models. However, if the
acceleration records are examined one by one, the differences between the two
evaluations for dynamic analysis are remarkable. According to Caycı, nonlinear inelastic
models that take soil-structure interaction into account are the most realistic models.
Kılıçer investigated the effect of soil-structure interaction on reinforced concrete structure
design by using the Modified Vlasov Model [9]. He developed a solution technique in which
SAP2000 and MATLAB programs are used simultaneously. In the study, three different soil
types were selected for reinforced concrete structures with different number of stories and
floor plans: fixed base, Winkler Model and Improved Vlasov model. In the fixed base model,
the period for the structure was 0.691 in the X direction, 0.670 in the Y direction, in the
Winkler model values are 0.892 in the X direction, 0.830 in the Y direction, and in the
Modified Vlasov Model values are 1.053 for the X direction and 0.933 for the Y direction.
In Kılıçer's study, bending moments are greater in elastic soil models compared to fixed
base models.
In his study in 2020, Ada [10] designed 3, 6 and 12-storey buildings, taking into account
the building stock of Turkey, and examined the structure-ground-structure interaction. He
compared the situations where the structures have fixed base and the building-ground
interaction cases. He observed that the natural vibration period of the structures increases
when the effect of the soil on the building behavior is taken into account. In cases where
the structures are fixed to the ground, the periods vary between 0.286 and 1.212, while it
is between 0.293 and 1.238 in the structure-ground interaction models. He stated that in
cases where soil stiffness is low, the period increments are higher than in soils with higher
stiffness. It was concluded that the structure-ground-structure interactions are more in
cases where the structures are built on soft ground.
Ahmadı investigated the effects of soil geotechnical conditions on the seismic performance
of structures by applying a single-mode pushover analysis to reinforced concrete building
models with 2, 4 and 8 stories [11]. In his work, he used a rigid foundation and a foundation
in which the structure-soil interaction is not neglected. He modeled the connection
between the rigid foundation and the ground with elastic springs. It has been observed that
the vibration periods of the buildings modeled using the rigid foundation assumption are
lower when compared to the structure-ground interaction models in all building models.
In the study, the period change ratio of the considered buildings varies between 5% and
43% for ZD and ZE soil classes for buildings with different story heights. The highest
displacement demand change rate of 49.11% was observed for the 2-storey ZE soil class in
the x direction. Ahmadi claimed that the structure-soil interaction affects the structure
behavior more in soils belonging to the ZD and ZE soil classes.
In his study, Öz applied nonlinear analysis to 40 reinforced concrete buildings in order to
determine the effect of the soil-structure interaction on the performance of the buildings
[12]. Fixed base, firm, medium and soft soil foundation conditions are considered for
building models. The importance of soil-structure interaction was compared according to
1998 Turkish Earthquake Code and 2007 Turkish Earthquake Code. The effect of the soilstructure interaction on the lateral strength ratio has been examined. While the firm
ground caused an increase of 1.63% in the vibration period of new buildings, this increase
was calculated as 2.45% for old buildings. These ratios were calculated as 10.75% and
9.44% for medium soils, and 33.39% and 27.55% for soft soils, respectively. It has been
concluded that the interaction between the structure and the ground adversely affects the
earthquake performance of the buildings constructed before 1998, and the earthquake
performance of the old buildings deteriorates as the ground weakens.
In order to examine the effect of soil stiffness on the seismic behavior, Yaşar et al.
conducted a study based on reinforced concrete buildings [13]. 26 different types of
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buildings, which have different foundation types and dimensions on soils with different
stiffness are taken into account. All models were evaluated using nonlinear static analysis.
They stated that an increase of approximately 15% is observed in the building period and
displacement demands, even in the most ideal situation. It is possible for this increase to
reach 82% in unfavorable conditions in terms of soil stiffness and foundation dimensions.
The effect of different foundation conditions on the damage distribution in the structure is
generally below 10%. The effect on the horizontal strength is less than 2% for the
foundation dimensions in accordance with the seismic code.
Studies in the literature show the importance of the effect of soil-structure interaction on
building behavior. In the scope of the graduate thesis by the second author, the validity of
fixed support assumption for different foundation and soil types are investigated [14]. A 4storey reinforced concrete building with infill walls was designed and evaluated for cases
with raft and continuous foundations of different dimensions and soils with different
bearing coefficients. Changes in natural vibration periods, capacity curves, the ratio of
strength to seismic weight, damage to plastic hinges when the strength drops to 80%,
building roof displacement demands and change of shear forces in columns are compared
for different cases. An equation for the increase of seismic displacement demand of RC
buildings per fixed support assumption based on foundation and soil stiffness are
suggested. Recommendations for the foundation dimensions are given to limit the
displacement demand increase per fixed base case. The study aims to contribute the
literature on the subject especially with the suggested equations and recommended
foundation dimensions which are limited in current literature.
2. Building Models
Building features modeled within the scope of the study is determined based on the
information gathered by an inventory study on 475 existing reinforced concrete buildings
[15]. TBSC-2018 [16] and TS-500 [17] are considered in the design of the reference model.
The floor plan of the 4-storey reinforced concrete reference building model used in the
study and the three-dimensional view of the structure are shown in Figure 1. The infill
walls, which are modeled as load-bearing elements, are shaded in the figure.

Fig. 1 Plan view of the reference building and 3D view
Columns of the reference reinforced concrete building models are 400x400 mm and
300x1500 mm, 1500x300 mm in size. Through using columns with larger and smaller
dimensions, it is aimed to model more critical situations by change in foundation stiffness.
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As known, the stiffer columns are expected to be more affected by the change of the
foundation stiffness from infinity (as fixed base assumption) to lower levels.
All beams are 250x600 mm. The reinforced concrete frame model has 4 floors and each
floor height is 2.80 m. The building is symmetrical in the x and y directions. It consists of 4
bays of 4.0 m on the horizontal axis and 3.0 m on the vertical axis. The longitudinal
reinforcement ratio of the columns varies between 1-1.2%. The loads on the slabs are
transferred to the beams as triangular and trapezoidal distributed loads and slabs are not
included in the modeling. A rigid diaphragm is defined to represent the rigid in-plane
behavior of the slabs.
The reinforced concrete building is designed for residential use and the load carrying
system is composed of moment transferring reinforced concrete frames with high
ductility. The concrete used in the design is C30/37, the reinforcing steel type is S420. The
modulus of elasticity of concrete (Ec) and modulus of elasticity of reinforcing steel (Es) are
32,000 MPa and 200,000 MPa, respectively. Concrete characteristic compressive strength
(fck) is 30 MPa and concrete material safety factor (γmc) is 1.5. The characteristic yield stress
(fyk) of the reinforcing steel is 420 MPa and the material safety factor of the reinforcing
steel (γms): 1.15.
It is assumed that the building used within the scope of the study is located in the
Bahçelievler district of Istanbul (Turkey), which has a dense population with 41.000511°
latitude and 28.865811° longitude. Infrequent earthquake ground motion with a
recurrence period of 475 years, Earthquake Ground Motion Level -2 (DD -2) and ZC local
soil class are taken into account. In the design of the structural system, live loads and wall
loads are determined from the Regulation on the Loads to be Taken in the Design of
Structural Elements (TS-498) [18].
2.1. Modeling of Infill Walls
Infill walls are expressed as non-structural elements and their effects on the building
behavior are generally neglected in building designs. However, infill walls affect building
features such as stiffness and load carrying capacity. The ratio and distribution of infill
walls in the story may cause short column, weak story, torsion and soft story irregularities.
Therefore, it should be taken into account in building design and analysis in order to
correctly evaluate the behavior of the building [19, 20].
2.1.1. Modeling of Infill Walls Without Openings
In the literature, various values are suggested for the modulus of elasticity and
compressive strength of the material for the modeling of infill walls. In this study, FEMA356 [21] and TBSC-2018 [16] were taken into account in infill wall modeling. The infill
walls are modeled using the equivalent diagonal pressure strut method. The infill wall
thickness was chosen as 0.2 m. FEMA-356 recommended compressive strength of 600 psi
(4,137 MPa) and shear strength of 10 psi (0.07 MPa) are used for medium strength case.
The elasticity modulus of the infill walls are calculated as 2275 MPa according to FEMA356.
The infill wall shown in Fig. 2 will change shape with the effect of horizontal load and will
detach from connection points 2 and 3 and the loads on it will be transferred to points 1
and 4. Since the tensile strength of the material is very small, only the axial compressive
force is considered important and defined by the equivalent pressure strut.
While calculating the width of the equivalent pressure bars Equation 1-3 suggested by
TBSC-2018 is used. The thickness of the equivalent pressure bars is the same as the
selected wall thickness.
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𝑎𝑑 = 0.175(𝜆𝑑 ℎ𝑘 )−0.4 𝑟𝑑
𝜆𝑑 = [

𝐸𝑑 𝑡𝑑 𝑠𝑖𝑛 2𝜃 1/4
]
4𝐸𝑐 𝐼𝑘 ℎ𝑑
ℎ

𝜃 = 𝑡𝑎𝑛−1 ( 𝑑)

(1)
(2)
(3)

𝐿𝑑

ad used in the equations represents the width of the strut, hk represents the column length,
rd represents the diagonal length of the infill wall, Ed is the modulus of elasticity of the infill
wall, td is the infill wall thickness, θ is the infill wall diagonal angle, Ec is the modulus of
elasticity of the concrete around infill, Ik is the moment of inertia of the column, and hd is
the height of the infill wall.

Fig. 2 The equivalent diagonal strut representation for infill wall [22]
The infill walls are located symmetrically in the x and y directions in order to prevent
torsional irregularity in the building. The weights of the infill walls are applied to the
beams. A single axial load plastic hinge is placed at the midpoint of the infill walls along the
diagonal to model the nonlinear behavior.
2.1.1. Modeling of Infill Walls With Openings
Door and window openings in infill walls reduce the stiffness of the wall. The decrease in
wall stiffness varies according to the position of the door and window openings on the wall
and the gap ratio [23]. The opening percentage is calculated by the ratio of the opening
area to the infill wall area. In the study, it is assumed that there are window openings on
all exterior walls. The void percentage was chosen as 40% and the stiffness reduction
factor λ was taken into account as 0.18 from the type B curve described by Asteris [23]
given as Fig. 3. It is assumed that there are no openings in the shaded interior walls in Fig.
1.
While establishing the building models, the bearing coefficient and soil bearing capacity of
the reference models for raft and continuous foundations are determined by reference to
the table prepared by Bowles in 1996 [24] and shown in Table 1. In order to choose an
average value, the bearing coefficient is 45,000 kN/m 3 and the bearing capacity is 450
kN/m2 according to TBDY2018.
The models used in the study and their nomenclature are summarized in Table 2. The raft
foundation given in Table 2 is assumed as a flat slab with given depth without beams in it.
The Continuous spread footing consists of the beams with given dimensions connecting
the columns in both directions. More details regarding the study that are not mentioned in
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this paper is given in the master thesis titled as " Zemin ve Temel Rijitliğinin Betonarme
Yapı Davranışına Etkisi" [14].

Fig. 3 Stiffness reduction factor of infilled frame in relation to opening percentage, case B:
opening upon the compression diagonal [23]
Table 1. Subgrade reaction coefficient (Ks) per Bowles (1997) [24]
Soil Type

Ks (kN/m3)

Loose Sand

4,800-16,000

Medium Sand

9,600-80,000

Dense Sand

64,000-128,000

Silty Medium Sand

24,000-48,000

Clayey Soil: qu≤0.2 MPa
Clayey Soil: qu= 0.2-0.4 MPa

12,000-24,000
24,000-48,000

Clayey Soil: qu >0.8 MPa

>48,000

3. Nonlinear Static Pushover Analysis
In scope of TBSC-2018, nonlinear static (pushover) method and nonlinear time history
method are used for the evaluation and design of buildings according to displacement
based analyses. While the single-mode pushover method can be used for buildings with
building height class 5 or higher and meeting certain conditions, the multi-mode pushing
method can be used for all buildings with building height class 2 and above. The nonlinear
time history method can be used in seismic evaluation of all buildings. In the scope of the
study, nonlinear static analysis method is used because of the reduced processing power
earthquake independent analysis results.
The method of performing the pushover analysis by increasing the loads in accordance
with the assumed distribution step by step up to the lateral load strength limit is called the
incremental pushover analysis method. The load shape may be proportional to the first
vibration mode shape of the building in incremental pushover analysis for seismic loading
[25] . At each step, the displacement, plastic deformation, internal force increments and
cumulative values in the system are determined.
Within the scope of the study, different cases of 4-storey reinforced concrete frame
building given in Table 2, with raft and continuous foundation conditions and different
ground stiffness, are analyzed in two principal directions with the SAP2000 version 23.0.0
software [26]. Nonlinear static pushover analysis method is used in the analyses. Total of
50 cases are analyzed.
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Table 2. Properties of building models considered in the study
Model identifier
Reference Model
R30/YK11200
R30/YK25000
R30/YK45000
R30/YK80000

Description

Foundation
Dimensions

Subgrade Mod.
(kN/m3)

Fixed base reference building model
11200
25000
45000
80000

Raft foundation model
designed beneath the
TBSC-2018 limits.

Raft foundation
thickness =
300 mm

Raft foundation model
designed per TBSC-2018
limits.

Raft foundation
thickness =
400 mm

R60/YK11200
R60/YK25000
R60/YK45000
R60/YK80000

Raft foundation model
designed over TBSC-2018
limits.

Raft foundation
thickness =
600 mm

11200
25000
45000
80000

STK/YK11200
STK/YK25000
STK/YK45000
STK/YK80000

Continuous spread footing
model designed beneath
the TBSC-2018 limits.

Width =
400 mm
No Abutment

11200
25000
45000
80000

STR/YK11200
STR/YK25000
STR/YK45000
STR/YK80000

Continuous spread footing
model designed per TBSC2018 limits.

Width =
600 mm
Abutment =
200 mm

11200
25000
45000
80000

STC/YK11200
STC/YK25000
STC/YK45000
STC/YK80000

Continuous spread footing
model designed over
TBSC 2018 limits.

Width =
700 mm
Abutment =
400 mm

11200
25000
45000
80000

R40/YK11200
R40/YK25000
R40/YK45000
R40/YK80000

11200
25000
45000
80000

Nonlinear models are prepared considering common related documents such as FEMA356 and TBSC-2018. While the P-M2-M3 plastic hinges are assigned to both ends due to
bending and normal force acting on the columns, only M3 plastic hinges are assigned to
both ends of the beams due to negligible axial force. Plastic hinges are defined with
SAP2000 software by using ASCE 41-13 criteria in plastic hinge definitions [27]. Infill walls
are assigned with user-defined P axial load joints in the middle of the compression struts
representing the wall element.
4. Analyses Results
The capacity curves obtained as a result of the analyzes made within the study are given in
Fig. 4 and Fig. 5 for the x and y directions, respectively. For a better representation, the
base shear capacity is shown by dividing the seismic weight of the building model, and the
lateral displacement value by the building height. In calculation, the fixed base building
model seismic weight is used for all models to prevent the comparison being affected by
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the foundation weight and considering the mass participation reflecting the dynamic
behavior.
0.35
0.30
0.25

Vt/W

0.20

0.15
0.10
0.05
0.00
0

0.02

Δ/H

0.04

0.06

Fig. 4 Capacity curves in the x direction of the building models with different foundation
and subgrade modulus
0.35
0.30

Vt/W

0.25
0.20
0.15
0.10

0.05
0.00
0

0.02

0.04

0.06

Δ/H
Fig. 5 Capacity curves in the y direction of the building models with different foundation
and subgrade modulus

Fig. 6 Capacity curves in the x direction for different foundation dimensions whit same
subgrade modulus of 45000 kN/m3
Since there are many curves in Figures 4 and 5, it becomes difficult to understand the
differences between the models. In order to see the effect of foundation dimension more
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clearly for raft and continuous foundation types, the capacity curves are shown in Fig. 6 for
different foundation dimensions and types by keeping the soil stiffness constant. The trend
is similar for other soil stiffness cases which is also examined by numerical figures in the
below discussions.
The stiffness of the buildings seems to be affected by the foundation dimensions since the
slope of the curves are lower as the foundation dimensions gets smaller. The lateral
strength is observed to be less affected with close max values except the STK/YK45000
model. This model is the continuous spread footing model designed beneath the TBSC2018 limits which emphasizes the importance of the complying code requirements.
The natural vibration periods of the structures obtained for the first mode and their ratios
to the reference model are given in Table 3 for the x and y directions. The fixed-support
reference model has lower period values in both directions than the models with finite
foundation stiffness. The greatest variation is observed in the continuous foundation
model designed under the code limits with a bearing coefficient of 11200 kN/m3 reaching
to 44% of increase in the period. As also seen in the results of capacity curves, the stiffness
of the models are observed to be significantly affected by the foundation dimensions and
the soil bearing coefficient.
The horizontal strength ratios corresponding to the base shear strength determined as a
result of the analyzes and their variation according to the reference model in the x and y
directions are given in Table 4. For better understanding, lateral strength values are given
in proportion to the seismic weight (G+nQ) of the reference model. The table validates the
graphical observations of the capacity curves as the lateral strength being less affected. As
long as the code requirements are met for foundations, the drop in lateral strength capacity
is limited around 4%. If the foundation dimensions are lower than code requirements, this
figure may reach to 9% even if the soil conditions are favorable. The closer values for the
same foundation dimensions with different soil stiffness, suggest that the lateral strength
is more of an issue of foundation stiffness than that of the soil.
As a result of the pushover analysis, the plastic hinge state and distributions in the step
where the strength decreases to 80% are examined for the x direction and Fig. 7 and Fig. 8
are obtained. The letters A-E in Fig. 7 show the coordinates of the typical joint behavior
[21]. In Fig. 8, IO: Immediate Occupancy, LS: Life Safety, CP: Collapse Prevention damage
limit. The vertical axis in models shows the number of plastic hinges.
Table 3. Dominant vibration period values and their ratios to the reference model
Model identifier
Reference Model
R30/YK11200
R30/YK25000
R30/YK45000
R30/YK80000
R40/YK11200
R40/YK25000
R40/YK45000
R40/YK80000
R60/YK11200
R60/YK25000
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Natural vibration periods

Ratio with respect to reference

Tx (s)

Ty (s)

X direction

Y direction

0.340
0.435
0.419
0.411
0.405
0.412
0.396
0.388
0.382
0.391
0.374

0.333
0.420
0.407
0.401
0.396
0.399
0.386
0.380
0.376
0.379
0.366

1.000
1.279
1.232
1.209
1.191
1.212
1.165
1.141
1.124
1.150
1.100

1.000
1.261
1.222
1.204
1.189
1.198
1.159
1.141
1.129
1.138
1.099
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Natural vibration periods

Model identifier

Tx (s)
0.366
0.361
0.490
0.465
0.451
0.441
0.447
0.429
0.420
0.414
0.431
0.416
0.409
0.404

R60/YK45000
R60/YK80000
STK/YK11200
STK/YK25000
STK/YK45000
STK/YK80000
STR/YK11200
STR/YK25000
STR/YK45000
STR/YK80000
STC/YK11200
STC/YK25000
STC/YK45000
STC/YK80000

Ty (s)
0.360
0.356
0.462
0.434
0.422
0.415
0.420
0.405
0.399
0.395
0.407
0.396
0.391
0.388

Ratio with respect to reference
X direction
1.076
1.062
1.441
1.368
1.326
1.297
1.315
1.262
1.235
1.218
1.268
1.224
1.203
1.188

Y direction
1.081
1.069
1.387
1.303
1.267
1.246
1.261
1.216
1.198
1.186
1.222
1.189
1.174
1.165

Table 4. Base shear strength/seismic weight of the models and their ratios to the
reference model for x and y directions
Model identifier

Base shear force
(kN)

Base shear force/
Seismic Weight

Ratio with respect
to reference

X

Y

X

Y

X

Y

Reference Model
R30/YK11200

4935
4858

4911
4689

0.337
0.332

0.336
0.320

1.000

1.000

0.984

0.955

R30/YK25000

4875

4741

0.333

0.324

0.988

0.965

R30/YK45000

4867

4727

0.333

0.323

0.986

0.963

R30/YK80000

4862

4724

0.332

0.323

0.985

0.962

R40/YK11200

4864

4735

0.332

0.324

0.986

0.964

R40/YK25000

4882

4738

0.334

0.324

0.989

0.965

R40/YK45000

4880

4739

0.333

0.324

0.989

0.965

R40/YK80000

4876

4737

0.333

0.324

0.988

0.965

R60/YK11200

4885

4731

0.334

0.323

0.990

0.963

R60/YK25000

4885

4742

0.334

0.324

0.990

0.966

R60/YK45000

4889

4748

0.334

0.324

0.991

0.967

R60/YK80000

4889

4744

0.334

0.324

0.991

0.966

STK/YK11200

4704

4444

0.321

0.304

0.953

0.905

STK/YK25000

4724

4463

0.323

0.305

0.957

0.909

STK/YK45000

4715

4467

0.322

0.305

0.955

0.910

STK/YK80000

4724

4468

0.323

0.305

0.957

0.910

STR/YK11200

4835

4685

0.330

0.320

0.980

0.954

STR/YK25000

4848

4680

0.331

0.320

0.982

0.953
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Base shear force
(kN)

Base shear force/
Seismic Weight

X
4836

Y
4692

X
0.330

Y
0.321

X

Y

STR/YK45000

0.980

0.956

STR/YK80000

4847

4698

0.331

0.321

0.982

0.957

STC/YK11200

4839

4706

0.331

0.322

0.981

0.958

STC/YK25000

4849

4690

0.331

0.320

0.982

0.955

STC/YK45000

4850

4710

0.331

0.322

0.983

0.959

STC/YK80000

4850

4712

0.331

0.322

0.983

0.960

Model identifier

Ratio with respect
to reference

Fig. 7 Distribution of the plastic hinge status of the building models

Fig. 8 Distribution of the plastic hinge damage states of the building models
The status of the plastic hinges given in Fig. 7 is not observed to be highly affected by the
difference in the foundation and soil stiffness. Even if there are differences it is between CD and >E levels both of which indicated the collapsed hinges. The difference is much limited
when A-C and >C (non-collapsed and collapsed) states are considered. The A-B values in
Fig. 7 is related to the yielding of the structural members. This figure is also less affected if
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the foundation is code complying. However, if the foundation is not fulfilling code
requirements, differences up to 10% is possible. This is more detailed in the below
discussion regarding the shear force distribution among the columns. For the damage state
data shown in Fig. 8, there seems to be some differences. The number of damaged plastic
hinges beyond LS level is 1.7% and 2.6% lower for models with foundation than the fixed
base reference model. However, this level of difference is hard to be mentioned as
significant. The damage distribution seems to be hardly affected by the foundation and soil
stiffness in terms of the cases considered in the study.

Fig. 9 Ratio of roof displacement demands for x direction of building models

Fig. 10 Ratio of roof displacement demands for y direction of building models
The building displacement demand values with significant changes according to the fixed
base case are given in Fig. 9 and 10. Displacement demands are given as roof displacement
demand values calculated by considering the TBSC-2018 Earthquake Code. High variations
in rates are noticeable. Displacement demand amplifications around 40% seems to be
possible per fixed base case. Figures shows that both the foundation and soil stiffness is
affective on the displacement demand increase per the fixed base assumption.
Besides affecting the overall stiffness of the building, the foundation stiffness also affects
the distribution of the total shear among columns. The columns with large dimensions are
more affected by the loss of the fixed base assumption when compared to smaller columns
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as finite foundation dimensions are weaker to prevent the rotation at the bigger
columns/shear walls [4]. This leads to the greater loss of stiffness in larger columns than
the smaller columns which result in the shear force increase in smaller columns than the
expected by analyses with fixed base assumption.
Table 5. Shear force of a 400x400 mm column for x direction at 0.01 m roof displacement
for different foundation cases and its ratio to the fixed base case
Model identifier

Shear force (kN)

Ratio

Reference Model
R30/YK45000
R40/YK4500
R60/YK4500
STK/YK4500
STR/YK4500
STC/YK4500

74.0
85.0
84.3
79.9
86.3
91.2
91.5

1.00
1.15
1.14
1.08
1.17
1.23
1.24

The displacement-shear force values of a 400x400 mm column are investigated for
different foundation conditions to investigate the stiffness change of the columns per fixed
base case. Shear force values corresponding to 0.01 m roof displacement (as an average
value before yielding) of models with a bearing coefficient of 45000 kN/m3 are listed in
Table 5. There is a similar trend for the other bed coefficient values. Table 5 shows an
increase between 8% to 24% in the shear force of the column. The numerical figures are
hardly deemed as negligible. This is also related to change in the yielding states of the
plastic hinge status date given in Fig. 7.
The question of a “How stiff foundation is required on a soil with certain stiffness value?”
is a matter of concern for both designers and researchers on the subject. In order to
examine this phenomenon, a study is conducted to relate the displacement demand
increase per the fixed base case due to finite foundation and soil stiffness. An equation,
which is given as Eq. 4, is established to determine the displacement amplification of
models depending the foundation and soil stiffness. The DAF in Eq. 4 is the “Displacement
Amplification Factor” meaning the ratio of the displacement demand of the model (per
TSBC-2018) to that of the fixed base version. IF is the moment of inertia of the foundation
member representing the foundation stiffness in m4 and BCSoil is the bearing coefficient of
soil in kN/m3 representing the soil stiffness. The stiffness of continuous foundation is the
moment of inertia of the cross section of the RC element. The equivalent stiffness value for
raft foundation is taken as d 4/4, where d is the height of the raft RC member. In the
establishment of the Eq. 4, total of 100 values, 50 data from this study and another 50 from
the study by Yaşar et al. [13], are used.
𝐷𝐴𝐹 =

(I𝐹 − X2

)X3

X1
+ X6
∗ (𝐵𝐶𝑆𝑜𝑖𝑙 − X4 )X5

(𝑘𝑁, 𝑚)

(4)

Table 6 shows the constant Xi values found by optimization study for best fitting to the
determined model displacement amplification values. The relation between the values
obtained by non-linear analyses and estimated by Eq. 4 is illustrated in Fig. 11. The
correlation coefficient is found to be 0.8056 for this estimation.
By using Eq. 4, a designer or researcher may find the displacement increase per their fixed
base model for their case and may decide the foundation dimensions in a more rational
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way. If the allowable displacement increase per fixed base case and soil stiffness is known,
the required foundation stiffness may be decided by Eq. 4 and structural members of the
foundation is dimensioned based on that value.
Table 6. Constants in the displacement amplification factor estimation in Eq. 4
X1
1.64

X2
0.0008

X3
0.017

X4
5500

X5
0.037

X6
0.004

Fig. 11 Displacement amplification factors of the models and estimated values by Eq. 4
If the moment of inertia of the foundation member reaches a value close to X 2, the
displacement amplification goes to infinity. This implies a square beam section of 313 mm
for continuous spread footing, and a depth of 238 mm raft foundation section with an
effective width of 3h. These values appear to be limiting dimensions for a foundation
according to Eq. 4. Additionally, a soil with a bearing coefficient of 5500 kN/m3 is required
as a limiting value for a shallow foundation as considered in the study. These values may
be seen as low. However, it should be noted that these indicates extremes with a very high
displacement amplification. In that sense, values may be considered as reasonable.

Fig. 12 Minimum raft and continuous foundation heights depending on the stiffness of
the ground in cases of 10%, 15% and 20% displacement increase
In order to illustrate the values indicated by Eq. 4 Table 7 and Fig. 12 is given. Table 7 lists
minimum raft and continuous foundation heights depending on the stiffness of the ground
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in cases of 10%, 15% and 20% displacement increase compared to the fixed base
foundation. Fig. 12 demonstrate the same values for visualization. As seen, the foundation
structural member height is very high for soft soils and asymptotically decreases as the
soil gets stiffer which seems in accordance with expected behavior. Although some values
obtained by equation seems to be impractical for construction, it may be beneficial to have
an overall idea about the displacement amplification of the building and visualizing the soil
stiffness on the behavior. The given equation may be used to determine a feasible point
between allowable displacement demand increase and construction cost.
Table 7. Minimum raft and continuous foundation heights depending on the stiffness of
the ground in cases of 10%, 15% and 20% displacement increase compared to the fixed
base foundation
Subgrade
Modulus
(kN/m3)
11200
15000
20000
25000
30000
35000
40000
45000
50000
55000
60000
65000
70000
75000
80000

10% Increase
Raft h
CSF h
(m)
(m)
4.80
6.31
3.63
4.78
2.89
3.80
2.46
3.23
2.17
2.86
1.96
2.58
1.80
2.37
1.67
2.20
1.57
2.06
1.48
1.95
1.40
1.85
1.34
1.76
1.28
1.69
1.23
1.62
1.18
1.56

15% Increase
Raft h
CSF h
(m)
(m)
2.49
3.28
1.88
2.48
1.50
1.97
1.27
1.68
1.13
1.48
1.02
1.34
0.94
1.23
0.87
1.14
0.82
1.07
0.77
1.01
0.73
0.96
0.70
0.92
0.67
0.88
0.64
0.84
0.62
0.81

20% Increase
Raft h
CSF h
(m)
(m)
1.33
1.75
1.01
1.32
0.80
1.05
0.68
0.90
0.60
0.80
0.55
0.72
0.50
0.66
0.47
0.62
0.44
0.58
0.42
0.55
0.40
0.53
0.39
0.51
0.37
0.49
0.36
0.47
0.35
0.46

8. Summary & Conclusions
For a more realistic approach, the effect of soil-structure interaction on the behavior of
reinforced concrete buildings should not be neglected. In the study, nonlinear static
pushover analysis is applied using the SAP2000 analysis program to the 4-storey
reinforced concrete frame system building with different foundation types (raft and
continuous foundation). 25 models with soils having different bearing coefficients and
foundations of different types and sizes are considered in the scope of the study. The
foundation type and foundation sections were changed by keeping the reinforced concrete
frame system constant. The bearing coefficients used in the models are 11.200, 25.000,
45.000, 80.000 kN/m3. The findings obtained as a result of the study are summarized
below:
•
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The stiffnesses of the models are observed to be significantly affected by the
foundation dimensions and the soil bearing coefficient. The dominant natural
vibration periods of the buildings are higher in the soil-structure interactive
models than in the reference fixed base model. Period increase up to 44% is
observed depending on the foundation and soil stiffness. Values around 20%
increase may easily be observed for code complying foundations and average soil
conditions.
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•

•
•

•
•

•

The lateral strength of buildings seems to be less affected by foundation and soil
conditions. As long as the code requirements are met for foundations, the drop in
lateral strength capacity is limited around 4%. If the foundation dimensions are
lower than code requirements, this figure may reach to 9% even if the soil
conditions are favorable.
The closer values of lateral building strength for the same foundation dimensions
with different soil stiffness, suggest that the lateral strength is more of an issue of
foundation stiffness than that of the soil.
The damage distribution of the plastic hinges seems to be hardly affected by the
foundation and soil stiffness with figures less than 3% in terms of the cases
considered in the study. However, if the foundation is not fulfilling code
requirements, differences up to 10% is possible for yielding distribution of the
structural members.
The building displacement demand values with significant changes according to
the fixed base case are observed. Amplifications around 40% seems to be possible
per fixed base case.
Besides affecting the overall stiffness of the building, the foundation stiffness also
affects the distribution of the total shear among columns. The shear force in
smaller columns becomes more than anticipated by a fixed base model. Obtained
values shows an increase between 8% to 24% in the shear force of the selected
column which are hardly negligible.
An equation is established trying to answer how stiff the foundation should be for
a given soil condition. If the allowable displacement increase per fixed base case
and soil stiffness is known, the required foundation stiffness may be decided by
given equation and structural members of the foundation is dimensioned.
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Abstract
Construction of good roads for the citizens is one of the major duties of the
government of a nation. In some nations of the world today, especially some
developing nations, many of the federal roads constructed were not performing
up to their designed expectations, thus, causing formation of potholes, road
surfaces cracking, swaying of road surfaces, road accidents and bad roaddrainage structure. The poor drainage system contributed highly to these road
defects. Hence, this article provides the standard design and setting out
measures for drainage’s construction, and for the reduction in its construction
cost. In the experiment, the theodolite device was set at an intersectional point
(I.P) from chain-ages 8 + 250 to 8 + 417 of Ogbomoso – Oko -Osogbo road. At
each I.P, poles were bisected within I.P to I.P1 and I.P to I.P2.The excavated
trenches were marked out with pegs for drainage construction. At the bisection
of pole 6 and pole B, the excavated depths of the marked areas were increased
by 42.3% and 31.4% than the areas with the mean excavation depths compared
with other points. Thus, the costs of drainage construction at those points were
increased by $2,175.58 and $1,277.32 respectively. This resulted into inflation
in the costs of drainage construction at those areas. This construction cost
increment was controlled by effective taken off, accurate quantification of
project works and standard project’s cost estimation. It was concluded that
accurate design calculations, good drainage’s setting out and project’s cost
estimation will prevent the construction engineers from run into lost or have
excessive spending during the construction of drainage system.
© 2022 MIM Research Group. All rights reserved.

1. Introduction
The duty of a federal government in a nation is to provide her citizens with the best
infrastructures, especially, good roads. Many of the roads constructed by the federal
government of some developing nations were not performing up to their designed
expectations. Thus, causing excessive spends on roads’ maintenance. Most of the road
faults developed was associated to the poor design and construction of the road drainage
structures by incompetent engineers. Most of these quack engineers were not sound in
the knowledge of structural design. Some of them were using ideals to design without
deeply evaluate the structural perspective of the design and its loading implication. To
design structures perfectly, the structural design engineers should have the sound
knowledge of British Standard (B.S) code of structural design (like BS 8110: Part1-1997
[1]) and its usage. Also, a drainage design engineer must have the sound knowledge of
road design specifications (such as Roads and Bridges specifications 1994 [2]). However,
several roads failures developed these days were emanating from poor design
(calculations) and construction of road structures, thus, causing a lot of harms to the
society and increase the cost of roads maintenance. In the road system, the road drainage
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structure is performing the best roles of maintaining the road stability. According to civil
engineering home [3], drainage is defined as the channel of removing water and
intercepts from, under and over a specific area of high flow of water.
The problem of covering the road surface with water is the basic roots of ruts and
potholes formation in highway system, resulting in long weakening of the road surface.
Having experienced road surface’s weakening, the load dispersion and bearing capacities
of its sub-grade soil will be reducing and become weak. With this developed weakness in
the soil, the road sub-grade will be deviated from supporting the road pavement during
the road traffic loads (Mugdha [4]). The drainage system is used in highway to evacuate
the excess water from the road sub-grade and surface. One of the commonly used road
drainage systems is concrete line drain. Concrete line-drain is defined as a straight
concrete channel from a conditioning area of water, through which the wash-water and
recycle wastes were drained [5]. There are many drainage systems that were commonly
used in our societies. For instant, sub-surface, surface, downspout / gutters and slope
drainage systems were commonly used in the residential and highway for easy runoff of
waste water. The sub-surface drains were normally placed below the soil‘s top layer to
evacuate the runoff water. The surface drainage is usually made inform of ditch for easily
evacuation of water. A slope drainage system is commonly constructed for easy flow of
water downwardly from a structure through pipe in a suitable slope. The downspout
drainage is a drainage system used to collect water from gutters and divert it to the
ground [6-7]. It was recorded that, the surface drainage, cross drainage and sub-surface
drainage systems were the most suitable drainage systems for the perfect evacuation of
water from the highway surface for its durability (Mugdha [4]). As it was known, a
professional engineer must be sound in the knowledge of accurate drainage setting out,
marking out of straight channels for line-drain construction and determination of
accurate locations for offsetting of points to achieve perfect design of concrete drain.
Also, the site engineers must have the skill of accurate drainage setting out, standard
knowledge of construction, and skill to minimize the cost of construction to achieve
better construction of drainage structure.
The design of concrete line drain requires rigorous calculations so as to perfectly
determine the loading capacity of the drainage against the forceful water runoff. The
quantity surveyors, structural engineers and contractors have to apply the knowledge of
Mathematics to determine the weight of the loads from runoff water that a concrete line
drain will bear in order to have quality construction of its structure. Mostly, the volumes
of the drainage system constructed were determined using the product of its dimensions
(Length, breadth and thickness), its quantity unit and cost of each. From the calculations,
the costs of drainage construction were determined. In this study, the design of concrete
line drain covers: calculating the deflection angle of bisecting points at each location of
concrete drain construction from chain-age 8 + 250 to 8 + 417 of 75km road that link
Ogbomoso to Oko and Osogbo. It is also covered the determination of drainage’s
offsetting point, calculating the radius of the road, and determination of cumulative and
additional deflection angle for smooth alignment and better offsetting of points.
Retaining of water on the road surface is one of the great flaws caused on the road
structural system. The construction of standard drainage structures will help in
controlling this defect. As investigated by scholars, poor construction of the road –
drainage structures have caused a lot of destruction and deprivation to highways
structures than when the constructional part of the road holds loose water. The quality of
a water channel is an essential criterion that influences the performance of a constructed
road. The construction of inferior water channels on highways had caused a lot of
expensive repairs of the destructed parts without fulfilling the expected service lifetime.
The deterioration in the properties of road surface materials had also caused the
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abnormal absorption of water into the road layers. This has caused a lot of untimely
failure and development of un-necessary stresses within the road pavement [8]. As
recorded by Peter [9], the majority of road drainage system constructed using
conventional methods were uneconomical and prone to loss making. Take for instance,
the horizontal drainage system is usually constructed in an area where the depth of the
desired dewatering is greater or distance from a slope of its flow. The cost of its’ trench
excavation (blanket drain) and its placement at those points is very high. It is unrealistic
and uneconomical. Meanwhile, the method used in this study is so economical and
realistic. With accurate measurement in this study, the limit of depth of reinforced
concrete drains along with the mean depth would have been determined as early as
possible to know how the excess could be handled. The use of accurate measurement and
offsetting of points at those points of horizontal drain’s construction (through the use of
modern equipment) will go in long way in reducing the loss that occurs as a result of
excess depths measurement on site. The cost of constructing a drainage system using
surface and subsurface methods that were being applied by the previous scholars were
very high, because, most of the construction engineers were focusing on the volume of
drains to construct but not on cost implication of the construction even if the depth is
beyond expectation [10]. From the measurement, the costs of drain’s volume were being
reduced using the method of this study. One of the disadvantages of the method use in
this study is that, its implementation cannot be done without making use of bisecting and
measuring instruments.
According to Jitendra et al. [11], an easy way of measuring the drainage performance
should be developed to determine the structural – quality of the road drainage and its
impact on the rigid performance of the road pavement against the deterioration and
coarseness. This observation is very important for the prevention of expensive spending
on maintaining the road surface. These were the methods adopted by the authors to
conserve the India’s great road network.
In the investigation carried out by Magdi [12] on the analysis of highway drainage
problems in Khartoum State of Sudan. In the analysis, many roads were selected and
observed critically for more improvement. The outcome revealed that, several road
systems in Khartoum State were faulty, resulting in the destruction of some road
pavements in the state at their early stage of service. Moreover, poor drainages in
Khartoum state had developed unhygienic environment for the people of the State. As a
result of the poor drainage structures, the flood water was forced to the road surface
from the sides of the road. This led to the early destruction of highway pavements in the
State. Some of the discovered factors causing poor drainage system in Khartoum are
inaccurate highway geometrical design, inadequate drainage structures for perfect flow
of water, poor construction of drainage structures, and poor maintenance of both
drainage and road pavement. After the problems associated to the drainage system were
discovered, the provisions of adequate connections between highway and drainage
network structures were suggested. Provisions were made to preserve and maintain this
connection. With these provisions, the performing quality of the highway drainages was
improved by reconstructing the failed parts of the drainage structures and provided
proper maintenance of both drainage and pavement structures. Furthermore, it was
suggested that, there should be yearly budget allocation for the maintenance of both
highway drainages and pavements. Also, a standard software should be developed that
can perfectly be used for planning, analyses and design of highway drainage structures
for the sustainability of both drainage structures and highway pavements in the urban
cities of Khartoum State.
In the investigation conducted by Yuki et al. [13], it was stated that, the construction of
domestic drainage system requires the use of maximum water discharging capacity for
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its construction through the standard setting out of the drain. With the use of this
parameter, it will prevent the effect of water seal losses and pressure fluctuation in the
drainage system.
Dieter [14] reported that, the road water drainage systems were normally constructed to
acquire some set objectives. Besides, there should be proper consideration of some
technical standard, economizing of construction cost, life safety, and public safety to build
a standard drain structure with high level of technical integrity. To achieve quality
design, the structural design engineers have to consider some basic rules of design,
knowledge of flood and erosion control before embarking on drainage structural design.
Furthermore, Dieter [14] outlined that, many drainage structures were built with
standard materials for perfect drainage operation in Alberta some years ago. These
drainage structures were accurately designed to withstand the force of water overflow in
the drainage systems. The technical uprightness of the drainage structure was
maintained by retaining the prominence of the drainage structural design procedures.
Also, according to Guest post [15], one of the engineering tools required for the
construction of stable drainage system is land investigation. This investigation is very
important in determining the slope and topography of the land for easy drain of water.
Likewise, the average of annual rainfall of the area where the drainage is to be
constructed should be know to prevent the excessive flow beyond the capacity of the
constructed drainage system.
These scholars have done some good jobs, but, none of them was able to combine the
work of designing and construction of road drainage with their cost implications. Thus,
this study aimed at providing the standard setting out method for the road-drainage
construction. With this method, the fixing out of local points for accurate construction
will be easier. Also, it will help in constructing a standard concrete line-drain from the
road curve deflection angle. Having acquired these inputs, the cost of drainage
construction will be more economized. Likewise, there will also be a proper stability of
road pavements for easy draining of water from the road surface, especially at chain-ages
8 + 250 to 8 + 417 of Ogbomoso – Oko -Osogbo road, Nigeria. The Ogbomoso – Oko –
Osogbo road is a federal government road situated around South West of Nigeria. The
road is about 75 kilometres in length. It linked the two States of the nation (Nigeria)
together (Oyo and Osun States). Figure 1 shows the image of a trench drain and a
concrete line-drain.

(a)

(b)

Fig. 1 Trench drains (a); Concrete line-drain (b)
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2. Materials and Methods
2.1. Materials
The devices used for the accurate construction of concrete line-drain and its fixing out
from the road’s deflection curve angle are presented in the following subsections.
2.1.1 Theodolite, Levelling Instrument and Tripod Stand
A theodolite is defined as an accurate discernible device usually used for the computation
of angle in between the selected obvious horizontal and perpendicular points to provide
the angular declamation [16]. A theodolite instrument consists of a telescope that can be
rotated to all sides of horizontal and perpendicular axes. It was used on site for the
measurement of the road curve deflection angles in-between the local points of the road.
A level device is a visual instrument used to set up or confirm points in the same straight
horizontal in an operation known as leveling which is used along with survey staff to
stare the comparative heights alignments [17]. Tripod Stand is an instrument upon which
the theodolite or leveling device is mounted. It consists of three legs for stability and for
maintenance of levels during the measurement of angles and alignments. It is usually
used for the erection of the instruments like theodolite and level, for easy measurement
of deflection angles and maintenance of standard levels on site.
2.1.2 Field book, Pen and Pencil
A field book is an hard material (book) used for recording technical measurements, rough
sketches and keeping the account of all the site measurements. A pen is a writing material
used for the documentation of field records, accounts and some important information
needed for easy site work while a pencil is a material purposely used for sketching and
drawing of site images and details. All the structural drawings were initially sketched on
site using pencils and later documented adequately in the design office.
2.1.3 Cutlass, Measuring Tape, Hammer, Pegs and Ranging Poles
A cutlass is a sharp equipment used for the clearing of bushes around the area where the
specific construction will take place. It was used to clear bushes around the area where
the construction of concrete line-drain was to take place then on site. This was done in
order to have the clear measurement of the deflection angles on site. A measuring tape is
leather or clothing calibrated material usually used for the measurement of distances in
between the horizontal and perpendicular points. Hammer was used on site to hit the
pegs and poles firmly to the ground during the measurement of deflection angles and
drain’s setting out. Pegs were used for the fixing out and offsetting distances in the
excavation of construction areas of drainages and to fix out trenches for buildings
construction. Ranging poles were used for the construction and transferring of the
straight alignment from the theodolite’s intersection point with a specified deflection
angle to the point of constructing and offsetting the concrete line-drain at the close and
long distance of projections.
2.2. Methodology
2.2.1 The Previous Methods of Designing the Peak Flow of a Drainage System
Latif et al. [18] stated that, the peak of a drainage flow system can be perfectly
determined using any of the following methods, that is, soil conservation service method,
curve number method, cook’s method, and rational formulation method. The rational
formulation method is commonly use in the tropical areas or where the water runoff
requires large culverts and channels. With rational formulation method, the peak flow of
a drainage system can be calculated using qp = (CIA)/360 where C is the coefficient of
runoff which is dimensionless; I is the intensity of rainfall; A is catchment area (ha); and
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qp is drainage water peak flow. The method of this study shows more effectiveness in
discharging the flow from the drainage system than the above-named methods.
2.2.2 Construction of Concrete Line Drain (New Method)
2.2.2.1 Construction of Concrete Line Drain (New Method)
On site, when the drain was under construction, the theodolite instrument was removed
from its box and fixed on the tripod stand. The three legs of the tripod stand were tilted
for the successful support of the instrument and firmly erections of the pods. The
theodolite device was tightly fixed with the tripod stand at the right location. The
theodolite instrument together with the tripod stands was set at the centre of the road
under - construction at an intersection point (I.P). The two other local intersection points
(I.P) 1 and 2 were located from original I.P. I.P1 and I.P2 were located at extreme edges
to each other, so that, their tangent line (T.L) will meet at point I.P. As the fixed theodolite
with the tripod stands was placed at the intersection point (I.P), at that I.P, the theodolite
telescope was turned to bisect I.P1 and I.P2 after the instrument was set to angle zero
(0.0), respectively. At the time of bisecting I.P2 after the bisection of I.P1 from I.P, the
deflection angle (∆) was recorded at both of I.P1 and I.P2 on the instrument as
2203910911 each at chain-ages 8 + 250 to 8 + 417 of the road. The half of each deflection
angle (∆) was calculated to be 1101914011. Then, the external distance (E.D) from I.P to
the edge of the road’s shoulder or road itself was measured to be 7m. The radius of the
road deflection curve (R) was calculated using the Equation (1).
∆

Radius of road deflection curve (R) =

𝐸. 𝐷𝑥𝐶𝑜𝑠 ( )
2
∆

1 − 𝐶𝑜𝑠 ( )

(1)

2

The calculated radius was used to calculate for the tangent length (T.L), Chord Length
(C.L) and to determine the measurable interval for alignment location for continuous
offsetting of straight line during the drainage construction using Equations (2) to (4).
The Interval for alignment off − setting (I) =

Chord Length (C. L) =

2𝛱𝑅∆
360

∆
Tangent Length(T. L) = 𝑅𝑥𝑇𝑎𝑛 ( )
2

(Chord Length (C. L))
(Number of points at which pegs will be fixed)

(2)
(3)
(4)

Then, the angles at each specified interval were calculated to get the cumulative
additional angles until the point of acquiring the initial deflection angle (∆) using
Equation 5.
Additional Angle (A. A) =

∆𝑥𝐼𝑛𝑡𝑒𝑟𝑣𝑎𝑙
𝐶. 𝐿

(5)

The measuring tape was used to measure the interval of offsetting pegs from E.D or I.P to
points I.P1 and I.P2. The calculated interval measured was 23.73m. The pegs offsetting
was made within the points of I.P and I.P1; and point of I.P to I.P2 until I.P1 and I.P2 meet.
At the point of each offsetting, pegs were hammered down at exact 23.73m interval.
Adjacent to the pegs hammered down at 23.73m interval, the measuring tape was used to
offset another new point with the peg directly opposite to the initial peg at the interval of
1.6 m, to form the alignment of the length for the excavation of trenches for the
construction of concrete line-drain as shown in Fig.2.
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Fig. 2The fixing out of concrete line-drain from the deflection angles
2.3. Determination of Excavation Depth of Concrete Line-Drain’s Trenches for
Easy Construction
The highest central point of the road under - construction is the best local point for the
determination of the concrete line-drain’s height for its accurate construction. As
conducted on site, the calibrated survey staff was placed at the centre of the road and the
readings were taken and recorded accordingly. After the staff readings, the depths of the
filling and levelling required to fill the bases of the excavated trenches for the
construction of concrete line drain were determined and added to the staff readings.
Then, the depths of the excavated trenches of the concrete line drain together with that of
filling and levelling calculated were transferred to the excavated areas of the drain to
determine the exact depths of the excavated areas. In a case where the depths were not
reached, the iron pegs were hammered to the ground until the depths were ascertained
to know the level at which the excavation of the trenches would reach. This was done by
measured the half of the breadth of an excavated trench, that is 0.8m, placing an iron peg
at the point, and hammered it down. Then, the calibrated staff was placed at the top of
the peg and a reading was taking. The iron peg was adjusted until when the value of the
staff reading at central point of the road was successfully determined to be the exact
value transferred from the excavated area. After the accurate excavation of trenches, the
bases of the excavated trenches were levelled with lateritic soil material to the depth of
0.15m. Then, the lateritic soil was well compacted and its top was reinforced with
concrete. The concrete aggregates mix ratio used was 1:3:6 which signified 1 head pan of
cement, 3 head pans of sand and 6 head pans of granite. Then, some U-shape steel bars
were placed on top of the cast base of the excavated trenches. Then, the steel bars were
cast together with the base concrete using the concrete mix proportion of 1:2:4.
Immediately after the base reinforcement, the casting of concrete wall of the drain was
followed using the same 1:2:4 mix ratio. The qualities of the concrete cast were
determined using slump and cube testing instruments.
2.4. The Output of Deflection Analysis in Summary
The outputs of the above analysis were shown in Tables 1 and 2. The deflection angle
used was 2203912011 for each of the I.P to I.P1 and I.P to I.P2. The external distance
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(E.D) used was 7m, and the height of the filling and levelling of the excavated trench used
was 400 mm. The Table1 presents the summary of the allocation of deflection angle
(2203912011) at I.P to I.P1 while the Table2 presents the summary of the allocation of
deflection angle (2203912011) at I.P to I.P2.
Table 1. The allocation of 2203912011 at intersecting point 1 (I.P1) from I.P.

Poles
No.

Deflection
angle (∆) in
degree

Additional
angle in
degree

Cumulative of
deflection angles
(degree)

Bisecting
interval (m)

Staff reading
at the centre
of the roads
(m)

0
1
2
3
4
5
6

2203912011
2203912011
2203912011
2203912011
2203912011
2203912011
2203912011

000010011
304613511
304613511
304613511
304613511
304613511
304613511

000010011
304613511
703311011
1101914511
1500612011
1805215511
2203913011

23.73
23.73
23.73
23.73
23.73
23.73
23.73

0.000
1.226
1.217
1.625
1.942
1.543
2.671

Table 1. (Con.) The allocation of 2203912011 at intersecting point 1 (I.P1) from I.P.
Poles
No.

Depth to excavate
(m)

Mean of excavation depths
(m)

0
1
2
3
4
5
6

0.000
1.626
1.617
2.025
2.342
1.943
3.071

1.803
1.803
1.803
1.803
1.803
1.803
1.803

Table 2. The allocation of 2203912011 at intersecting point 2 (I.P2) from I.P.

Poles
No.

Deflection
angle (∆) in
degree

Additional
angle in
degree

Cumulative of
deflection angles
(degree)

Bisecting
interval (m)

Staff reading
at the centre
of the roads
(m)

0
A
B
C
D
E
F

2203912011
2203912011
2203912011
2203912011
2203912011
2203912011
2203912011

000010011
304613511
304613511
304613511
304613511
304613511
304613511

000010011
304613511
703311011
1101914511
1500612011
1805215511
2203913011

23.73
23.73
23.73
23.73
23.73
23.73
23.73

0.000
2.008
2.222
1.419
1.427
1.331
1.792
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Table 2. (Con.) The allocation of 2203912011 at intersecting point 2 (I.P2) from I.P.
Poles
No.

Depth to excavate
(m)

Mean of excavation depths
(m)

0
A
B
C
D
E
F

0.000
2.408
2.622
1.819
1.827
1.731
2.192

1.800
1.800
1.800
1.800
1.800
1.800
1.800

3. Results and Discussions
3.1. Line Drains Excavation Depths and the Depths Differences from I.P to I.P.1

Depth of trench to Excavate (m)

The results of the actual depths and mean depths of the excavated line-drain trenches
from I.P to I.P1 at chain-age 8 + 250 to chain-age 8 + 417 are shown in Fig. 3.

3.5
3
2.5
2

Depth to excavated (m)

1.5
Mean of the Depth of
excavation (m)

1
0.5
0
0

3

7

11

15

18

22

Cummulative of Deflection Angle (Degree)
Fig. 3 The actual and mean depth of concrete line-drain’s excavating trenches from I.P
to I.P1.
The mean depths of the excavated trenches of concrete line-drain together with the depth
values transferred from the centre of the road to the excavated areas were presented in
figure 2. Their implications on the cost of line-drain’s construction were observed also.
As shown in Fig. 3, the mean of the road’s depth transferred from the centre of the road to
the excavated area were indicated by red bars. While the depths of the trenches of
concrete line drains to be excavated were represented by blue bars. As indicated with
the bars, it was discovered that, the depths of the areas to be excavated for the
construction of the concrete line drain was deeper than the required depths. With these
excess depths, more expenses were required to achieve the perfect drain construction.
Thus, this inflates the cost of drainage construction. Considering the bisection of Poles
1and 2, the deflection angle recorded was 304613511 at each point. From the critical
observation of their excavation depths, the average (mean) depth of poles1 & 2 at the
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excavated areas were more than that of the actual depths at those locations by 9.8%. This
implied that, the trenches excavated at those two locations (Poles 1&2) need adjustment
to prevent excessive spending during the construction of the drain. Up to 9.8% of these
excavated areas should be corrected as quickly as possible. To correct the 9.8% of point’s
difference, additional excavation depth is required. This will increase the workers’ wages
by 9.8% and also increase the cost of drain construction as well. Likewise, the actual
excavation depth observed at the point of bisecting pole 3 with 7 03311011 deflection angle
is more than that of the area with the average drain’s depth by 10.3%. With this depth
difference, up to 10.3% of sand filling and concrete is required to achieve the desired
depth standard good for concrete structural stability in that location. As it has been
known that, the mean depth is the required depth of the excavation, thus, the additional
10.3% of base sand filling and concrete reinforcement will increase the cost of both
construction materials and labours’ wages respectively. Also, the excavation depths of the
highlighted areas for line-drain construction at the point of bisecting pole 4 were by 23%
more than that of areas with mean depths. At those points, more lateritic soils for base
filling and more concrete reinforcement were needed. This inflates the cost of drainage
construction (on materials and labours) at those areas by 23%. With the deflection angle
of 1805215511, the different between actual and mean depths of the line-drain excavated
areas at the point of bisecting pole 5 was so minimal. These areas require less fillings and
less additional reinforcement, just about 7.2% is needed. With the depth increment of
about 7.2%, the cost of line drain construction will also increase, but the increase will be
minimal (just 7.2%). The trenches excavated depths differences of the areas observed
were too wide at the point of bisecting pole 6 with 2203913011 deflection angle. As
recorded, the depths of the areas highlight for the drains’ trenches excavation were more
than that of the mean excavation depths of the same areas by 42.3%. This is implied that,
the volume of additional materials (base soil filling and concrete) needed for the
reinforcement at those areas is about 42.3%. The additional cost of construction at that
point of excavated areas required almost half of the total cost of construction (42.3%).
These areas need special attention to be able to eradicate the extra-expenses completely.
Considering the excavating depth results, there is inflation in the construction cost of
concrete line-drain at each area of bisecting poles and this is becoming un-encouraging.
These excessive spending were fixed during the drainage’s design stage using accurate
calculations, proper taken off and standard cost estimations. From the observation of the
above results, it was discovered that, the depth results of poles bisection at areas 2, 3 and
6 require proper and accurate cost estimations. Following the above methods, there will
be a reduction in the excessive cost of drainage construction. Also, the site engineers will
be prevented from running into unwanted loss. Application of this study’s method to
Khartoum’s drainage problems will really improve its poor performance of drainage
system as stated by Magdi [12] through the use of accurate highway geometrical design
method. Also, the application of the method will go in long way in guiding the nations in
the globe to maintain the integrity and standard of the road drainage structures. The
technical standard of the road drainage will be retained and its construction cost will be
minimized if the method of this study is applied to solve the problems stated by Dieter
[14] as stated in his study. Most of the roads in the developing countries can regain their
stability and integrity back if the method used in this study can be adopted to identify
some excess depths in their drainage constructions that lead to excessive spending on
site. With this, the problem of extra-cost of drainage construction will be totally
eradicated.
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3.2. Line Drains Excavation Depths and the Depths Differences from I.P to I.P.2

Depth of trench to Excavate
(m)

Fig. 4 shows the results of the actual and mean depths of the excavated areas for the
construction of concrete line-drain at I.P2 from I.P as transferred from the center of the
road under construction at chain-age 8 + 250 to 8 + 417

3
2.5
2

Depth to excavated (m)

1.5
1

Mean of the Depth of
excavation (m)

0.5
0
0

3

7

11 15 18 22

Cummulative of Deflection Angle (Degree)
Fig. 4The actual and mean depths of the excavated trenches of concrete line – drain
from I.P to I.P2.
The differences between the mean depths of the excavated areas for the construction of
the concrete line-drain and that of the actual depths of the excavated areas at the point of
bisecting pole A (with deflection angle of 304613511) was 25.2%. This depths increment
inflated the cost of line-drain construction at point A’s area by 25.2%. At the bisection of
pole at point B, the actual and mean depths of the area were deferred by 31.4%. At the
stage of this project cost estimation, the 31.4% depths difference was eradicated by using
accurate offsetting and costing of the drain’s excavated area. Likewise, the actual depths
observed at the point of bisecting poles C, D and E were almost equal to mean depths of
the areas for line-drain construction. The differences here are minimal compared with
that of areas of bisecting Poles A and B. No additional cost of construction was required
around C, D and E areas, and if required, it will not be more than 1.5% (as shown around
pole E). 1.5% increment is so small compared to that of areas around poles A, B and F.
Furthermore, the increment in the cost of concrete line drain construction at pole F area
was about 17.9%. This implied that, the actual depth of the area around pole F was by
17.9% more than the mean depth of the area. In other word, the cost of concrete line
drain construction at that point is influenced by 17.9%. Hence, 17.9% excess cost of
drainage construction is required for the construction of concrete line drain at point of
bisecting pole F. With the knowledge of accurate cost estimation in this study, site
engineers can construct good drainage structures without running into losses. Also, this
study will guide the design engineers to acquire the sound knowledge of line drain
design, construction and accurate use of the code of structural design (BS 8110:1997part 1). In addition, this study will really help the design and site engineers to construct
stable concrete line-drains for easy run-off of water from the surface of the road to the
drainage systems, cancelling the major problems of highway drainage structures stated
by Owuama et al [19]. The expensive spending on concrete drainages’ deteriorations
mentioned by Jitendra et al [11] in their studies can be fixed, if the method of drainage
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design, construction and cost estimation used in this study is adopted for the
construction of their drainage systems.
3.3. Methodology
3.3.1 Estimated Cost Implication 1
Table 3 shows the actual cost for the construction of concrete line drain at the excavated
areas from I.P to I.P1 while the Table 4 shows the mean cost of concrete Line drain
construction from I.P to I.P 1. The volumes of the concrete drains were calculated from
the product of the drain’s length (1.6m), its breath (staff reading value) and the thickness
(staff reading value) of the base of the line-drain. This estimated cost covered the linedrain bases’ construction only, walls are not included. From the estimation made on
construction cost, the estimated cost of concrete line drain construction at pole 6 area
(see table 3) was more than that of the area with mean excavated depth at the same
location by $ 2,175.58 (see table 4). The cost difference is about 65.5% of the actual cost.
The 65.5% excess in the cost of drainage construction can cause the structural engineers,
contractors and site engineers to run into high unexpected debts during construction
stage. The method of estimation and costing of this study will help the site engineers to
fix out any excessive costs at the initial stage of their projection cost estimation.
Table 3. The actual cost of concrete line-drain’s construction from I.P to I.P1 in US Dollars

Pole
No.

Cumulative
of
deflection
angles
(degree)

Depth to
excavate
(Thickness)
(m)

Length
(m)

Breadth
(m)

Volume of
concrete for
the actual
excavated
areas (m3)

0
1
2
3
4
5
6

000010011
304613511
703311011
1101914511
1500612011
1805215511
2203913011

0.000
1.626
1.617
2.025
2.342
1.943
3.071

1.600
1.600
1.600
1.600
1.600
1.600
1.600

0.000
1.626
1.617
2.025
2.342
1.943
3.071

0.000
4.230
4.184
6.561
8.776
6.040
15.090

Table 3. (Cont.) The allocation of 2203912011 at intersecting point 1 (I.P1) from I.P.
Poles
No.

Cost per unit volume of
concrete (m3) in USD ($)

0
1
2
3
4
5
6

220.00
220.00
220.00
220.00
220.00
220.00
220.00

Actual cost of concrete
construction at the drain
excavated areas ($)
0.00
936.60
920.48
1,443.42
1,930.72
1,328.80
3,319.80

$ 9,879.82
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Table 4. The mean cost of concrete line-drain’s construction from I.P to I.P1 in US Dollars

Pole
No.

Cumulative
of
deflection
angles
(degree)

Depth to
excavate
(Thickness)
(m)

Length
(m)

Breadth
(m)

Volume of
concrete for
the actual
excavated
areas (m3)

0
1
2
3
4
5
6

000010011
304613511
703311011
1101914511
1500612011
1805215511
2203913011

0.000
1.803
1.803
1.803
1.803
1.803
1.803

1.600
1.600
1.600
1.600
1.600
1.600
1.600

1.803
1.803
1.803
1.803
1.803
1.803
1.803

0.000
5.201
5.201
5.201
5.201
5.201
5.201

Table 4. (Cont.) The mean cost of concrete line-drain’s construction from I.P to I.P1 in US
Dollars
Poles
No.

Cost per unit volume of
concrete (m3) in USD ($)

0
1
2
3
4
5
6

220.00
220.00
220.00
220.00
220.00
220.00
220.00

Actual cost of concrete
construction at the drain
excavated areas ($)
0.00
1,144.22
1,144.22
1,144.22
1,144.22
1,144.22
1,144.22
$ 6,865.32

3.3.2 Estimated Cost Implication 2
Table 5 shows the actual cost of constructing concrete line drain at the excavated areas
from I.P to I.P2 while the Table 6 shows the mean of cost of concrete line-drain’s
construction from I.P to I.P 2. From the estimation made, the cost of concrete
construction at pole B (see table 5) is more than that of the mean one at the same location
by $ 1,277.32 (see Table 6) which is about 52.8%. This implied that, the cost of line-drain
construction was increased by 52.8%. Almost half of the construction cost at the
bisection of pole at point B will be added as excessive cost of drainage construction
compared to that of other points.
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Table 5. The actual cost of concrete line-drain construction in Dollars from I.P to I.P2

Pole
No.

Cumulative
of
deflection
angles
(degree)

Depth to
excavate
(Thickness)
(m)

Length
(m)

Breadth
(m)

Volume of
concrete for
the actual
excavated
areas (m3)

0
A
B
C
D
E
F

000010011
304613511
703311011
1101914511
1500612011
1805215511
2203913011

0.000
2.408
2.622
1.819
1.829
1.731
2.192

1.600
1.600
1.600
1.600
1.600
1.600
1.600

0.000
2.408
2.622
1.819
1.829
1.731
2.192

0.000
9.278
10.999
5.294
5.352
4.794
7.687

Table 5. (Cont.) The actual cost of concrete line-drain construction in Dollars from I.P to
I.P2
Poles
No.

Cost per unit volume of
concrete (m3) in USD ($)

0
A
B
C
D
E
F

220.00
220.00
220.00
220.00
220.00
220.00
220.00

Actual cost of concrete
construction at the drain
excavated areas ($)
0.00
2,041.16
2,417.80
1,164.68
1,177.44
1,054.68
1,691.14
$ 9, 546.90

Table 6. The Mean cost of concrete line-drain construction in Dollars from I.P to I.P2

Pole
No.

Cumulative
of
deflection
angles
(degree)

Depth to
excavate
(Thickness)
(m)

Length
(m)

Breadth
(m)

Volume of
concrete for
the actual
excavated
areas (m3)

0
A
B
C
D
E
F

000010011
304613511
703311011
1101914511
1500612011
1805215511
2203913011

0.000
1.800
1.800
1.800
1.800
1.800
1.800

1.600
1.600
1.600
1.600
1.600
1.600
1.600

1.800
1.800
1.800
1.800
1.800
1.800
1.800

0.000
5.184
5.184
5.184
5.184
5.184
5.184
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Table 6. (Cont.) The mean cost of concrete line-drain construction in Dollars from I.P to
I.P2
Poles
No.

Cost per unit volume of
concrete (m3) in USD ($)

0
A
B
C
D
E
F

220.00
220.00
220.00
220.00
220.00
220.00
220.00

Actual cost of concrete
construction at the drain
excavated areas ($)
0.00
1,140.48
1,140.48
1,140.48
1,140.48
1,140.48
1,140.48
$ 6,842.88

4. Contribution to Knowledge
The novelty of this studies on drainage construction is that the mean cost of drainage
construction can be determined from the volume of its dimensions. This will eventually
reduce the cost of drainages’ construction together with its cost differences as shown in
Tables 3 to 6. The estimated cost of subsurface drainage construction carried out by
Wada et al. [20] was done without showing volume by volume –cost estimations. Their
calculations were just on rough estimations made through some assumptions as shown
in Table 7. The actual limits that a drainage system under construction could reach were
not determined or specified in Wada et al. [20] method used for drainage design and
construction. This could lead to the excessive use of materials during the construction of
drainage system, thus, increase its construction’s cost.
Table 7. Preparation and feasibility cost analysis (Wada et al. [20])
S/N

Unit

1

Person
days

Item

Unit cost
Nigerian
Naira (#)

Quantity

Unit cost
Nigerian
Naira (#)

Feasibility Study:

2
3

ha
km

4

ha
No. of
sample

5

Time Input
Subtotal feasibility
study
Field Investigation:
Topographic Survey
Area Topography
Alignments
Pre-drainage soil
survey:
Area soil survey
Laboratory analysis

8,000.00

5

40,000.00

100,000.00
50,000.00

1
1

100,000.00
50,000.00

20,000.00

1

20,000.00

5,000.00

5

25,000.00
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Table 7 (Cont.). Preparation and feasibility cost analysis (Wada et al. [20])
S/N

Unit

Item

Unit cost
Nigerian
Naira (#)

Quantity

Unit cost
Nigerian
Naira (#)

Feasibility Study:
Subtotal survey

6

ha

7

unit

Design:
Design of subsurface
network
Design of associated
network
Subtotal design
Total preconstruction cost

195,000.00

200,000.00

1

200,000.00

50,000.00

4

200,000.00
400,000.00
635,000.00

With cost estimation method shown in Table 7, there could be excessive use of material
which could inflate the cost of drainage construction. The actual dimensions of the
drainage construction areas were not shown to proof how efficient is the drainage
construction cost estimated. In these studies, the actual dimensions of the drainage to be
constructed is shown, and the excess material and its cost implication can be quickly
identify and corrected to avoid running into debts by constructing engineers and the
contractors. One of the dangerous causes of the deteriorations in drainage concrete
systems as stated by Jitendra et al [11] might have occurred as a result of poor concrete
drainage’s structural design, poor offsetting of points and inefficient drainage setting out.
The accurate method of offsetting, designing and setting out of concrete line drain used in
this study will go in long way in preventing the frequent maintenance of drainage system
that might have been emanated from constant deteriorations of concrete drainage
system.
5. Conclusions
As discussed in this study, highway drainage structure is one of the most sustainable
parts of the road network systems. This study has provided the accurate method of
designing and constructing concrete-line drain from the angle of road deflection curve.
Also, it has provided the best method of economizing the cost of drainage construction.
With the critical observation of the study on concrete line-drain’s construction, the
accurate setting out of concrete line-drain will be of help in determining the actual cost of
its structural construction without running into loss or debts. Also, proper offsetting and
setting out of concrete line drain will prevent overspending on the cost of drainage
construction. The accurate pegs offsetting and distance measurements is a perfect step of
constructing straight line-drains for smooth hydraulic flow in highway system. The
application of this method of drainage construction will contribute to the construction of
stable drainages and highway pavements in the global drainage system. Also, it is
concluded that, a well designed and constructed line-drain will gain more strength to
withstand the effect of flood in highway systems. It will provide a smooth channel for
easy transportation of runoff water from the road surface. With the above results, it was
recommended that, the accurate drainage’s points offsetting, the setting out and
construction method used in this study should be adopted by site engineers and
contractors for the design and construction of drainage structures to prevent them from
running into losses.
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Supplementary materials (SM) for cement replacement became more feasible in
the previous decade due to their pozzolanic strength and durability properties.
The strength variation according to the age of the binding material is a critical
subject for SM concrete. The time of water curing is critical in order to maintain
the pozzolanic reaction in SM concrete, which assists in the development of
strength in cementitious properties. In this study, the laboratory results of
concrete specimens were assessed for various mix designs, and the obtained
corresponding strengths were also predicted with ANN techniques. The
difference between experimental and ANN predicted values was marginally low.
Thus, the ANN model applicability emphasized the productive use in predicting
the strength of supplementary materials like fly ash or any similar pozzolanic
mineral admixture. This research proposes an ANN-based technique for
predicting the strength of fly ash added SM concrete. Typical experimental data
is used to build, train, and test the artificial neural network (ANN) model. With
ANN and input parameters, a total of 324 distinct data points for SM concrete
were utilized to estimate SM concrete strength. Various combinations of layers,
number of neurons, and learning rate were examined during the training phase.
When the root mean square error (RMSE) reached or remained below 0.001, the
training was stopped, and the findings were verified using a test data set. With
respect to the relative error provided for trained model data, the results
achieved were typically below 10% for compressive strength and below 5% for
split tensile strength. The ANN models predict concrete strength with excellent
accuracy, and the findings show that utilizing ANNs to predict concrete strength
is both practicable and advantageous.
© 2022 MIM Research Group. All rights reserved.

1. Introduction
Cement, water, and coarse and fine particles make up traditional concrete. To improve the
quality of fresh or hardened concrete, further components such as chemical or mineral
admixtures can be added to the basic constituents. The process of selecting acceptable
concrete materials and their relative amounts in order to produce good concrete with the
required strength, workability, and durability at the lowest feasible cost has very
challenging. Over the last four decades, researchers have been working on developing
techniques to determine the optimal strength prediction tool, which can reduce the
laboratory effort of specimen testing. The quality of concrete specimens depends on the
cementitious combinations. [1] Every project needs a laboratory strength analysis to judge
the quality obtained by SM concrete [2]. Concrete strength prediction has long been a
prominent issue in the field of concrete technology. Strength is an important parameter in
the service life of concrete among repairing and heterogeneous construction works [3].
When the alternative material is used as a supplementary material for traditional Portland
cement, then conscious efforts have been required in strength analysis. The needs of the
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world and the demand for sustainability mean the SM plays a crucial role in the
environment [4]. The work, like retrofitting, repairs, and massive construction, SM is a
strong and promising source. SM offers positive effects on the rheological and mechanical
properties of concrete [5]. As the SM is the alternative provision in cementitious materials,
the accuracy of strength prediction has become an important agenda to maintain the
quality of construction.
The compressive strength of SM concrete is calculated through mix design or evaluated
through lots of repetition using a compressive testing machine [6]. In this method, the
noteworthy materials are destroyed every time, and specimen casting time is also wasted.
An artificial neural network (ANN) technique, which are powerful approaches for
resolving complexity in the testing model [8]. Few researchers agree on the adoptive use
of ANN in concrete strength prediction. The feed forward ANN class, also known as
multilayer perception (MLP), includes input, hidden, and output layers. These three
standard neural nodes are easier to use in the strength predictive model [9,11,12]. The mix
design of the SM composite represents the input layer, computational neurons for the
hidden layer, and one neuron on behalf of strength prediction. Earlier investigations of
concrete mixes are known to have great precision, especially when observations are
produced through a single project source [16]. However, also with a strong tool like ANN,
test errors are multiplied with the ANN models being trained by data from different
sources.
ANN's predictive performance is based on numerous parameters and can be entirely
different depending on the type of concrete mixtures. Apart from mix design constraints,
there are many more contributing elements to predicting compressive and split tensile
strength, such as curing period, curing condition, and handling practices. The training
information doesn't contain most of these same characteristics, as they are dependent
variables and cannot be used by researchers in a regression scenario. These dependent
variable categorical characteristics were regarded one of the causes to decrease predictive
accuracy. With cement SM concrete like engineered cementitious Composite in mind,
categorization factors such as the source type, mineral admixture type and so on are even
more stringent. In order to attain acceptable accuracies in the literature prediction of the
SM strength [10,13-15], several ANN models have been constructed for numerous source
types or different admixture forms. These models are quite precise, but they are exclusive
to particular SM type, and the results of the experiment are acquired from a single lot of
SM that have very low noise levels and input data unpredictability [18-20].
In this work, various categorical factors for the compressive strength prediction of SM
concrete mixes are incorporated, so that a unified ANN model with highly diverse mixture
properties may be constructed. In addition, various SM concrete mixtures as opposed to
prior research will apply to the models. The most significant material attribute is the
mechanical strength of any cemented composite because it is designed primarily for
compression as a construction material. Average compressive strengths were found in the
literature ranging from 25 to 115 MPa [2-10, 25-28].
In view of the fact that SM concrete are becoming popular because of their high tensile and
flexural strength, it has anticipated the use of data from literature in three strength
categories, namely compressive, split tensile, and flexural. Two single SM concrete ANN
models having various mineral admixtures, fibre types, age, specimen shape and
dimensions have been created to predict the compressive and split strength.
2. Research Significance
Laboratory based experimental activities of CTM machines have been used in the majority
of the previous research studies to explore and investigate strength parameter of concrete
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specimens. There is very little research literature on the use of ANN approaches in
determining the strength of concrete specimens in Supplementary Cementitious Concrete.
The present research study aims to study an artificial neural network for the prediction of
the compressive strength of supplementary cementitious concrete. This technique will
effectively reduce laboratory testing time and cost in the future
3. Methodology
Artificial Neural Networks have grown in popularity and are now a hot topic of discussion,
with applications in chatbots that are frequently employed in text classification. Artificial
Neural Networks should be viewed as weighted categorical data, with nodes formed by
artificial neurons and regulating behaviors, and weights expressing the link between
neuron outputs and neuron inputs. From the outside environment, the Artificial Neural
Network receives input signals in the form of patterns and pictures in the form of vectors.
The mathematical notation x(n) is then used to indicate these inputs numerically for each
n number of inputs.
The weights provided to the inputs multiply them even further. In general, these weights
indicate the strength of connections between neurons inside the ANN. All synaptic weights
are pooled inside the processing unit. If the weighted total equals zero, a bias is built to
obtain the output non-zero, otherwise the system's reaction is scaled up. The input to bias
is almost always equal to one, and it has the weight. The total of weighted inputs might be
anywhere from 0 to positive infinity in this case. A particular threshold value is compared
to maintain the response within the bounds of the intended value. The activation function
then receives the total of the weighted inputs.
The majority of ANN are linked, which implies that each of the hidden layers is
independently connected to the neurons in its input layer as well as to its output layer,
eliminating no gaps. This allows for a comprehensive learning process, as well as maximal
learning, because the weights within the ANN are modified after every iteration. Back
Propagation (BP), which was developed in [31,32], was the artificial neural network
employed in this investigation. We also employ the single hidden layer network, as
described in [32]. We have 10 neurons in the input layer and 2 neurons in the output layer,
according to the database of real concrete mix proportioning. Figure 1 depicts the structure
of the BP-ANN used in this investigation.

Fig. 1 Input-output relation for predicting the compressive strength and Split strength
of concrete and structure of the ANN Model
The normalized input-output relationship can be formally represented in Equation 1, and
2 as below:
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𝑤0,𝑗 & 𝑤0 - are known as thresholds
𝑤𝑖,𝑗 & 𝑤𝑗

– are known as synaptic weights

𝛼 – the activation function's shape parameter
i -index of a neuron in the input layer
j -represents the index of a neuron in the hidden layer, and
The total number of neurons in the hidden layer is represented by n. It's up to you to figure
out how many neurons should be in the concealed layer (hidden layer). The goal of the
training procedure is to discover a set of acceptable thresholds and synaptic weights. All
of the thresholds and synaptic weights are first set to modest random integers. For
training, the usual back propagation technique is used.
4. Experimental Program
In this study, Artificial neural networks (ANNs) use the back-propagation (BP) technique
to modify the weights (w) and bias values (b) during training. The output layer specifies
the forward propagation. Equations 3, and 4 was used to consider ANN model.
𝑍𝑗"𝑖"

=

𝑖"
𝑖"−1
∑𝑛"
𝑘" . 𝑤𝑗"𝑘" 𝑋𝐾"

𝑖"
𝑎"𝑗"
= 𝑓"(𝑧")𝑖"
𝑗"

(3)
(4)

where; Layer of neuron represented by i”, neuron in previous layer represented by n,
weight related to j” neuron to k” neuron from previous layer represented by wj”k”. Output
of neuron k” is xk”, for layer i” the output of neuron j is z”j”. Activation function (aj) applied
on z”j” for layer i”.
For this study, the optimization concept worked, adjusting weights and the preferred cost
function. In the ANN operation, two hidden layers were applied. Tensor flow open source
was used in the deployment of the Python interface. The decision-making function of
neural features, mainly the activation function, was helpful in setting up, which includes
differentiable real functions. The sigmoid function was used to improve the non-linearity
model. The usual values of 0 and 1 are targeted for transforming neuron output. The
sampling of data is close to the natural clustering, so the perceptron method is adopted to
receive activated output. The number 1 was used for extensive, big output and the number
0 was used whenever outcomes were too small [16]. The stochastic gradient descent of
backpropagation algorithms is generally used in the ANN model. To get better results, the
Adam optimization algorithms of the ANN model were chosen. Adam optimization is an
advanced algorithm form for classical stochastic gradient descent. In the literature, Adam
optimization reported effective and to be efficient for wide range of optimization scenario.
Adam optimization has been found to be successful and efficient for a wide range of
optimization scenarios in the literature [16,19].
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The general practice of bifurcating datasets is 80–20%, i.e., 80% of the dataset was used
for training and 20% was used for testing. 20% data has been found good for validation
and for train the model maximum 80% data is understood sufficient. We have observed
minute change in the performance of model by changing in train test split ratio by using sk
learn library. By using train_test_split of the data science library scikit-learn, the dataset
was split into training and testing subsets in a random way. The shuffling of data sets
before splitting was possible due to the use of this. The ideal model for architectural
searching was cross-validated by term hyper-parameter tuning. This cross-validation
approach is useful for small training data sets. Four subsets out of five subsets are used to
train the model with available training data, and the remaining subset is used for test data.
In the Pandas library, data cleaning and analysis features are applied. A total of 324 and
147 SM concrete mix specimens (Laboratory cast) were checked with various researchers’
data for considering compressive strength and split tensile strength, respectively [5-9, 1230]. The available categorical parameters used for the prediction model are noted in Table
1 and non-categorical mention in Table 2. The values are compared in terms of 1m3 of SM
concrete. As per literature, the casting procedure of specimens were included four stages,
i.e. mixing raw materials in dry phase, addition of water, insertion in specific molds, and
curing. According to the literature [25], the casting technique for specimens consists of
four stages: dry mixing of raw materials, water addition, insertion into specialized molds,
and curing.
Table 1. Definite parameters
Parameter
Cement Type
Mineral admixture
Geometry

Categories
Ordinary Portland Cement 53 grade
Fly ash, Pozzolana, GGBS
Cylinder

Table 2. Dataset properties for compressive strength of SM concrete
Parameter
Cement (kg/m3)
Water content (kg/m3)
Mineral admixture (kg/m3)
Calcium content (% by mass)
Silica content (% by mass)
w/c ratio
Curing period (days)
Specific gravity
Compressive strength (MPa)
Split Strength (MPa)

Min value
300
150
0
0
0
0.4
7
1.80
7
0.5

Max value
450
225
225
70
70
0.6
180
3.15
60
5

5. Results and Discussion
Because the SK-Learn model was employed in this work, a directly viable approach known
as grid search was used. Every parameter in the grid search algorithm was passed on a
range of values that were optimized, and then training and finding validation loss were
employed. As per the cross-validation method, every layer used different nodes (12 to 8).
As per literature, a learning rate of 0.001 to 0.009 was kept [21-23]. ANN is also recognized
to be weight-initializing sensitive. The initial weight might lead to the local minimum
algorithm that eliminates the opportunity to discover a comprehensive solution. As a
result, the weight initialization impact was eliminated from each architecture 10 times per
study rate and the values obtained were recorded. The architecture used for the strength
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evaluation is shown in Figure 1. The default values of beta 1 and beta 2 were selected as
0.9 and 0.999 for perform Adam optimizer. Output segment were well-defined for two
prediction targets. These targets were focused on compressive strength and splitting
tensile strength. The average compressive and splitting tensile strengths of training data
of SM specimens were found to be 28.1 and 3.0, respectively. The pattern of predicted and
experimental values of testing data is represented in Fig. 3 and 4. Figures 3 and 4 show
the pattern of expected and experimental testing data values. The best fitted line for
predicted strength is plotted by dotted line and actual to prediction range error reported.
After all parameters in the learning rate range have been applied, learning rates are
presented for the model with the least RMSE. As shown in the figure 2, increasing the
number of nodes did sometimes not result in lower RMSE values. With such a learning rate
of 0.005, the final design was decided to include 6 and 7 nodes with the first and 2nd hidden
layers, respectively. For the split tensile model, a similar grid analysis was done, and the
best design was determined to be 8 and 7 nodes during the first and secondary hidden
layers, respectively.
7
6
5
4

3
2
1
0

Node-3
R2 Training

Node-4

Node-5

R2 Validation

Node-6
RMSE Training

Node-7

Node-8

RMSE Validation

Node-9

LearningRate

Fig. 2 RMSE yield model with validation and node numbers
The close proximity was seen in the prediction and actual values, with the deviation found
below 1 MPa. Root Mean Square Error also found lesser and same pattern reported in
literature papers [12-14]. The deviation in the prediction and actual values for predicting
split tensile strength was seen very close, it is much lower than compressive strength. The
literature [32] also reported that the standard deviation of the residual range were lies
between 0.5 and 3 as per test data sets.
The superior prediction of SM concrete is seen in both compressive and tensile strength as
compared to literature [5, 12]. The limited literature available for SM concrete prediction
for high accuracy model. As variability of SM concrete parameters in the input, ANN model
train to predict for considering various ingredients amounts. According to obtained
predictive results, the graphical presentation of hyperparameter of ANN provided in the
Figure 5. With regards to various statistical variables, the ANN predictive model was found
able to run with high accuracy.
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Fig 3 Predicted compressive strength versus actual strength
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Fig. 4 Predicted split tensile strength versus actual strength
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Fig. 5 ANN model results for compressive and splitting tensile strength test data
The ANN methods consider SM strength with diverse components gathered from a
diversity of data with the same precision as particular processing studies, which is a
significant change from the restricted literature on SM strength prediction. Unlike
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comparable models trained inside the literature [25], the model's results are validated by
using categorical parameters. Figure 5 shows the predictive scores from test data as well
as the final hyperparameters of the ANN models for strength prediction.
6. Conclusion
The traditional method of finding SM concrete strength by using a compressive testing
machine in laboratory work experimentation can be replaced with ANN model predictive
analysis. A wide range was evaluated in this study, and literature data sets of considerable
variances were used to predict with high accuracy. There is very little literature available
on SM concrete strength prediction. The results obtained with respect to the relative error
reported for trained model data were ranges below 10% for compressive strength and
below 5% for split tensile strength. For SM concrete prediction, two ANN models are
effective for massive concrete data sets. Almost the same learning rate was proved to be
optimal for the architecture of hyperparameter models in grid search. Two-layer
architecture was found to be optimal, since cementitious materials and concrete decided
for 2 layers. Relative errors for the ANN model were 5% and 2.5% for compressive and
split tensile strength, respectively. With regards to various variables, the ANN predictive
model was able to run with high accuracy.
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